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SUMMARY

Bubble-releasing methane seeps, often referred to as gas seeps or cold seeps, are locations at the
seafloor or lakebed where gas, mainly methane, is transferred as a free gas phase (bubbles) from the
sediments into the overlying water column. Methane release occurs widespread in the world oceans
and can be found on active and passive continental margins (‘cold seeps’) and at the ocean spreading
centers (‘hot vents’). Gas seeps have engendered a substantial research effort worldwide because of
their potential impact on the geosphere, the biosphere, the hydrosphere and the atmosphere. They
can support unique endemic ecosystems of highly diverse organisms (bacteria, tube worms, clams,
etc.) associated with authigenic carbonate or barite precipitation. Seeps also have an important
economical value because they can be indications for shallow or deep hydrocarbon reservoirs.
Recently substantial research has been carried out to better understand and assess the contribution
of methane emission from marine and lacustrine cold seeps to the geological and global atmospheric
methane budget. Given that methane is a very strong greenhouse gas, a correct assessment of these
budgets is needed to better understand and scale the impact human activities have on the global
atmospheric methane budget and consequently on global climate change. The amount of methane
released by seeps, at the seafloor, into the water column and possibly into the atmosphere is strongly
variable and largely unknown. The main problem in obtaining reliable regional and global estimates is
the uncertainty in the actual area of active seepage and the temporal variability of the seepage
intensity and activity. Until the distribution and activity of methane seeps is better understood, seeps
should not be neglected as an atmospheric methane source.

Over the last seven years, we have studied cold seep sites around the world at different geological
settings to understand which are the main geological controls affecting gas-bubble release and to see
if there are differences in seepage-control related to these distinct geological and plate-tectonic
environments. Seeps were studied in the NW Black Sea (a passive continental margin), in the SW
Pacific Ocean (an active continental margin) and in Lake Baikal (a rift lake). In all three cases the
presence or absence of seepage is directly or indirectly related to gas hydrates. This study was mainly
based on hydro-acoustic investigations (single- and multibeam, side scan sonar, seismics), sea-floor
observations (ROV, submersible, TV-sled) and sediment sampling.

The first study area, the Dnepr paleo-delta on the continental margin of the northwestern Black Sea
is well-known for the abundant presence of shallow gas and gas seeps and is probably one of the
most active seep sites in the world. We studied the relation between the spatial distribution of
methane seeps, sea-floor morphology and subsurface structures based on detailed multibeam,
seismic and hydro-acoustic water-column investigations. This study was carried out within the EU-
funded CRIMEA project that focused on the transfer of methane from the seafloor through the water
column and into the atmosphere from submarine high-intensity methane seeps in the Black Sea.
During the CRIMEA expeditions almost 3000 individual seeps were detected on echosounding records
in the Dnepr paleo-delta. All seeps are located in the transition zone between the continental shelf
and slope, in water depths of -66 to -825 m. The integration of geophysical data indicated that the
seeps are not randomly distributed, but are concentrated in specific locations. The depth limit for
99.5% of the detected seeps coincides with the phase boundary of pure methane hydrate at -725 m
water depth. This suggests that gas hydrates, where stable, can act as a buffer for the upward
migration of methane gas and prevent seepage of methane bubbles into the water column. Higher up
on the margin, gas seeps occur preferentially in particular morphological and geological contexts. On
the continental slope and shelf, fluid flow is focused by the occurrence of a widespread impermeable
sediment cover. As a result seeps are concentrated on crests of sedimentary ridges, in the vicinity of
canyons, near submarine landslides or along filled channels. This subsurface focusing was observed
on seismic data that show the presence of a distinct “gas front” within the sea-floor sediments that
locally domes up to the seafloor where gas bubbles were detected in the water column. On the
continental shelf 600 active bubble-releasing seeps were detected in water depths ranging from -72
m to -156 m, often in association with pockmarks. The seeps systematically occur in areas with a
higher-than-average acoustic backscatter response on side scan sonar and multibeam recordings.
Based on integrations of all datasets (geophysics, grain-size distribution, geochemistry), we suggest



Summary

that the observed relation is the result of ongoing seepage and the precipitation of methane-derived
authigenic carbonates (MDACs) in the sediment. The MDACs lead to the self-sealing of fluid pathways
by carbonate clogging, followed by relocation of the fluid pathways and seeps around the cemented,
impermeable areas. Our analysis shows that backscatter data can be used as a proxy for seep
densities to extrapolate methane fluxes from the seabed. The complete integration of all data sets
indicates that the spatial distribution of methane seeps in the Dnepr paleo-delta is mainly controlled
by the gas-hydrate stability zone (GHSZ), by morphology, by the underlying stratigraphy and by
sediment properties.

In the SW Pacific Ocean east of New Zealand, several visual observations and measurements of
physical properties were performed with a ROV (Remotely Operated Vehicle) and other video-guided
platforms at two seep sites on the Hikurangi Margin; Faure Site and LM-3. This research was carried
out during the ‘New Vents’ SO191 cruise during which the activity and distribution of seep sites on
the gas-hydrate-bearing Hikurangi Margin were subjected to a highly detailed interdisciplinary study.
The ROV allowed first ever visual observations of bubble-releasing seeps at the Hikurangi Margin. At
Faure Site, bubble release was monitored during several dives, up to periods of 20 minutes. During
the ROV-2 dive, this resulted in the observation of six outbursts, each lasting one minute at a three
minute interval. These violent outbursts were accompanied by the displacement and resuspension of
sediment grains and the formation of small depressions showing what is possibly an initial stage of
pockmark formation. During subsequent dives at this bubble site, bubble release was rather constant
and the previously observed outbursts could no longer be witnessed. The bubble release rates at
Faure Site (5-190 Hz) varied within minutes to hours, leading to variations in average mole flow rates
per outlet of 0.018-7.019 mol of methane per minute. At LM-3, the strongest manifestation of seep
activity was a large carbonate platform covered by seep fauna (Bathymodiolus sp. mussels,
Calyptogena sp. shells and Lamellibrachia sp. tube worms). Bubble activity near this platform was less
prominent than at Faure Site. Our observations suggest that the two seep environments result from
different types of methane release; mainly by bubble release at Faure Site and rather by diffusive
release at LM-3. We propose a conceptual model that explains the differences in methane-releasing
mechanisms and resulting seep environments based on differences in the depth of the base of the
GHSZ (BGHSZ) and the different tectonic histories of both seep areas.

A third studied seep area is Lake Baikal. It is the only fresh-water basin in the world with inferred
and sampled gas hydrates making this rift lake a unique, tectonically active area to study gas hydrates
and gas seeps. The distribution and origin of shallow gas seeps occurring at the crest of the Posolsky
Bank have been studied based on the integration of detailed seismic, multibeam and hydro-acoustic
water-column investigations. In total 65 acoustic flares, indicating gas-bubble release at the lake floor
(seepage), have been detected within the 630 km?” area of the Posolsky Bank. All seeps are located on
the Posolsky Fault scarp near the crest of the Posolsky Bank or on similar locations in water depths of
-43 m to -332 m. Our seismic data image bottom-simulation reflections (BSRs), which are indicative
for the presence of gas hydrates, occurring in water depths up to -300 m. This is much shallower than
the previously reported -500 m water depth. Calculations for hydrate stability, heat flow and
topographic effect based on the BSR occurrences and multibeam bathymetry allowed inferring a
methane-ethane gas mixture and heat-flow values for which gas hydrates could be stable in the lake
sediments at the given ambient conditions. None of the seeps associated with the Posolsky Bank have
been detected within this newly established gas-hydrate stability zone. Our observations and data
integration suggest that the seeps at the crest of Posolsky Bank occur where gas-bearing strata are
cut off by the Posolsky Fault. These gas-bearing layers could be traced down the Posolsky Bank to
below BGHSZ, suggesting that the detected seeps on the crest of the Posolsky Bank are mainly fed by
gas coming from below the BGHSZ.

For all study areas, our observations and results clearly indicate that the geological control on gas
bubble release at the sea or lake bed is strongly affected by the regional geological setting, by the
occurrence and stability of gas hydrates and other stratigraphic, sedimentary and morphological
factors.
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SAMENVATTING

Gasuitsijpelingen of gasbellen-producerende methaanbronnen zijn locaties op de zee- of
meerbodem waar gas, voornamelijk methaan, vrijkomt als bellen. Momenteel is er een grote
wetenschappelijke interesse voor dergelijke gasuitsijpelingen aangezien ze een sterke invloed kunnen
uitoefenen op de geosfeer, de biosfeer, de hydrosfeer en de atmosfeer. Methaanbronnen worden
vaak gekenmerkt door unieke endemische ecosystemen en methaanafgeleide carbonaatafzettingen.
Methaanbronnen zijn ook economisch belangrijk, aangezien ze de aanwezigheid van zowel diepe als
ondiepe koolwaterstofreservoirs kunnen aangeven. Omdat methaan een zeer sterk broeikasgas is, is
het belangrik om te bepalen hoeveel methaan afkomstig van mariene en lacustriene
gasuitsijpelingen terechtkomt in de atmosfeer. Op die manier kan de invloed van de menselijke
activiteit op de hoeveelheid broeikasgas en dus op de klimaatsverandering beter ingeschat worden.
Recente studies tonen aan dat de hoeveelheid methaan die vrijkomt bij methaanbronnen en
eventueel in de atmosfeer terechtkomt zeer variabel en grotendeels ongekend is. Het grootste
probleem hierbij is de onzekerheid betreffende de grootte van een methaanbrongebied, het aantal
methaanbronnen binnen dit gebied en de intensiteit en activiteit van die methaanbronnen. Zolang de
verspreiding en de activiteitsgraad van methaanbronnen niet beter gekend is, mogen
methaanbronnen zeker niet worden verwaarloosd als belangrijke bron van atmosferisch methaan.

Gedurende de voorbije zeven jaar werden in het kader van dit doctoraatsonderzoek gasbellen-
producerende methaanbronnen wereldwijd bestudeerd. De bedoeling was om na te gaan welke de
belangrijkste geologische factoren zijn die het voorkomen van methaanbronnen bepalen, en dit voor
verschillende geologische omgevingen. Tevens werd er onderzocht of het verschil in geologische en
plaattektonische context een invloed heeft op deze factoren. Methaanbronnen werden bestudeerd in
de noordwestelijke Zwarte Zee (een passieve continentale rand), in de zuidwestelijke Stille Oceaan
ten oosten van Nieuw-Zeeland (een actieve continentale rand) en in het Baikalmeer in Siberié (een
continentaal riftmeer). Deze studie was voornamelijk gebaseerd op hydro-akoestisch/geofysisch
onderzoek (met single- en multibeam, side scan sonar, seismiek), op visuele waarnemingen van de
zeebodem (met ROV, duikboot, video frame) en op sedimentstaalnames.

Het eerste studiegebied, de Dnepr paleo-delta gelegen op de continentale rand van de
noordwestelijke Zwarte Zee, is bekend wegens het overvloedig voorkomen van gas en
gasuitsijpelingen. Het is waarschijnlijk één van de meest actieve methaanbrongebieden ter wereld. De
relatie tussen de verspreiding van de methaanbronnen, de zeebodemmorfologie en de ondergrondse
structuren werd bestudeerd. Deze studie werd uitgevoerd binnen het door de EU gefinancierde
CRIMEA project dat onderzocht hoeveel methaan, afkomstig van methaanbronnen in de Zwarte Zee,
via de waterkolom in de atmosfeer terechtkomt. Tijdens de CRIMEA campagnes werden bijna 3000
methaanbronnen ontdekt in de Dnepr paleo-delta op basis van single-beam opnames. De
methaanbronnen bevinden zich in waterdieptes van -66 tot -825 m, en meerbepaald in de
overgangszone van het continentale plat naar de continentale helling. De integratie van de
geofysische gegevens heeft aangetoond dat de methaanbronnen niet willekeurig voorkomen, maar
voornamelijk geconcentreerd zijn op specifieke locaties. Daarbij heeft 99.5% van de methaanbronnen
een dieptelimiet van -725 m, die samenvalt met de faseovergang van zuiver methaanhydraat. Dit
suggereert dat gashydraten, indien ze stabiel zijn, kunnen fungeren als een buffer voor de opwaartse
migratie van methaangas, en dat hun aanwezigheid tevens het vrijkomen van methaanbellen in de
waterkolom verhindert. Hoger op de helling komen gasuitsijpelingen voornamelijk voor in gebieden
met bepaalde morfologische en geologische kenmerken. Op de continentale helling en plat, wordt de
vloeistofstroming in de ondergrond bepaald door het algemeen voorkomen van een ondoordringbare
sedimentlaag. Deze laag zorgt ervoor dat de methaanbronnen geconcentreerd voorkomen op toppen
van sedimentaire ruggen, in de nabijheid van canyons, nabij onderzeese aardverschuivingen of langs
gevulde paleokanalen. Het voorkomen van ondergrondse vloeistofstromingen werd afgeleid op basis
van seismische opnames die een duidelijk "gas front" in de sedimenten weergeven. Dit gas front
benaderd de zeebodem op locaties waar methaanbronnen voorkomen. Op het continentaal plat
komen 600 methaanbronnen voornamelijk voor ter hoogte van pockmarks (kleine depressies).
Methaanbronnen komen stelselmatig voor op delen van de zeebodem met een hogere akoestische
backscatterwaarde zichtbaar op side scan sonar en muitibeam opnames. De beschikbare datasets
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tonen aan dat de relatie tussen methaanbronnen en backscatter enkel het resultaat is van het
langdurig vrijkomen van methaan en de daarmee geassocieerde vorming van methaanafgeleide
carbonaatafzettingen in de ondergrond. De carbonaten zorgen voor het afsluiten van de
ondergrondse vloeistofstroming waardoor methaanbronnen voorkomen juist buiten de
ondoordringbare carbonaatgecementeerde gebieden. Aangezien de akoestische backscatterwaarde
van de zeebodem evenredig is met het aantal aanwezige methaanbronnen, kan de
backscatterwaarde gebruikt worden om het totaal aantal methaanbronnen binnen een gebied te
bepalen. Dit is zeer nuttig om na te gaan hoeveel methaan er aan de zeebodem en mogelijks in de
atmosfeer vrijkomt. Voor de Dnepr paleo-delta heeft de volledige integratie van de gegevens
aangetoond dat de ruimtelijke verspreiding van methaanbronnen voornamelijk wordt bepaald door
de gashydraat-stabiliteitzone (GHSZ), door de morfologie, door de onderliggende stratigrafie en door
de sedimenteigenschappen.

In de zuidwestelijke Stille Oceaan ten oosten van Nieuw-Zeeland werden er, aan de hand van een
onderwaterrobot of ROV (Remotely Operated Vehicle) en andere videogeleide instrumenten, visuele
observaties en metingen van fysische eigenschappen uitgevoerd. Dit gebeurde ter hoogte van Faure
site en LM-3. Dit onderzoek werd uitgevoerd tijdens de 'New Vents' SO191 campagne waarbij de
activiteit en de verspreiding van methaanbronnen op de gashydraathoudende Hikurangi Rand
onderworpen werd aan een zeer gedetailleerde interdisciplinaire studie. De ROV zorgde voor de
allereerste visuele waarneming van gasbellen-producerende methaanbronnen ter hoogte van de
Hikurangi Rand. De methaanbronnen ter hoogte van Faure Site werd tijdens meerdere duiken
waargenomen gedurende periodes tot 20 minuten. Tijdens de ROV-2 duik kon men zes uitbarstingen
van telkens een minuut waarnemen, en dit om de drie minuten. Deze uitbarstingen gingen gepaard
met de verplaatsing van sedimentdeeltjes en de vorming van kleine depressies (pockmarks). Tijdens
de daaropvolgende duiken ter hoogte van de Faure Site, bleek het vrijkomen van bellen eerder
constant te zijn en konden de eerder waargenomen uitbarstingen niet meer geobserveerd worden.
Ter hoogte van LM-3 werd de aanwezigheid van methaanbronnen aangeduid door een groot
carbonaatplatform, bedekt met methaangerelateerde fauna (mosselen, schelpenresten en
borstelwormen). Het vrijkomen van gasbellen was hier eerder beperkt. Deze bevindingen suggereren
dat het verschil tussen beide methaanbrongebieden het gevolg is van het op een verschillende
manier vrijkomen van methaan; voornamelijk door bellen in Faure Site en eerder via diffusie in LM-3.
De verschillende mechanismen voor het vrijkomen van methaan en de geassocieerde verschillende
omgevingen (fauna en carbonaten) zijn wellicht het gevolg van een verschil in waterdiepte en de
daarmee geassocieerde dikte van de onderliggende hydraatlaag, en het verschil in tektonische
geschiedenis van beide methaanbrongebieden.

Het derde studiegebied met methaanbronnen is het Baikalmeer in Siberié. Dit is het enige
zoetwaterbekken in de wereld waar tot op heden gashydraten bemonsterd zijn of waar hun
aanwezigheid werd afgeleid van seismische opnames. Hier werd de verspreiding en de oorsprong van
ondiepe methaanbronnen op de top van de Posolsky Bank, een gekanteld breukblok, bestudeerd. In
totaal werden er 65 methaanbronnen ontdekt in een gebied van 630 km® De methaanbronnen
bevinden zich op de Posolsky breukwand op waterdieptes tussen -43 m en -332 m. Op de seismische
opnames zijn bodemsimulerende reflecties (BSRs) zichtbaar die de mogelijke aanwezigheid van
gashydraten aanduiden op waterdieptes tot -300 m. Berekening op basis van BSRs en multibeam
bathymetrie toont aan dat enkel gassen met een bepaalde methaan-ethaan compositie stabiele
hydraten kunnen vormen in de sedimenten van de Posolsky Bank, dit gezien de lokale ondergrondse
druk en temperatuur. De data-integratie suggereert dat de methaanbronnen op de Posolsky Bank
voornamelijk gevoed worden door gas dat aanwezig is onder de basis van de GHSZ. Dit gas migreert
langs gekantelde permeabele lagen van de bank tot de breukwand waar het gas vrijkomt.

Voor alle studiegebieden kan duidelijk gesteld worden, op basis van de observaties en resultaten,
dat de verspreiding en activiteit van gasbellen-producerende methaanbronnen sterk beinvloed
worden door de regionale geologische omgeving, door de aanwezigheid en stabiliteit van gashydraten
en door andere stratigrafische, sedimentaire en morfologische factoren.

12
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Figure 1.1. Schematic diagram indicating the role of methane and methane release in the carbon cycle
(after Judd and Hovland, 2007).

Figure 1.2. A. Diagram showing the relative contributions from various sources of methane to the
global atmospheric methane budget. The total atmospheric methane budget is estimated to be
600 Tg of CH, yr'1 of which 71.7% has an anthropogenic source and 28.3% a natural source Note
the absence of methane seeps as a possible source (IPCC, 2001b; Kvenvolden and Rogers, 2005).
B. Diagram showing the relative contributions from various geological methane sources (Etiope
and Klusman, 2002; Etiope and Milkov, 2004; Judd and Hovland, 2007; Etiope, 2009).

Figure 1.3. Worldwide distribution of bubble-releasing seeps (red dots) and gas seepage indicators
(bacterial mats, authigenic carbonates, ice streamthroughs, etc.) (yellow dots). Where seeps as
well as the seep indicators are present; they are indicated by red dots (after Judd and Hovland,
2007).

Figure 1.4. A general overview of the subsurface- and water-column features associated with gas-
bubble release as witnessed in the Gulf of Mexico where gas-bubble release is associated with
oil leakage (Jean Whelan, WHOI).

Figure 1.5. A. An overview map of all locations on Earth with recovered gas hydrates (red circles) and
inferred gas hydrates (yellow circles). B. Estimated thickness of the gas-hydrate stability zone in
the world’s oceans (Krey et al., 2009).

Figure 1.6. A. An overview of the chemical reactions that take place at the seabed-water column
transition zone as a result of the anaerobic oxidation of methane (AOM). Note that a difference
in methane flux leads to different chemosynthetic fauna’s and that AOM is strongly associated
with authigenic carbonate formation (Suess, 2010). B. A schematic overview of the anaerobic
oxidation of methane and its resulting chemical species (Judd and Hovland, 2007).

Figure 1.7. Tectonic map of the Black Sea region with indication of the Dnepr paleo-delta study area.
(Abbreviations: NDO—North Dobrogea Orogen, SCO—South Crimea Orogen, PDD—Pre-
Dobrogea Depression, NKD—North Kilia Depression, KaD—Karkinit Depression, KaR—Kalamit
Ridge, HD—Histria Depression, SD—Sorokin Depresion, KTD—Kerci—-Taman Depression, KD—
Nijna—Kamciisk Depression, ATD—Adjaro—Trialet Depression, TB—Taupse Basin, SSR—Suvorov—
Snake Island Ridge, KR—Kramski Ridge, AR—Azov Ridge, BR—Bubkin Ridge (after Dinu et al.,
2005).

Figure 1.8. Overview map of the Black Sea with indications of seep locations, mud volcanoes and
sampled gas hydrates (after Egorov et al., 1998; Naudts et al., 2006; Judd and Hovland, 2007;
Popescu et al., 2007).

Figure 1.9. Tectonic map of the Hikurangi Margin with indication of the Rock Garden study area. The
white trusts represent the principle deformation front, the major active faults are shown in black
and the thickness (km) of the trench-fill turbidites is also indicated (after Lewis et al., 1998;
Barnes et al., in press).

Figure 1.10. Overview map of the Hikurangi Margin with indications of seep locations (red dots), gas
seepage indicators (yellow dots) and sampled gas hydrates (black triangles) (Greinert et al,, in
press).

Figure 1.11. Tectonic map of Lake Baikal with indication of the Posolsky Bank study area (Klerkx et al.,
2006). (Abbreviations: SDAZ—Selenga Delta Accommodation Zone; ARAZ—Academician Ridge
Accommodation Zone).

Figure 1.12. Overview map of Lake Baikal with indications of seep locations (red dots), gas seepage
indicators (black dots), mud volcanoes (yellow dots) and sampled gas hydrates (orange triangles)
(Granin and Granina, 2002; Klerkx et al., 2006; Schmid et al., 2007).

Figure 1.13. Overview of the main datasets used in this study.

Figure 2.1. Location of Dnepr paleo-delta in the northwestern Black Sea with indication of major
structures, deep faults, oil and gas fields and seep locations.

Figure 2.2. A. High-resolution seismic reflection survey lines and outlines for Figs. 2.4.-2.9. (see Fig. 2.1.
for location). B. Ship track with hydro-acoustically detected seeps (see Fig. 2.1. for location).
Figure 2.3. Single-beam echogram showing typical hydro-acoustic manifestations of rising methane

bubbles (flares) in the Dnepr paleo-delta.
Figure 2.4. Different shallow gas signatures showing different behaviors on 5 kHz pinger data (see Fig.
2.2.A. for location).
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Figure 2.5. Comparison of “gas fronts” visible on 5 kHz data and sparker data (see Fig. 2.2.A. for
location).

Figure 2.6. 3D view showing the depth variation of the “gas front” as a depth map overlain by an
isopach map (depth of the “gas front” below the seafloor) together with the used 5 kHz seismic
profiles (see Fig. 2.2.A. for location). Gas seeps were mainly detected where the gas front
approaches the seafloor within a couple of meters.

Figure 2.7. Gl-gun reflection profile showing a BSR/gas front in the GHSZ. Inset A shows the inverse
polarity of the BSR.

Figure 2.8. 3D view showing the depth variation of the BSR/“gas front” together with the detected
seeps and two Gl gun profiles (see Fig. 2.2.A. for location).

Figure 2.9. 3D view showing relation between shallow gas features on 5 kHz data, multibeam
bathymetry overlain by color-coded multibeam backscatter data and single-beam seep locations
(see Fig. 2.2.A. for location).

Figure 3.1. Location map of the Dnepr paleo-delta study area with indication of deep structures, major
faults and seep locations in the northwestern Black Sea (Robinson et al., 1996; Egorov et al,
1998). Inset shows the bathymetry of the study area in greater detail, with indication of faults,
mud diapirs, area with observed BSR and the Dnepr Canyon (after Liidmann et al., 2004).

Figure 3.2. Swath bathymetry map (30 m grid) acquired during the 2003 and 2004 CRIMEA cruises with
all newly detected seeps plotted as black dots. Gaps in the multibeam coverage were filled in by
data from the 2004 METROL cruise. The outlines of the areas covered by Figs. 3.6., 3.9, 3.10,,
3.11. & 3.12. is indicated as well as the viewing direction of Fig. 3.5. and the location of the
profile used in Fig. 3.7. Inset A shows the track lines of the seismic data (Gl-gun, sparker and 5
kHz) acquired within the study area and the seismic and echosounder profiles shown in this
manuscript are also indicated. Inset B gives an overview of the ship tracks sailed during the 2003
and 2004 CRIMEA cruises and along which hydro-acoustic seep detection was performed (seeps
locations are plotted as black dots).

Figure 3.3. Hydro-acoustic image ("flare") of several methane bubble trains rising towards the sea
surface at a seep site at -200 m water depth. The image consists of a succession of pings over a
certain time interval. The tilted arrows show the rise of isolated bubbles. The bubbles clearly
cross the oxic—anoxic interface at -90 m water depth. The other backscatter signals above this
depth correspond to fish, jelly fish and larvae. The vertical acoustic anomalies (a) are caused by
the parallel running multibeam system.

Figure 3.4. Map of the study area with indication of the major geomorphological regions and canyons.
Seep locations are plotted as black dots. The scarps of the submarine landslides are emphasized
by dashed lines and the position of two chimney fields is indicated by 2 horizontal arrows (1:
Michaelis et al., 2002; 2: CRIMEA cruise 2004).

Figure 3.5. Oblique view of grey-shaded bathymetry map of the upper part of the study area with
indication of different geomorphological features (see Fig. 3.2. for location). Seeps locations are
plotted as black dots. The scarps of the submarine landslides are emphasized by dashed lines
and the position of the 2 chimney fields is indicated by 2 arrows (1: Michaelis et al., 2002; 2:
CRIMEA cruise 2004). Seep clusters are evident at the crest of sedimentary ridges, at submarine
landslides, along canyons, on the shelf and at the terrace at -200 m water depth.

Figure 3.6. Plan view of grey-shaded bathymetry map of the shelf and the dune area (5 m grid) overlain
by bathymetric contours (see Fig. 3.2. for location). The four elongated depressions are marked
by a transparent white mask. The inset shows an oblique view of the intensive seep site at-92 m
water depth characterized by pockmarks. Seep positions are plotted as black dots. On the 5 kHz
profiles AB and CD (see Fig. 3.2.A. for location) the updoming gas front (dotted white line)
underneath the seep positions (arrows) is clearly visible. Seeps are located at the margins of
filled channels and not above them.

Figure 3.7. A multi-channel Gl-gun profile (see Figs. 3.2. for location) from the GHOSTDABS project
(Lidmann et al., 2004) clearly indicates that the rather unusual morphology of the central divide
has been inherited from a series of underlying, buried channel-levee systems. The two parallel
channels within the central divide are formed probably due to differential compaction of the
underlying channel sediments, which resulted in the two channels with central ridge
morphology. Also notice the presence of the Dnepr Canyon.
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Figure 3.8. Oblique view of grey-shaded bathymetry map (see Fig. 3.2.A for location), seep locations 77
plotted as red dots and some seeps are shown as 3D flares. Seeps are abundant upslope of the
GHSZ, delineated by the -725 m contour line. The two crossing Gl-gun profiles clearly show that
the gas front, i.e. the top of the free gas in the subsurface as indicated by the enhanced
reflections, domes up to the surface outside the GHSZ, where gas bubbles were detected in the
water column. The graph in the lower left corner shows the seep distribution versus depth with
clear seep clusters at -92, -200 and at -650 m water depth, just outside the GHSZ.

Figure 3.9. Map showing the depth of the gas front beneath the seafloor (see Fig. 3.2. for location), as 79
mapped on 5 kHz profiles, overlain by bathymetric contours. The map emphasizes that gas seeps
(white dots) are present where the gas front approaches the seafloor. Bubbles were detected
where the gas front comes within 25 m of the surface. For the abundant seeps sites at the
terrace (inset A) and the shelf {inset B) this is < 10 m.

Figure 3.10. Oblique view of grey-shaded bathymetry map of a sediment ridge in the mass-wasting 81
dominated area and of a sediment ridge in the deposition-dominated area overlain by
bathymetric contours (see Fig. 3.2. for location). Both ridges are characterized by seeps (black
dots) along their crests. The 5 kHz profiles (see Fig. 3.2.A. for location) crossing the ridges show
that at both ridges the gas front domes up to the crest of the ridges where seeps (arrows) were
detected and that the sediment cover thins out towards the crest. The gas front (dotted lines)
follows the base of the sediment cover.

Figure 3.11. Oblique view of grey-shaded bathymetry map of the area affected by submarine landslides 82
(see Fig. 3.2. for location) with indication for the major geomorphological regions, overlain by
bathymetric contours. The 5 kHz profile (see Fig. 3.2.A. for location) and the 3D image show the
difference in location of seeps (black dots or arrows) on scarps of the submarine landslides in
the western mass-wasting area and seeps within the submarine landslides in front of detached
sediment ridges in the eastern deposition-dominated area. The -725 m water depth contour
line, marking the border of the GHSZ, is located at the base of both submarine landslide areas.

Figure 3.12. Oblique view of grey-shaded bathymetry map of the terrace seep site (see Fig. 3.2. for 83

location), with indication the major geomorphological regions, overlain by bathymetric contours.
The sparker profile AB (see Fig. 3.2.A. for location) shows that seeps (black dots or arrows) are
detected where the gas front domes up to the seafloor and that no gas seeps are detected
above a filled channel. The perpendicular 5 kHz (see Fig. 3.2.A. for location) profile shows the
same gas front-seep relation. The inset clearly shows that the gas front can only dome up to the
surface where the sediment cover diminishes or is breached by mass-wasting at the flanks.
During the 2004 METROL cruise this 5 kHz profile was used as a base for coring. Sand was cored
at the seep sites and clay or fine sediments were retrieved outside the seep sites from the
parallel-stratified sediment cover.

Figure 3.13. Combining model of the supposed fluid migration in the subsurface and its expression at 86
the seafloor surface. The 3D block diagram based on the bathymetric data, seep positions and
subsurface data presenting a model for the seep distribution in the Dnepr paleo-delta for the
shallow-water seep sites (top) and the deep-water seep sites, with submarine landslides and gas
hydrates (bottom).

Figure 4.1. A. The location of the study area in the NW Black Sea with seeps (black dots) and acquired 96
multibeam data (Egorov et al., 1998; Naudts et al., 2006). B. The multibeam bathymetry of the
shelf with dunes, pockmarks (transparent white masks) and seeps (see Fig. 4.1.A. for location). C.
Oblique view on the multibeam bathymetry of the high-intensity seep and pockmark site at -92
m water depth (after Naudts et al., 2006) (see Fig. 4.1.B. for location). D. Side-scan sonar mosaic
of the studied area with indication for the multi-cores (MC: 4, 7, 8, 9), 5 kHz seismic lines (SB 1-3:
dashed white lines) and video lines (white lines) and seeps (see Fig. 4.1.B. for location).

Figure 4.2. A. Multibeam-derived backscatter map overlain with bathymetric contours, detected seep 98
locations (black dots), positions of multi-core stations and outlines for Figs. 4.3., 4.7. and 4.9.
(see Fig. 4.1.B. for location). Furthermore the positions of the high-backscatter (HBS) and low-
backscatter (LBS) swaths used in Figure 4.10. are indicated by the solid bold lines. B. Graph
showing the distribution of the number of seeps with respect to their backscatter values, both,
as a histogram and cumulative percentage curve (full line). The second cumulative percentage
curve (dashed line) shows the distribution of all backscatter values recorded in the shown study
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area. Arrows a-a’ show that 74 % of all seeps occur in the high-backscatter areas above 0 BU,
thus within only 33 % of the studied area. Arrows b-b’ show that 75 % of all seeps with the
lowest backscatter values occur below 2 BU.

Figure 4.3. 3D view of the multibeam bathymetry overlain with the color-coded backscatter data,
bathymetric contours and seep locations (black dots) (for location, see Fig. 4.2.A.). Pockmarks
are characterized by high- to very-high-backscatter values with seeps located on their margins.
The sediment dunes have higher backscatter values on the ENE flanks.

Figure 4.4. Three 5 kHz subbottom profiles SB1, SB2 and SB3 (C, F and I) with their respective
multibeam-derived backscatter profiles (A, D and G) and side-scan sonar images (B, E and H) (for
location see Fig. 4.1.D.). Shallow gas fronts (dashed white line) occur at medium- and high-
backscatter areas associated with seeps (arrows), whereas deep gas fronts occur at low-
backscatter areas without seeps. Bubbles recorded as noise in the water column on the
subbottom data (SB 1 & 2) sometimes blank out the side-scan sonar recordings (see NE of
SB1)(Fig. 4.4.B.).The extent of SB2 shown in Figure 4.8. is indicated.

Figure 4.5. Pore-water data from multi-cores taken at different backscatter intensity sites. MC 4 was
taken at an actively bubbling high-backscatter site. MC 7-9 are taken from areas with
backscatter values ranging from low- to very-high-backscatter values. Values at -1 cm depth are
water samples taken from the core liner above the sediment surface (for locations see Figs.
4.1.D.and 4.2.).

Figure 4.6. Grain-size data from multi-cores taken at different backscatter intensity sites shown as
histograms and cumulative percentage curves for each centimeter of the uppermost 5 cm. MC 4
was taken at an actively bubbling high-backscatter site. MC 7-9 are taken from areas with
backscatter values ranging from low- to very-high-backscatter values (for locations see Figs. 1D
and 2).

Figure 4.7. Screenshots captured from the JAGO dive 852 video (for outline of dive area see Fig. 4.2A)
A-E: Bacterial mats of different sizes surrounding black venting holes all or not associated with
bubble release (arrows) or carbonate structures. G-I: Semi-buried to fully-exposed carbonate
structures, all or not associated with bacterial mats. J-L: Seafloor depression (pockmark) with
rough, probably carbonate-cemented, edges and with a small bacterial mat on the bottom
surrounded by Tunicates. Bubble release was observed on the right of the bacterial mat (arrow).

Figure 4.8. Screenshots taken during the OFOS video lines shown in Figure 4.9., characterizing the
study-area seafloor (for scale see the 10 by 10 cm shackles). A: Usual flat, shell-covered,
seafloor. B-E: Bacterial mats of different sizes. F-I: Carbonate formations showing up as solitary
buildups with small bacterial mats or as rough, carbonate-cemented, seafloor.

Figure 4.9. Multibeam backscatter map overlain with bathymetric contours (for location see Fig.
4.2.A.), seep locations (black dots) and the outline of seismic profile SB2 (see Fig. 4.1.D. and Fig.
4.4.). Visually observed bacterial mats are indicated by black markers along the offset-corrected
OFOS video lines (white lines). Bacterial mats occur solely at high to very-high-backscatter areas.

Figure 4.10. Comparison of two multibeam swaths from one multibeam line, one recorded in a high-
backscatter area (full line) and one from a low- to medium-backscatter area (dotted line). A. The
raw depth for both swaths (see Fig. 4.2.A. for location). B. The raw amplitude for both swaths
within a cloud representing all amplitudes recorded during the particular multibeam line. C. The
incidence angle for each beam of both swaths. D. Normalized backscatter values for both
swaths.

Figure 4.11. Overview model of the supposed fluid migration in the subsurface, carbonate formation
with seep relocation and the acoustic seafloor backscatter expression. @ A. Gas-bubble release
from black venting holes. B. Bacterial-mat formation around the black venting holes. C-D.
Precipitation of methane-derived authigenic carbonates underneath bacterial mats with
subsequent relocation or termination of seepage. E. Semi-buried to fully exposed methane-
derived authigenic carbonate structures. F. Bacterial mats with limited gas-bubble release and
associated with chemosynthetic communities (e.g. Tunicates). All mentioned features can occur
in association with or without pockmark formation. @ Acoustic seafloor backscatter expression
resulting from the seep distribution and associated features. Filled channels, blocking fluid
migration, are characterized by low backscatter values (LBS) and the absence of seeps. Locations
with active seepage and ongoing authigenic carbonate precipitation show up as medium- to
high-backscatter areas (MBS), whereas those with advanced, massive carbonate precipitation
and at present less or no seep activity show up as very high to maximum backscatter areas
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(VHBS).

Figure 5.1. Location map of the Hikurangi Margin, east of New Zealand’s North Island, with acquired 119
multibeam data (Greinert et al., this issue) and indication of the area with observed BSRs (black
dashed line) and major tectonic features with the white lines indicating the deformation front
(Lewis et al., 1998; Henrys et al., 2003; Barnes et al., this issue). Outline for Fig. 5.2. is also given.

Land topography is derived from Shuttle Radar Topography Mission (SRTM) data. The
bathymetry data is courtesy of NIWA.

Figure 5.2. Multibeam bathymetry of Rock Garden (30 m grid) with indications of the known seep sites, 120

video tracks (black lines) and acoustic flare locations (white dots) (see Fig. 5.1. for location)
(Greinert et al., this issue). The possible depth limit for the GHSZ is indicated by the -630 m and -
710 m isobaths (Faure et al.,, 2006). A. Multibeam bathymetry map of the LM-3 area with
indications of ROV (red), TV-G (yellow) and OFOS tracks (black), flares (white dots) and the track
line of the echosounder and seismic recordings (a-a’) (black dashed line). Qutline for Fig. 5.6. is
also indicated. B. Multibeam bathymetry map of the area around Faure Site with indications of
ROV (red), TV-MUC (yellow) and OFOS video tracks (black), flares (white dots) and the track lines
of the echosounder (b-b’) and seismic recording (c-c’) (black dashed lines). Outline for Fig. 5.8. is
also indicated.

Figure 5.3. A. Seafloor observations along NW-SE orientated OFOS-2 track over the northern part of 123
Rock Garden, crossing the LM-3 site (for location see Fig. 5.2.). B. Zoom of the OF0S-2 track over
the LM-3 site. C. Video mosaic created with ADELIE software from the OFOS-2 video sequence
over the LM-3 site. Video mosaic shown in C corresponds to the track shown in B.

Figure 5.4. Stills taken during the OFOS video tracks shown in Figs. 5.2, 53. and 55. as a 124
characterization of the seafloor in Rock Garden. A. Authigenic carbonate platform with live
Bathymodiolus sp. mussels at LM-3. B. Calyptogena sp. shell hash with some Bathymodiolus sp.
mussels at the LM-3 site. The darker patch referred to as ‘rain drop site’ is an area with
ampharetid polychaetes (Sommer et al., this issue). C. Coral rubble. D. Chemoherm and
bioturbated soft sediments. E. Presumed carbonate platform with Calyptogena sp. shells and a
tubeworm from the area west of the Faure Site. F. Semi-indurated outcrops at the Faure Site. G.
Boulders H. Rocky outcrop from the slide scarp west of the Faure Site.

Figure 5.5. A. Seafloor observations along W-E orientated OFOS-1 track over the western part of Rock 125
Garden, crossing Faure Site (for location see Fig. 5.2.). B. Seafloor observations along NE-SW
orientated OFOS-1a track over the western part of Rock Garden, crossing Faure Site (for location
see Fig. 5.2.). The crossing point of the two tracks is indicated in A and B.

Figure 5.6. Seafloor observation maps at the LM-3 site. A. Multibeam bathymetry map with the ROV, 126
OFOS and TV-G tracks. B. Sediment-type distribution. C. Bathymodiolus sp. distribution within
the fauna distribution D. Calyptogena sp. shell hash distribution within the fauna distribution. E.
Lamellibrachia sp. distribution within the fauna distribution. F. Distribution of sponges and soft
tissue corals within the fauna distribution. B-F have multibeam backscatter as background.

Figure 5.7. Stills taken from ROV-4, ROV-5 and TV-G-17 deployments at LM-3. A. Side view of the 127
authigenic carbonate platform surrounded by a Calyptogena sp. hash. B. Top of the carbonate
platform with live Bathymodiolus sp. mussels. C. Side view of the carbonate platform with
abundant Lamellibrachia sp. tubeworms. D. One of the multiple depressions/bioturbations
observed at LM-3. E. Bubbling seep observed in-between shell hashes during ROV-4. F. Bubbling
seep observed during TV-G-17.

Figure 5.8. Seafloor observation maps at Faure Site with multibeam bathymetry (A and C) or 128
backscatter (B) as background. A. Overview of the BIGO-04 and FLUFO-04 lander positions and
ROV, OFOS and TV-MUC tracks. B. Sediment-type distribution. C. Fauna distribution.

Figure 5.9. Stills taken from ROV deployments at Faure Site. A. Side view of a strongly eroded outcrop. 129
B. Close-up of the transition between the bioturbated sandy sediments and the outcrop shown
in Fig. 5.9A. C. Bioturbated sandy sediments with depression-hill morphology. D. BIGO-04 lander
visited during ROV-6 dive with in front bubble-releasing seeps. E. Alignment of bubble-releasing
outlets at a ‘rain drop site’. F. Bottom-water sampling at one of the active seeps seen in Fig.

5.9.E.

Figure 5.10. A. Bubble-release rates at Faure Site observed during the different ROV dives. The 131

assumed bubble size is also indicated between brackets. B. Flow rates and mole flow rates
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estimated for methane bubbles and based on bubble sizes and release rates given in Fig. 5.10A.
Flow rate and mole flow rate (for methane) based on the bubble sizes and release rates given in
A. During ROV-2 dive, bubbles sizes were ca. 9 mm and 6 mm, during the outbursts and the
regular periods respectively. C. Still from ROV-2 during an outburst. D. Still from ROV-2 during a
regular period. E. Schematic map showing the dive tracks, seep locations (red dots) and the
locations of seep observation.

Figure 5.11. Bottom-water and sediment temperature measured during ROV-5 at LM-3. Stills A to F
show the different locations where sediment temperatures were measured with the ROV-
mounted THP sensor. A-A’. Top of the platform, in a live Bathymodiolus sp.bed. B. Sandy
seafloor with Calyptogena sp. shell fragments. C. Depression with a depth of ca. 20 cm. D. Dark
reduced sediment on a hill feature. E. Calyptogena sp. shell hash F. A ‘Rain drop site’ with
ampharetid polychaetes (Sommer et al., this issue). This location was characterized by a negative
sediment-temperature anomaly (see graph Fig. 5.11.).

Figure 5.12. Proposed seep model for Faure Site and LM-3 to explain the differences in methane-
releasing mechanism (bubble versus diffusive) and resulting seep environments based on
difference in depth, subsurface depth of the BGHSZ/BSR and observed seafloor features.

Figure 6.1. Location map of the study area in Lake Baikal with indications for regional faults, Baikal
Basins, mountain ranges, rivers and area with observed bottom simulation reflections (BSRs)
(Golmshtok et al., 2000). The location of seeps (red stars), mud volcanoes (black triangles), ice
streamthroughs (yellow dots) and the BDP-97 drill hole is also indicated (Granin and Granina,
2002; Klerkx et al., 2006; Schmid et al., 2007). The location on Planet Earth, the view directions
for Figs. 6.2.A. & 2.B. and outline for Fig. 6.3. are also indicated. The map is constructed by
compiling SRTM-derived topography data with bathymetry data from Lake Baikal (INTAS Project
99-1669 Team, 2002) and multibeam bathymetry data (Naudts et al., submitted).

Figure 6.2. 3D views of Lake Baikal and Posolsky Bank with indication for the most prominent features.
The view directions (A and B) are indicated on Fig. 6.1. The images are constructed by compiling
SRTM-derived topography data with bathymetry data from Lake Baikal (INTAS Project 99-1669
Team, 2002) and multibeam bathymetry data (Naudts et al., submitted).

Figure 6.3. Multibeam bathymetry map of the Posolsky Bank overlain by bathymetric contours,
detected seep locations (red dots), acquired sparker and echosounder profiles (respectively red
and yellow dashed lines) and main faults (black dashed lines) (see Fig. 6.1. for location). Location
of BDP-99 drill hole is also indicated together with depth contour of -370 m which forms the
theoretical boundary of the GHSZ for pure methane hydrate (blue area) (Sloan, 1998).

Figure 6.4. Echogram from the central seep area on the scarp of the Posolsky Bank (for location see Fig.
6.8.) where rising bubbles are hydro-acoustically detected as ,flares”. The other backscatter
signals in the water column probably correspond to fish.

Figure 6.5. Pictures of gas bubbles being trapped underneath and within the frozen lake surface above
seep sites at Posolsky Bank (pictures courtesy of N. Granin). The lower-right picture shows gas
bubbles reaching the lake surface at a seep site close to the Selenga Delta (picture courtesy of V.
Kapitanov).

Figure 6.6. 3D view of multibeam bathymetry overlain by bathymetric contours and seep locations,
plotted as red dots or shown as 3D flares in combination with sparker profile SELE029 (for
location see Fig. 6.3.). Seeps occur at the crest of the Posolsky Bank upslope of the GHSZ,
delineated by the -370 m blue contour line. No seeps have been detected near the Posolsky
Bank within the GHSZ. On the seismic profile, strong acoustic attenuation in combination with
dispersed enhanced reflections can be seen along one reflection. This reflection is interpreted as
the TGBL. Seeps occur where the TGBL is cut off by the Posolsky Fault. The graph in the lower
right corner shows the seep distribution versus depth with a clear seep cluster at -40 to -100 m
water depth and no seeps in water depths greater than -340 m.

Figure 6.7. Seismic sparker profiles CONT0O31 (AB) and SELE023 (CD) where the TGBL can be traced
from the seeps at the crest of the Posolsky Bank to below the BGHSZ. The BGHSZ shows up as a
series of enhanced reflections. The location of BDP-99 well is also indicated. For locations of
both profiles see Fig. 6.3.

Figure 6.8. 3D view of multibeam bathymetry overlain with bathymetric contours and with seep
locations plotted as red dots or shown on an echogram in combination with three sparker
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profiles. The top of the gas-bearing layer (TGBL) is shown as depth color-coded surface. This
surface starts from or above the seeps positions at the scarp of the Posolsky Bank and can be
traced down the Posolsky Bank to below the BSR or BGHSZ.

Figure 6.9. Bathymetric contour map of the Posolsky Bank area, showing the modeled topographic 156
correction on background regional heat flow caused by the relief of the Posolsky Bank.

Figure 6.10. Proposed seep model for the Posolsky Bank gas seeps. 158

Figure 7.1. The locations of our study areas (indicated by white stars) within the worldwide distribution 167
of bubble-releasing seeps (red dots) and gas seepage indicators (bacterial mats, authigenic
carbonates, ice streamthroughs, etc.) (yellow dots). Where seeps as well as the seep indicators
are present; they are indicated by red dots (after Judd and Hovland, 2007).

Figure 7.2. Overview of the fluid sources, the fluid types, the fluid pathways, the fluid flow rates and 172
the numbers of seeps for the three study areas, shown relatively to each other as indicated by
the arrows. The figure shows that the Hikurangi accretionary margin and the Dnepr paleo-delta
are the two end-members for most fluid flow characteristics.

Figure 7.3. Overview of the models explaining fluid flow, the distribution of seeps and the associated 180
seafloor/lake floor manifestations for the different study areas.
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CHAPTER 1

Introduction

This chapter gives a general overview of the background and importance of bubble-releasing
methane seeps and thus the relevance of this thesis. Furthermore the aim of this thesis, the
geological setting of the three study areas, the used methods, the project framework as well as the
outline of the thesis are briefly discussed. More detailed information about the items dealt with in the
introduction is provided in the 'introduction', 'study area', 'data and methods' sections of the
subsequent chapters. Whereas the introduction is intended as a brief overview more detailed
background information is given and integrated with the results in the 'final discussion' chapter.

11. Background Furthermore methane is becoming an
increasingly important energy resource.
Methane is a very important greenhouse gas
with 21-23 times the global warming potential
as the same mass of carbon dioxide and it
accounts for 20% of the greenhouse forcing
since the mid 1700's (Lelieveld et al., 1998; IPCC,
2001b). Strong changes in atmospheric methane
concentrations and coupling with changes in
atmospheric temperatures are well-known from
ice cores for the last 650 kyr (Petit et al., 1999;
Spahni et al.,, 2005; IPCC, 2007b). Since pre-
industrial times, atmospheric methane
concentration has more than doubled to

Bubble-releasing seeps, often referred to as
gas seeps or cold seeps, are locations at the sea
or lake floor where gas, mainly methane (CH4), is
transferred as a free gas phase (bubbles) from
the sediments into the overlying water column.
Over the last decades, methane release has
become a very important scientific, economic
and even political issue. The release of methane,
a major component of the global carbon cycle,
strongly affects the atmosphere, the biosphere,
the hydrosphere and the geosphere (Fig. 1.1.)
(Judd, 2003; Judd and Flovland, 2007).

Atmospher
[photosynthesis] *Biosphere mixing
Zooplankton, oxidation SbOLIJLtJ)ttl)cl)en hydrosphere)
macrofauna etc.
organic
matter
decomposition & » oxidation
microbial methanogensis
shallow gas
gas hydrates
burial (MDAC)
thermogenesis ) migration petroleum reservoirs
[ graphite ] Geosphere

Figure 1.1. Schematic diagram indicating the role of methane and methane release in the carbon cycle (after
Judd and Hovland, 2007).
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unprecedented high values, due to increasing
emissions from anthropogenic sources
(livestock, rice paddies, etc.) (Fig. 1.2.A)
(Wuebbles and Hayhoe, 2002; IPCC, 2007b). The
total global methane budget is well-known but
the strength of each source and sink and their
trends are not (IPCC, 2007a). Therefore a correct
assessment of natural methane sources
(wetlands, oceans, etc.) and sinks is essential to
better evaluate the human impact on global
atmospheric methane concentration and
consequently on global climate change (Fig.
1.2.A.)(IPCC, 2001a; IPCC, 2007a).

Until recently only gas hydrates were
considered as a major geological source for
atmospheric methane. Destabilizing these ice-
like compounds of gas and water present in the
ocean sediments could be one of the
explanations for the rapid warming episodes
during the Earth's history (Dickens et al., 1997;
Dickens, 2001; IPCC, 2001b; Etiope, 2009). It is
only very recently that other geological methane
sources, mainly offshore seeps, have been
regarded as possible important contributors to
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atmospheric methane (IPCC, 2007b) (Fig. 1.2.B.).
Before, these sources were regarded negligible,
as indicated by their absence in Fig. 1.2.A. (IPCC,
2001b). Current estimates of global methane
emissions into the atmosphere from marine
bubble-releasing seeps vary between 0.4 and 48
Tg yr"1, with 20 Tg yr™ being a conservative
estimate (Judd, 2004; Judd and Flovland, 2007;
Etiope, 2009). A comparison with other
geological methane sources shows that bubble-
releasing methane seeps should be regarded as
one of the major natural sources of atmospheric
methane (Figs. 1.2.A. and 1.2.B.). Flowever until
now the amount of methane released at seeps is
still largely unknown. There is a need to obtain
correct estimates about the actual area of active
seepage and the temporal variability of the
seepage intensity and activity. Until the
distribution and activity of methane seeps is
better understood, seeps should not be
neglected as an atmospheric methane source.
Judd and Flovland (2007) give a very good
overview of and references to this topic. They

also indicate the reluctance of atmospheric

mud volcanoes

gas hydrates (7)
(10)

microseepage

™

geothermal
bubble-releasing @
seeps (20)

Units of Tg (10,,g/)yr

Figure 1.2. A. Diagram showing the relative contributions from various sources of methane to the global
atmospheric methane budget. The total atmospheric methane budget is estimated to be 600 Tg of CFhyr"l of
which 71.7% has an anthropogenic source and 28.3% a natural source Note the absence of methane seeps as
a possible source (IPCC, 2001b; Kvenvolden and Rogers, 2005). B. Diagram showing the relative contributions
from various geological methane sources (Etiope and Klusman, 2002; Etiope and Milkov, 2004; Judd and

Flovland, 2007; Etiope, 2009).
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Figure 1.3. Worldwide distribution of bubble-releasing seeps (red dots) and gas seepage indicators (bacterial
mats, authigenic carbonates, ice streamthroughs, etc.) (yellow dots). Where seeps as well as the seep indicators
are present; they are indicated by red dots (after Judd and Hovland, 2007).
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Figure 1.4. A general overview of the subsurface- and water-column features associated with gas-bubble
release as witnessed in the Gulf of Mexico where gas-bubble release is associated with oil leakage (Jean

Whelan, WHOI).
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Figure 1.5. A. An overview map of all locations on Earth with recovered gas hydrates (red circles) and inferred
gas hydrates (yellow circles). B. Estimated thickness of the gas-hydrate stability zone in the world's oceans (Krey

et al., 2009).

modelers to take into account the existence of
these geological sources and processes. This
alone is already an indication that there is a
strong need to study and understand this
natural release of methane and the processes
involved.

Recent literatures shows that methane seeps
and related features occur worldwide from
coastal areas to the deep ocean trenches at all

possible oceanographic and plate tectonic
settings (Fig. 1.3.) (Judd, 2003; Judd and
Hovland, 2007). However most seep sites occur
at continental margins where organic-rich
sediments accumulate and methane is formed,
microbially from methanogenesis of organic
material or thermogenically resulting from
catagenesis of organic material at depth and at
higher temperatures (Figs. 1.1. and 1.4.)



(Whiticar, 1999; Judd and Hovland, 2007). The
migration of methane and other fluids through
the sediments towards the seabed is related to
the buoyancy of methane to
overpressure dgenerated at depth. During the
migration towards the seabed, dissolved and/or
free methane gas can be stored the
sediments due to structural or stratigraphie
traps (Fig. 1.4.). The largest methane reservoirs
present in the ocean's sediments are solid
methane hydrates (Fig. 1.5.). These crystalline
structures consisting of gas and water can only

and/or

in

1. Introduction

form and be stable under high-pressure and
low-temperature conditions with substantial
amounts of gas and water. It is believed that
there is more carbon stored in methane
hydrates than in all other fossil fuels combined
(Fig. 1.5.) (Henriet and Mienert, 1998; Pauli and
Dillon, 2001; Max et al., 2006; Sloan and Koh,
2007). If pressure and temperature conditions
change, gas hydrates can dissociate and hereby
support gas seeps at the seafloor and enhance
sediment destabilization (Bouriak et al., 2000;
Bunz et al.,, 2005). When methane and other
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Oxygen Sulfate
Sulfate Sulfate
HS+2 NO3—so04+n2+h20 t
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Figure 1.6. A. An overview of the chemical reactions that take place at the seabed-water column transition zone
as a result of the anaerobic oxidation of methane (AOM). Note that a difference in methane flux leads to
different chemosynthetic fauna's and that AOM is strongly associated with authigenic carbonate formation
(Suess, 2010). B. A schematic overview of the anaerobic oxidation of methane and its resulting chemical species
and methane-related products (Judd and Hovland, 2007).
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fluids are released at the seabed after migration
through the sediments, their origin as well as
their formation depth and the possible followed
migration pathways can be deducted from the
carbon isotopes (613CCH4) and hydrogen isotopes

(6DCH4) of the released methane (Whiticar, 1999;

Judd and Hovland, 2007). Other isotope ratios,
e.g. from Sr, B, Li, |, etc., or geothermometers
like the lithium-magnesium ratio can also help
to indicate the source depth and the followed
migration pathway of the fluids released at the
seafloor (Aloisi et al., 2004).

Generally, dissolved methane present in pore
waters of the near-surface sediments gets
completely oxidized by consortia of methane-
oxidizing archaea and sulfate-reducing bacteria
in anaerobic environments or by the aerobic
activity of bacteria (Figs. 1.4. and 1.6.)
(Reeburgh et al., 1993; Boetius et al.,, 2000;
Boetius and Suess, 2004; Sommer et al., 2006).
As a result of the bacterial activity, seeps can
support unique endemic ecosystems of marine
organisms (bacteria, tubeworms, clams, etc.)
which are strongly related to the flux of
dissolved methane, as shown in Fig. 1.6. (see
chapters 4, 5 and 7) (Boetius, 2000; Suess,
2010).

Another strong seabed manifestation of high
methane fluxes and the associated anaerobic
oxidation of methane (AOM) is the precipitation
of methane-derived authigenic carbonates
(MDACs) or authigenic barites (Boetius, 2000;
Greinert et al., 2001; Michaelis et al., 2002;
Greinert et al., 2002; Suess, 2010). As shown in
Fig. 1.6., MDACs are formed as the product of Ca
(and/or Mg) and the bicarbonate resulting from
AOM present in the pore waters or bottom
waters. Since these carbonates result from
AOM, MDACs also have typical carbon isotopes
(613CCH4) (see chapters 4, 5 and 7) (von Rad et

al.,, 1996; Judd and Hovland, 2007). Based on
their typical geochemistry, fossil MDACs can
even provide evidence of fluid flow and AOM in
areas where fluid flow only occurred in
geological times and has ceased a long time ago
(Campbell et al., 2008; De Boever et al., 2009).
By the formations of carbonate hardgrounds,
seeps can also support non-chemosynthetic
organismes.

It is only where fluid flow is focused, mainly at
bubble-releasing seeps, that methane can pass
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the benthic AOM filter and can be released into
the water column (Figs. 1.4. and 1.6.) (Judd,
2003). Besides the chemosynthetic fauna and
the authigenic carbonates, focused fluid flow
leads in some cases to peculiar seabed features
like mud volcanoes, pockmarks, etc. These
features are all related to seabed fluid flow and
possibly with bubble release, nevertheless their
genesis can be completely different (Judd and
Hovland, 2007).

Methane seepage and the associated features
are clearly widespread and diverse, but the
activity of seepage is also very variable and
transient. Seepage activity changes over short
(minutes to days) related to e.g. tides or
currents or even over long time scales (years to
glacial/interglacial) related to e.g. eustatic
sealevel changes (Leifer et al., 2004; Greinert,
2008). The activity and the amount of methane
released at the seafloor are also strongly related
to the methane sources and the fluid flow
pathways and vice versa (see chapters 5 and 7).

Besides the wide variety of scientific interests,
the release of methane at the seafloor and the
associated features can be economically
valuable as potential indicators of deeper
hydrocarbon reservoirs. Furthermore the
presence of seeps and shallow gas reservoirs
pose a threat to offshore constructions,
affecting seafloor stability and possibly
destroying drilling rigs, pipelines etc (Judd and
Hovland, 2007).

It is clear that bubble-releasing seeps and
seabed fluid flow are very interesting in various
ways and attracted the attention of a variety of
scientists and people from  industry.
Notwithstanding the large amount of studies
focusing on gas seeps, their distribution, activity
and controls are still largely unknown. A better
understanding of these controls, activity and the
distribution of seeps, especially bubble-releasing
seeps which are the pinnacle of focused fluid
flow, would allow more correct assessments of
atmospheric methane input from seeps, the
fauna associated with seeps and could help to
find new energy resources.
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1.2. Study objectives

The major objective of this study is to
determine the main geological controls on gas-
bubble release to better evaluate the
distribution of seeps and their associated
features. This study should form a solid base for
methane flux calculations and for exploration of
new hydrocarbon resources. Therefore several
seep areas around the world, occurring in
different geological settings, have been studied
and are compared based on the integration of
hydro-acoustic investigations (single- and
multibeam echosounding, side scan sonar,
seismics), seafloor observations (ROV,
submersible, TV-sled) and grainsize-,
geochemical- and thermal analyses. Seeps were
studied in the NW Black Sea (a passive
continental Margin), in the SW Pacific Ocean (an
active continental margin) and in Lake Baikal (a
rift lake) to see if there are clear differences in
control on seepage related to these distinct
geological environments. Besides the overall
geological and structural setting the main focus
was on the role gas hydrates, methane-derived
authigenic carbonates, faults and sediment type
play in controlling seep distribution.

The main questions posed are:

1) What are the different geological
controls on seep distribution, on a
basin-wide scale, on kilometer scale and
on meter scale?

Do seeps occur at certain seafloor
morphologies or at certain water
depths? Which are these morphologies
and how do they relate to the seep
distribution, seep activity and to the
associated fauna’s?

Do gas hydrates act as a buffer, a source
or a sink for methane and how do
hydrates relate to the distribution of
bubble-releasing seeps?

Can faults be regarded as the main
geological features controlling seeps on
a kilometer to meter scale? Or is the
type of sediment and/or the
stratigraphic build up and geometry
more important in focusing subsurface

2)

3)

4)
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fluid migration and the release of gas
bubbles at the seafloor?

What is the spatial relation between
bubble release and other seep-related
manifestations at the seafloor and
shallow subsurface, e.g. chemosynthetic
fauna, authigenic methane-derived
carbonates, etc.)?

5)

1.3. Geological setting

1.3.1. Black Sea — Dnepr paleo-delta

The Black Sea is a large semi-enclosed marginal
basin surrounded by alpine mountain chains
(the Greater Caucasus, Pontides, Southern
Crimea, and Balkanides) (Fig. 1.7.). The only
connection it has with the world oceans is via
the Bosporus Strait through the Marmara Sea,
the Dardanelles and the Mediterranean Sea. The
Black Sea was formed via back-arc spreading
during the Early, Cretaceous-Early Paleogene
associated with the subduction of the Neo-
Tethys below the Balcanides-Pontides volcanic
Arc. (Robinson et al.,, 1996; Dinu et al., 2005).
The Black Sea consists of two large basins, the
Western Black Sea Basin and the Eastern Black
Sea Basinseparated by the Andrusov Ridge.
Sediment thickness in the Black Sea varies from
19 km in the Western Black Sea, 5-6 km on the
Andrusov Ridge and 12 km in the Eastern Black
Sea (Tugolesov et al., 1985). Since the Eocene,
the Black Sea region has changed to a
dominantly compressional environment
(Nishishin et al., 2003). The study area, the
Dnepr paleo-delta, is located on the continental
margin of the northwestern Black Sea, above
the Kalamit Ridge where the top of the
Cretaceous lies at depths of less than 1 km (Fig.
1.7.) (Robinson et al., 1996).

There is no direct evidence for large petroleum
reservoirs below the study area; however
several oil and gas fields are being produced in
the vicinity of the Dnepr paleo-delta (Fig. 2.1.)
(Dinu et al., 2005; Popescu et al., 2007). In the
Black Sea, the Maykop formation of Middle to
Upper Eocene age is the chief hydrocarbon
source that feeds numerous mud volcanoes in
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Figure 1.7. Tectonic map of the Black Sea region with indication of the Dnepr paleo-delta study area.
(Abbreviations: NDO—North Dobrogea Orogen, SCO—South Crimea Orogen, PDD—Pre-Dobrogea Depression,
NKD—North Kilia Depression, KaD—Karkinit Depression, KaR—Kalamit Ridge, HD—Histria Depression, SD—

Sorokin Depresion,

KTD—Kerci-Taman Depression,

KD—Nijna-Kamciisk Depression,

ATD—Adjaro-Trialet

Depression, TB—Taupse Basin, SSR—Suvorov-Snake Island Ridge, KR—Kramski Ridge, AR—Azov Ridge, BR—

Bubkin Ridge (after Dinu et al., 2005).

the deeper basins (Fig. 1.8.) (Robinson et al.,
1996; Bohrmann et al., 2003; Kruglyakova et al.,
2004). In the Dnepr paleo-delta however, the
methane seeps are probably sourced by
organic-rich sediments deposited
during successive sea-level lowstands when the

Holocene

main inflowing rivers, Dnepr and Dnestr,
deposited organic-rich material hundreds of
kilometers beyond their present mouths

forming shelf-edge deltas at the present-day
shelf break. After the last sea-level lowstand
water level rose, leading to fresh-water outflow
from and salt-water inflow into the Black Sea
through the Bosporus. As a result of density
differences and the absence of complete water-
column mixing, the Black Sea became the
biggest anoxic basin in the world, covering an
area of 423,000 km2 with favorable conditions
for preserving organic material and generating
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hydrocarbons. Microbial degradation of the
organic-rich sediments present in the paleo-
deltas has led to the formation of shallow gas
associated with prolific gas seepage at the
seabed at various shelf-break locations in the
Black Sea (Fig. 1.8.). The seeps in the Dnepr
paleo-delta are associated with a variety of
authigenic carbonate build-ups formed by the
anaerobic oxidation of microbial methane (Luth
et al., 1999; Peckmann et al.,, 2001; Thiel et al.,
2001; Amouroux et al.,, 2002; Michaelis et al.,
2002). The presence of gas hydrates in the study
area is indicated by  bottom-simulating
reflections (BSRs) on seismic data from -700 m
water depth (Liidmann et al., 2004; Zillmer et
al., 2005).
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Figure 1.8. Overview map of the Black Sea with indications of seep locations, mud volcanoes and sampled gas
hydrates (after Egorov et al., 1998; Naudts et al., 2006; Judd and Hovland, 2007; Popescu et al., 2007).

1.3.2. SW Pacific Ocean - Hikurangi
Margin

The Hikurangi Margin in the SW Pacific Ocean on
the eastside of the New Zealand's North Island is
an active accretionary margin formed by the
westward oblique subduction of the Pacific Plate
underneath the  Australian Plate at a
convergence rate of about 40-50 mm/yr (Fig.
1.8.) (Barnes et al.,, 2010). The 25 Myr old
Hikurangi Margins forms the southern end of
the Tonga-Kermadec-Hikurangi subduction
zone. The Rock Garden study area is positioned
above a 3 km high subducted seamount which
has strongly deformed and uplifted this part of
the Hikurangi Margin (Pecher et al, 2005;
Barnes et al.,, 2010). This area can be regarded
as the transition zone between the classic
frontal accretionary system in the south and the
steeper margin associated with tectonic erosion
and subducting seamounts in the north (Barnes
et al., 2010). Laterally the Hikurangi Margin can
be divided in a western part with an imbricated
foundation of pre-subduction accretionary
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wedge of mainly scraped off Pliocene -
Pleistocene trench-fill turbidites. The boundary
between these two units may be significant for
the distribution of the different seeps sites at
the Hikurangi Margin (Fig. 1.10.) (Lewis and
Marshall, 1996; Barnes et al., 2010). The
Hikurangi Margin comprises six seep areas with
a total of 32 seep sites detected by visual or
acoustic observations or by sampling of seep
fauna or authigenic carbonates (Fig. 1.10.)
(Lewis and Marshall, 1996; Greinert et al., 2010).
Almost all discovered seeps on the Hikurangi
Margins occur within or on the edge of the gas-
hydrate stability zone. The presence of gas
hydrates on the Hikurangi Margin is indicated by
the widespread occurrence of BSRs on seismic
data from -650 m water depth (Henrys et al,
2003; Pecher et al., 2010). Notwithstanding the
widespread occurrence, gas hydrates have only
been sampled at three seep sites (Fig. 1.10.)
(Greinert et al,, 2010). Hydrates have not yet
been retrieved in the Rock Garden study area,
although BSRs occur at shallow subsurface
depth and even pinch out near the ridge crest.
Some of these sites, e.g. the studied Faure Site,
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Figure 1.9. Tectonic map of the Hikurangi Margin with indication of the Rock Garden study area. The white
trusts represent the principle deformation front, the major active faults are shown in black and the thickness
(km) of the trench-fill turbidites is also indicated (after Lewis et al., 1998; Barnes et al., 2010).

are associated with seepage and/or submarine
landslides (Pecher et al., 2005; Faure et al.,
2006). As for other seep sites in the Hikurangi
Margin, deep reaching fractures play an
important role in the distribution of seeps in the
Rock Garden area (Crutchley et al., this issue).

1.3.3. Lake Baikal - Posolsky Bank

Lake Baikal is a rift lake in Southern Siberia
which occupies the three central depressions of
the Baikal Rift Zone (BRZ); the Southern, the
Central and the Northern Baikal Basins (SBB,
CBB & NBB) (Fig. 1.11.). The lake has a maximum
depth of -1637 m and it holds 20% of the world's
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liquid surface fresh water which makes it the
deepest lake and the largest lake with regard to
volume in the world. The rifting of the BRZ
started ca. 30-35 Ma ago as a result of the India-
Eurasia collision and is still active at an extension
rate of about 4-5 mm/yr (Tapponnier and
Molnar, 1979; Petit et al., 1997; Calais et al.,
1998; Petit et al., 1998). The three basins are
separated by two structural highs; the Selenga
Delta Accommodation Zone (SDAZ) between the
SBB and the CBB, and the Academician Ridge
Accommodation Zone (ARAZ) between the CBB
and NBB. The three Baikal Basins have a clear
asymmetric geometry with large displacement
faults at their western borders and small normal
their eastern borders (Fig. 1.1))

faults at
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Figure 1.10. Overview map of the Hikurangi Margin with indications of seep locations (red dots), gas seepage
indicators (yellow dots) and sampled gas hydrates (black triangles) (Greinert et al., 2010).

(Hutchinson et al.,, 1992; Mats, 1993; Scholz et
al.,, 1993). Sediment thickness in the basins
varies between 4.4 km in NBB, over 7 km in SBB
to 7.5 km in the CCB (Kontorovich et al., 2007).
The study area, the Posolsky Bank fault block, is
located near the Posolsky Fault which is an
eastern segment of the Obruchevsky Fault that
marks the western margin of the SBB (Fig. 1.11.).
The Posolsky Bank structurally belongs to the
SDAZ (Scholz and Hutchinson, 2000; Bezrukova
et al., 2005; Charlet et al., 2005).

The presence of seeps in Lake Baikal was
already described in ancient records reporting
on areas with absent ice cover in winter (lice
streamthroughs'), abundant fish deaths and
observation of bubbles at the lake surface
(Fig.1.12.) (Granin and Granina, 2002). Since the
observation of BSRs on seismic recordings and
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the subsequent sampling of deep hydrates
during the Baikal Drilling Project (BDP-97),
methane seeps, oil seeps and gas-hydrate-
bearing mud volcanoes have been discovered on
many locations in the SBB and the CBB (Fig.
1.12.) (e.g. Hutchinson et al.,, 1991; Golmshtok
et al., 1997; Vanneste et al., 2001; Williams et
al., 2001; Klerkx et al.,, 2003; Matveeva et al.,
2003; Khlystov, 2006; Klerkx et al., 2006). Ali
mud volcanoes occur at locations with an
anomalous shallow BSR near major faults.
Geothermal fluid pulses along these large faults
are believed to have led to hydrate
destabilization and source the mud volcanoes
(Vanneste et al., 2001; De Batist et al., 2002; Van
Rensbergen et al., 2002; Vanneste et al.,, 2002;
Klerkx et al., 2006). Notwithstanding the
occurrence of gas-bubble release at some of the
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Figure 1.11. Tectonic map of Lake Baikal with indication of the Posolsky Bank study area (Klerkx et al., 2006).
(Abbreviations: SDAZ—Selenga Delta Accommodation Zone; ARAZ—Academician Ridge Accommodation Zone).

mud volcanoes, a majority of the methane seeps
occur outside of the gas-hydrate stability zone
near deltas or canyons (Granin and Granina,
2002). The seeps on the Posolsky Bank are
unique since they occur on the scarp of a tilted
fault block, outside of the GHSZ. Furthermore,
the released methane has a mixed microbial-
thermogenic origin  with a small ethane
admixture (Kalmychkov et al., 2006).
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1.4. Methods

Since the release of gas bubbles and its
associated features are often associated with
disturbances of the natural environment they
cause different anomalies in a variety of
datasets. To better understand the distribution
of and the controls on gas-bubble releasing
seeps different datasets have been integrated.
This includes water-column data, seafloor data
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Figure 1.12. Overview map of Lake Baikal with indications of seep locations (red dots), gas seepage indicators
(black dots), mud volcanoes (yellow dots) and sampled gas hydrates (orange triangles) (Granin and Granina,

2002; Klerkx et al., 2006; Schmid et al., 2007).

and subsurface data. This study mainly used
acoustic methods since they are strongly
affected by the occurrence of free gas in
different media.

1.4.1. Water-column data

The hydro-acoustic water-column data is the
essential dataset for this study, since the high
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impedance contrast between free gas and water
allows the detection and positioning of gas-
bubble release from the seafloor into the water
column over vast areas in a limited time span
(Greinert et al.,, 2006; Artemov et al.,, 2007).
Bubbles in the water column have been
detected with single-beam echosounders in all
three study areas (Fig. 1.13.). On such
echosounder records the rising bubbles form
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acoustic anomalies that are commonly referred
to as "flares".

On the Black Sea a hull-mounted SIMRAD
EK500 dual-frequency (38-120 kHz) split-beam
echosounder was used which operates with a
total beam width of 7°. Bubble detection on the
Hikurangi Margin was performed with two
echosounder systems a SIMRAD EK500 using 12
and 27 kHz and a SIMRAD ES60 using 38 kHz. On
Lake Baikal also two different echosounder
systems were used; a FURUNO-1000 and a
FURUNO-1100, both operating at 28 kHz. All
these systems are able to detect rising bubbles
with sizes ranging from mm to cm scale (see
chapters 2-6).

Flares were even observed on high-resolution
seismic data (5 kHz). Visual observation of seeps
in the Black Sea was also performed with a
submersible and video sled (Fig. 1.13.). On the
Hikurangi Margin gas bubbles were detected
with the forward-looking sonar (325-675 kHz)
installed on the ROV and by visual ROV
observations (Fig. 1.13.) (see chapters 2-6).

From all the used methods, seep detection by
the use of echosounders is the most effective
since a large area can be covered even during
deployment of other gear. Furthermore, very
small bubbles can be detected, which are
visually sometimes hard to indentify. Visual
observations have the advantage of being able
to pinpoint the bubble-releasing location on the
seafloor with a higher accuracy than what can
be achieved by echosounders. They also allow
monitoring of the seep activity, accurate flux
determinations and observations of seep-
related seafloor manifestations. But
deployments of ROVs or submersibles are much
more cumbersome and the area covered on the
seafloor is much smaller.

1.4.2. Seafloor data

Since active seep sites are often associated
with typical seafloor morphologies, with
chemosynthetic faunal communities or with
authigenic methane-derived carbonates, they
are relatively easy to be observed by a wide
range of seafloor observations, even at
instances without active release of bubbles. For
this study two different types of seafloor data
were used: acoustic seafloor data from
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multibeam and side-scan sonar measurements
and visual seafloor observations done with a
ROV, with a submersible, with a video sled or
with other TV-guided equipment (Fig. 1.13.).

On the Black Sea and on Lake Baikal a 50 kHz
SeaBeam 1050 swath system was used that was
operated with 120° swath, transmitting and
receiving 108 beams of 3° by 3° beam angle. At
the Hikurangi Margin different, lower frequency
systems were used adapted to the larger water
depth. The used multibeam systems were the
SIMRAD EM120 which operates at 20 kHz with
191 beams of 2° by 2° beam angle and the
SIMRAD EM 300 which operates at 30 kHz with
135 beams of 2° by 2° beam angle. Besides
obtaining the water depth, all used multibeam
systems were able to record the raw backscatter
data which gave extra information about the
nature of the seafloor near the seep sites (e.g.
presence of MDACs, etc.). In the Black Sea,
backscatter seafloor data was also obtained by
side-scan sonar measurement with the SONIC-3
sonar system (30 kHz). In case of the Black Sea,
the results from the multibeam system was
more useful than the data obtained from the
side-scan  sonar, since the multibeam
backscatter data is correctly positioned at the
seafloor, which is not the case for the side-scan
sonar data, even with the side-scan data having
a larger theoretic horizontal resolution than the
multibeam backscatter data (0.5 m by 0.5 m
versus 5 m by 5 m) (see chapters 2-6).

The visual observation techniques discussed in
section 1.4.1. have also been used for seafloor
observations. From all used visual observations
techniques it is clear that the ROV and
submersible are most suited for detailed long-
term (minutes to hours) observation of seeps
and the surrounding seafloor. Video sleds and
other TV-guided equipment have the advantage
of being less complicated and are ideal for
making transects but they normally don’t have
the capability of sampling gas or rocks (see
chapters 2-6).

As for the water-column observations, large
seafloor observations are best done with
acoustic methods which are able to cover a lot
of ground in rather small time spans. Possible
interesting areas indicated by the acoustic
observations can then be inspected by visual
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seafloor observations which allow very detailed
seafloor characterization.

1.4.3. Subsurface data

The presence of seep sites on the seafloor is
often indicated by shallow gas in the subsurface.
Different kinds of seismic reflection data has
been used to image the presence, the behavior
and the kind (i.e. free gas versus hydrate) of
shallow gas in the subsurface (Fig. 1.13.). In the
Black Sea, sediment coring was undertaken to
investigate possible correlations between high-
backscatter patches on multibeam data, seep
occurrences and shallow gas. For the Lake Baikal
study, seismic reflection data was used to make
calculations for heat flow and hydrate stability.

Four types of seismic reflection data were
acquired using four different sources (5 kHz
pinger, SIG-sparker, CENTIPEDE sparker and Gl-
gun) each within a different frequency range
showing different aspects of the subsurface
geology and shallow gas distribution. The very
shallow was investigated using a deeptow 5 kHz
pinger with a theoretical resolution of 30 cm, for
a maximum penetration of 35 ms two-way
travel time (TWTT). To achieve a bit more
penetration, single-channel reflection data were
collected with a SIG and with a CENTIPEDE
sparker source with a passive surface streamer
with 10 hydrophones. The SIG has a central
frequency of 500-700 Hz and a theoretical
resolution of 1 m, for a maximum penetration of
200-300 ms TWTT. Whereas the CENTIPEDE has
a central frequency of 1100-1200 Hz and a
theoretical resolution of 70 cm, for a maximum
penetration of 100 ms TWTT. Possible hydrate
reservoirs in the Black Sea were visualized with
multi-channel seismic data acquired with a GlI-
gun source (central frequency of 150 Hz) and a
passive surface streamer with 16 hydrophone
groups. The theoretical vertical resolution of the
Gl-gun data is 6 m and the maximum
penetrations is 600 ms TWTT.

As indicated in the previous paragraph each
seismic source has its own characteristics,
sources with higher frequency have higher
resolutions and are more affected by shallow
gas, whereas sources with a lower frequency
have lower resolutions but are able to visualize
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the deeper subsurface even with the presence
of near surface shallow gas. A nice comparison
of the different seismic reflection techniques
and its application for shallow gas detection is
given in chapter 2, as well as in chapter 3, 4 and
6.

1.5. Project framework

The datasets obtained for this study came
from the EC-FP5 project CRIMEA (Black Sea), the
New Vents SO191 cruise (New Zealand), several
BELSPO and INTAS projects and an FWO “Krediet
aan Navorsers” project (Lake Baikal).

Dnepr paleo-delta (Black Sea)

The EC-FP5 project CRIMEA (“Contribution of
high-intensity gas seeps in the Black Sea to
methane emission to the atmosphere”) (2003-
2006) studied and quantified the transfer of
methane emitted at bubble-releasing seeps at
the seafloor through the water column and into
the atmosphere. This RCMG-UGENT coordinated
project focused on the Dnepr paleo-delta area
and the Dvurechenskiy mud volcano area in the
Ukrainian Part of the Black Sea. As RCMG-
UGENT, we were responsible for the geological
characterization of the seep areas; e.g.
subsurface methane sources, the migration
pathways and controls on seep distribution. The
results obtained in the Dnepr paleo-delta are
described in CHAPTER 2-4 (Naudts et al., 2006;
Naudts et al., 2008; Naudts et al., 2009)

Hikurangi Margin (SW Pacific Ocean)

The SO191 expedition to the Hikurangi Margin
(2007) was funded by the Federal Ministry of
Education and Research (Germany) in the
framework of the COMET project within the
R&D program GEOTECHNOLOGIEN (grant
03G0600D and 03G0191A). The ROV work
during the SO191 cruise was co-funded by FWO
Flanders. The purchase of the ROV was possible
thanks to an Impulsfinanciering of the Special
Research Fund of Universiteit Gent. The SO191
expedition focused on seeps and associated gas
hydrates at the Hikurangi Margin to better
understand the role of methane in the global
biogeochemical cycle. The results obtained with
the ROV and other TV-guided gear in the Rock
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Garden area of the Hikurangi Margin are
described in CHAPTER 5 (Naudts et al., 2010).

Posolsky Bank (Lake Baikal)

The data studied from Lake Baikal were
obtained within the framework of the BELSPO-
project "Gas hydrates and gas seeps in Lake
Baikal" (1998-2001), the BELSPO-project "Gas
hydrates and gas seeps in Lake Baikal (Phase 2)"
(2001-2003), the INTAS-project "Assessment and
evaluation of gas hydrates in Lake Baikal" (1998-
2000), the INTAS-project "A new bathymetric
computer map of Lake Baikal" (2000-2002), the
INTAS-project "MULTISGAS - Multidisciplinary
study of natural gas seeps in Lake Baikal" (2002-
2004) and the FWO project Krediet aan
Navorsers L. Naudts “Detailkartering van actieve
methaanbronnen, moddervulkanen en
gashydraten in het Baikalmeer door middel van
multibeam-bathymetrie” (2009). All of these
projects had mainly the goal to assess the
distribution of gas hydrates, mud volcanoes and
seeps in Lake Baikal. For this study all available
data within the Posolsky Bank area was
combined to understand the present seep sites,
as described in CHAPTER 7 (Naudts et al.,,
submitted).

1.6. Thesis outline

The thesis consists of a general introduction
chapter, followed by a result part consisting of
five chapters which are followed by a
discussion/conclusion part consisting of two
chapters. The first four chapters of the result
part (CHAPTER 2 - CHAPTER 5) have been
published in international peer-reviewed
journals; the remaining CHAPTER 6 is submitted.
Since each of these chapters has been published
individually an overlap regarding introductions
and methodologies is unavoidable; this however
allows the separate reading of each chapter. A
number of other relevant papers published
during the time of this study can be found in the
publication list added in appendix A. Since a
large time of this study has been spend on
research expeditions, an overview is given in
appendix B.
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CHAPTER 2 gives an overview of shallow gas,
gas-hydrate occurrence and bubble-releasing
seeps and their detection by geophysical
methods. Taking into account the used methods
and datasets this chapter can be seen as an
introduction chapter to CHAPTER 3-6. This
chapter has been published as: Naudts, L., De
Batist, M., Greinert, J., Artemov, Y., 2009. Geo-
and hydro-acoustic manifestations of shallow
gas and gas seeps in the Dnepr paleo-delta,
northwestern Black Sea. The Leading Edge 28,
1030-1040.

CHAPTER 3 reports on the large scale
geological controls on seep distribution in the
Dnepr paleo-delta, northwestern Black Sea. This
chapter gives also an overview of different
seafloor morphologies that are associated with
bubble-releasing seeps in the Black Sea and
other seep areas. The almost 3000 detected
seeps in this area, makes the Dnepr paleo-delta
one of the largest known seep areas in the
world. This chapter is published as: Naudts, L.
Greinert, J., Artemov, Y., Staelens, P., Poort, J.,
Van Rensbergen, P., De Batist, M., 2006.
Geological and morphological setting of 2778

methane seeps in the Dnepr paleo-delta,

northwestern Black Sea. Mar. Geol. 227, 177-

199.

CHAPTER 4 focuses on the shelf area of the
Dnepr paleo-delta seep area discussed in
CHAPTER 3, more precisely on the relation
between high acoustic seafloor backscatter and
the associated local distribution of seeps.
Analyses of geophysical, geochemical and
seafloor observations identified methane-
derived authigenic carbonates as the being the
main cause for the enhanced backscatter and
associated seeps distribution. This chapter is
published as: Naudts, L., Greinert, J., Artemov,
Y., Beaubien, S.E., Borowski, C., De Batist, M.,
2008. Anomalous seafloor backscatter patterns
in methane venting areas, Dnepr paleo-delta,
NW Black Sea. Mar. Geol. 251, 253-267.

CHAPTER 5 looks at two different seafloor
manifestations of bubble-releasing seeps on the
Hikurangi Accretionary Margin, east of New
Zealand’s North Island. Seafloor observations
made by a ROV and other TV-guided gear
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integrated with seismic and geochemical data as a fluid conduit. This chapter is submitted as:
allowed explaining the differences between the Naudts, L., Khlystov, O., Granin, N., Chensky, A.,
two seeps sites in regard to the depth of the Poort, J., De Batist, M., submitted. Stratigraphic
gas-hydrate stability zone and the tectonic and structural controls on the location of active
history. This chapter is published as: Naudts, L., methane seep on Posolsky Bank, Lake Baikal.

Greinert, J., Poort, J., Belza, J., Vangampelaere, Mar. Pet. Geol.
E., Boone, D., Linke, P., Henriet, J.P., De Batist,
M., 2010. Active venting sites on the gas- CHAPTER 7 integrates all findings discussed in

hydrate-bearing Hikurangi Margin, Off New the previous chapters with published data from

Zealand: Diffusive- versus bubble-released other bubble-releasing seep site in the world to

methane. Mar. Geol.272, 233-250. come up with the similarities and differences in

geological controls on the distribution of seeps.

CHAPTER 6 deals with bubble-releasing seeps This chapter also discusses if these similarities or

in the rift-lake environment of Lake Baikal. The differences are related to the specific geological

seeps on the Posolsky Fault Scarp near the crest setting.

of the Posolsky Fault Block are fed by gas

coming from below the gas-hydrate stability CHAPTER 8 gives an overview of the final

zone. The fault associated with the seepage conclusions and raises some questions which

rather cuts off the gas-bearing layers than acts have originated from this study.
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CHAPTER 2

Geo- and hydro-acoustic manifestations of
shallow gas and gas seeps in the Dnepr paleo-
delta, northwestern Black Sea

Lieven Naudts, Jens Greinert, Yuriy Artemov, Marc De Batist

2.1. Background

Shallow gas has been a topic of major interest
to academic and industrial researchers
worldwide and this within different scientific
fields. Shallow gas occurs in a depth window
between 0 m and 1000 m below the seafloor. It
consists mainly of microbial-formed or
thermogenic methane or a combination of both,
sometimes with a limited admixture of higher
hydrocarbons (propane, butane, etc.). The main
interest from the oil and gas industry in shallow
gas is because of the possible hazard it poses
during drilling, as it can lead to blow-outs and
seafloor instability affecting seafloor-based
constructions. Besides this, shallow gas can also
be an important tool to localize deeper
economically valuable hydrocarbon resources
and reservoirs. Also in academic research,
shallow gas has become a major study object
over the last decennia drawing the attention of
geologists, geophysicists, microbiologists,
geochemists, oceanographers, etc. Shallow gas
and seabed fluid flow are global phenomena,
which play a fundamental role in various natural
processes that affect the geosphere, the
biosphere, the hydrosphere and the
atmosphere. In order to study the possible
effects of shallow gas and seabed fluid flow, it is
important to understand the processes and
parameters that control its distribution and
presence in the subsurface. High-resolution
reflection seismics is the main tool that has
traditionally been used to determine the
presence of free gas in the shallow sediments,
and to infer the possible geological controls on
its distribution (e.g. impermeable sediment
layers) as well as the associated fluid pathways
(e.g. faults, permeable sediment layers, diapirs).
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In some cases, shallow gas is able to migrate and
to reach the seafloor, where gas (free and/or
dissolved) might be released into the water
column. Since locations of gas release, i.e. gas
seeps, at the seafloor often have a distinct
morphological expression (e.g. pockmarks, mud
volcanoes, ridges); they can easily be detected
on high-resolution reflection seismic data,
single-beam and multibeam echosounding data
and side-scan sonar recordings. In this paper, we
present an overview of some of the
characteristics and seismic signatures of shallow
free gas on different types of high-resolution
seismic reflection data. We also discuss the
factors that control the distribution of shallow
gas and gas seeps in the Dnepr paleo-delta,
northwestern Black Sea.

2.2. Dnepr paleo-delta

The Dnepr paleo-delta area is located on the
continental margin of the northwestern Black
Sea, west of the Crimea Peninsula (Fig. 2.1.).
Structurally, the Dnepr paleo-delta is situated on
the transition zone between the Scythian
Platform and the Karkinit Trough in the north,
the Shtormavaya Graben, the Kalamit Ridge and
the Western Black Sea Basin in the south (Fig.
2.1.). The Western Black Sea Basin formed
during the late Cretaceous in a back-arc setting
above the northward subducting Tethys Ocean,
close to the southern margin of Eurasia. The
continental margin west of the Crimea Peninsula
consists of Late Paleozoic to Mesozoic basement
rocks covered by thick Cenozoic sediments with
a thickness of at least 2 km (Robinson et al.,
1996).
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Figure 2.1. Location of Dnepr paleo-delta in the northwestern Black Sea with indication of major structures,

deep faults, oil and gas fields and seep locations.

Nowadays the northwestern Black Sea is
dominated by a rather wide shelf (60-200 km)
with a shelf break at 120 to 170 m water depth
and canyon systems with large deep-sea fan
complexes which mainly developed during
sealevel lowstands. During several successive
lowstands the main inflowing rivers, Dnepr and
Danube, deposited organic-rich material
hundreds of kilometers beyond their present
mouths forming shelf-edge deltas at the
present-day shelf break. The Dnepr paleo-delta
is one of these shelf-edge deltas,
microbial degradation the organic-rich
sediments has led to the formation of shallow
gas associated with prolific gas seepage at the
seabed. The presence of the shallow gas and gas

in which
of

seeps in the Dnepr paleo-delta already received
a lot of attention from different European-
funded research projects. The data shown here
were acquired during the EU-funded CRIMEA
project (2003-2006).
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2.3. High-resolution reflection

seismic data

Three different types of seismic reflection data
were acquired using three different sources (5
kHz pinger, SIG-sparker and Gl-gun) (Fig. 2.2.A),
each within a different frequency range to
extract the best possible information about the
underlying geology and shallow gas distribution.
The very shallow subsurface was investigated
using a deeptow 5 kHz pinger, which was
mounted in a towfish together with a side-scan
sonar (SONIC-3). The towfish was towed at 50-
200 m above the seafloor. The theoretical
resolution (i.e. Rayleigh criterion) is 30 cm, for a
maximum penetration of 35 ms. In total 590 km
of 5 kHz data were recorded. To achieve deeper
penetration, single-channel reflection seismic
data were collected with a SIG sparker source

(central frequency of 500-700 Hz) and an active
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Figure 2.2. A. High-resolution seismic reflection survey lines and outlines for Figs. 2.4.-2.9. (see Fig. 2.1. for
location). B. Ship track with hydro-acoustically detected seeps (see Fig. 2.1. for location).
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Figure 2.3. Single-beam echogram showing typical hydro-acoustic manifestations of rising methane bubbles

(flares) in the Dnepr paleo-delta.

single-channel surface streamer with 10
hydrophones. The theoretical vertical resolution
is 1 m and the maximum penetration is 100 ms.
330 km of sparker data were recorded. For
visualizing possible gas hydrate reservoirs and
major units,
seismic data were acquired with a Gl-gun source
(central frequency of 150 Hz; maximum shooting
interval of 8 s) and a passive surface streamer
with 16 hydrophone groups. The theoretical

vertical

depositional also multi-channel

resolution is 6 m and the maximum
penetration is 600 ms. Multi-channel data were
recorded over a total length of 665 km. Data
processing involved frequency filtering, velocity
analysis, NMO correction, stacking and
deconvolution. Interpretation and analysis of
the three types of seismic data was carried out
with the Kingdom Suite software package.
addition to the acquisition of seismic reflection

In

data, single-beam echosounding was performed
for seep detection (i.e. for the detection of gas
bubbles released in the water column) using a
hull-mounted SIMRAD EK-500 dual-frequency
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(38 and 120 kHz) split-beam echosounder (Figs.
2B and 2.3). Seabed features related to gas
venting and the presence of shallow gas were
additionally imaged by a combination of
multibeam echosounding, wusing a 50 kHz
SEABEAM 1050 system, and side-scan sonar
imaging, using the 30 kHz SONIC-3 deep-water
sonar.

2.4. Shallow gas

The
influences

presence of shallow gas strongly
the mechanical and acoustic
properties of the sediment (increased sound
attenuation, energy scattering,
affecting sound velocity, etc.). Therefore geo-
acoustic methods, like reflection
profiling, are significantly affected by the

presence of shallow gas and are therefore very

acoustic

seismic

well-suited for the detection of gas in the
sediments. Even very small concentrations of

gas in the pore space (0.5% gas by volume)
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Figure 2.5. Comparison of "gas fronts" visible on 5 kHz data and sparker data (see Fig. 2.2.A. for location).

already lead to a variety of shallow gas
signatures on most types of high-resolution
reflection seismic data (Figs. 2.4.-2.9.) (Judd and
Hovland, 2007). The most common types of
seismic disturbances related to gas-bearing
sediments "enhanced reflections" and
"acoustic turbidity", both often in combination
with "acoustic blanking" (Fig. 2.4.). "Enhanced
reflections" on high-resolution reflection data
are the analogues of "bright spots" on low-
frequency industrial data (Figs. 2.4.C.
2.4.E.). They are characterized by anomalously
high amplitude and are interpreted to be caused

by the accumulation of (minor amounts of) free

are

and

gas below a certain horizon. This gas
accumulation causes a negative impedance
contrast across that horizon, and the
subsequent large-amplitude, phase reversed

reflection on seismic data. "Acoustic turbidity"
shows up on seismic data as a dark smear that
sometimes cross-cuts the normal stratigraphy
and completely masks all reflections below (Fig.
2.4.). "Acoustic turbidity" results from the
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attenuation (absorption and scattering) of the
acoustic energy by the presence of gas bubbles
within the sediment. The term "gas front" is
often used for the top of the "acoustic turbidity"
and associated gas features and is therefore
interpreted as the upper limit of the free gas
zone within the sediment (Fig. 2.4.). This
interpretation is clearly supported by Fig. 2.4.B.,
on which the gas front can be seen to dome up
to the seafloor and where a "flare", a hydro-
acoustic water-column anomaly caused by rising
bubbles, is observed on the 5 kHz data. Since
higher  frequencies are more strongly
attenuated, the 5 kHz pinger data provides the
most valuable information about the depth
variations of the shallow gas present in the
sediments (Figs. 2.4.-2.6. and 2.9.). Comparison
between the 5 kHz data and sparker data (lower
frequency) over a same area confirms that even
if both types of seismic data clearly portray the
gas front and its lateral depth variations, the 5
kHz data provide a higher-resolution image of
the subsurface (Fig. 2.5.). The later is of course
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Figure 2.6. 3D view showing the depth variation of the gas front as a depth map overlain by an isopach map
(depth of the gas front below the seafloor) together with the used 5 kHz seismic profiles (see Fig. 2.2.A. for
location). Gas seeps were mainly detected where the gas front approaches the seafloor within a couple of

meters.

expected from a higher-frequency source. On
the 5 kHz data, the gas front shows up as a
single, strong reflection, whereas on the sparker
data the gas front rather appears as a
combination of enhanced reflections. The
comparison also shows that the sparker data
only provide very little extra information of the
deeper subsurface, less than would be expected
from its lower frequency. The quality of these
sparker data suffered significantly from a
combination of several acquisition parameters
(e.g. high vessel speed, engine noise, etc). The
free gas within the sediments strongly
attenuates the acoustic signal for both sources.
Acoustic attenuation is largest when the
acoustic frequency matches the resonant
frequency of the bubbles, which stands in
relation to the bubble size. The data suggest
that a wide range of bubbles sizes occurs within

the sediments imaged by the two seismic

57

sources. However, the observation depth of the
gas front is very similar for both methods. Both
datasets show the presence of distinct "gas
fronts", laterally strongly varying in depth and
locally doming up towards the seafloor. The
areas of "gas-front" updoming coincide with
seep locations as observed by hydro-acoustics.
By combining the gas front surface from the 5
kHz data with the seafloor surface, a "depth-to-
gas-front" map was produced, which illustrates
the strong "gas front-versus-seep" relationship
that was observed on the seismic profiles (Fig.
2.6.). The majority of the seeps occur where the
gas front approaches the seafloor within a
couple of meters (Fig. 2.6.). The behavior or the
depth variations of the "gas fronts" seem erratic
at first, but a closer examination shows that "gas
fronts" tend to dome up towards the seafloor at
morphologic highs. Furthermore,
have the tendency to stay

"gas fronts"
below the
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sedimentary infill of incised channels and only
come up to the seafloor at the margins of these
filled paleo-channels (Fig. 2.4.B.). Naudts et al.
(2006) (CHAPTER 3) integrated the geophysical
seismic data with multibeam data and coring
information. Their results showed that the
distribution and migration of gas near the
seafloor in the Dnepr paleo-delta is
predominantly controlled by stratigraphic and
sedimentary factors, and not by faults as might
be expected. In the Dnepr paleo-delta, along-
strata and across-strata variations in grain-size
distributions and consequent changes in
permeability seem to be the main controlling
factors on shallow gas migration and
accumulation outside the gas-hydrate stability
zone (GHSZ).

2.5. Gas hydrates

Shallow gas within the sediments does not
only occur as free gas (bubbles) or in dissolved
form in sediment pore waters. It can also be
trapped in crystalline, ice-like compounds
composed of water and gas. These compounds
are gas hydrates which are only stable at specific
high-pressure and low-temperature conditions.
In the marine environment, these conditions can
generally be found at water depths of over 300-
500 m, depending on bottom-water
temperatures and gas composition. The GHSZ is
also limited to a certain depth below the
seafloor because of the geothermally-induced
rise in subsurface temperature with depth.
Besides the P-T conditions, also the amount of
available gas and water in the pore spaces needs
to be high enough to sustain gas-hydrate growth
and to keep hydrates stable. Marine gas
hydrates have attracted massive attention from
scientists and decision makers over the last
decades, because they represent a possible
energy resource as well as a geohazard. When P-
T conditions change, gas hydrates can become
unstable and dissociate. This can lead to
sediment destabilization, submarine landsliding
and possibly the generation of tsunamis. The
dissociation of methane hydrates involves the
release of large amounts of methane, which is a
very strong greenhouse gas. If this methane
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would reach the atmosphere, it would strongly
affect global climate.

In the northwestern Black Sea, methane gas
hydrates are theoretically stable only below
water depths of -725 m due to the relatively
high bottom-water temperatures of 8.9°C.
Hydrate stability calculation was done based on
presumed average open-ocean pore-water
salinity in the sedimentary column of 35 ppt
(Naudts et al.,, 2006). During the CRIMEA
expeditions no gas hydrates were sampled by
sediment coring in the Dnepr paleo-delta.
However, based on seismic reflection profiling
the presence of gas hydrates in the subsurface
can be inferred geophysically from anomalous
reflections. These reflections mimic the seafloor
topography and are therefore referred to as
bottom-simulating reflections (BSRs). The
subsurface depth of the BSRs often corresponds
to the lower P-T controlled boundary of the
GHSZ, and is usually referred to as the base of
the gas-hydrate stability zone (BGHSZ). Since
BSRs mimic the seafloor, they often crosscut the
reflections of the normal subhorizontal
stratigraphy, making BSRs easy to identify. BSRs
occur typically above high-amplitude reflections
with a reverse negative phase polarity and
underlie low-amplitude blanked reflections.
Generally, it is assumed that the seismic
signatures of BSRs are the result of relatively
dense hydrate-bearing layers with high acoustic
velocity overlying gassy sediments with low
acoustic velocity. Deep drilling through BSRs
have shown that BSRs can occur without the
presence of hydrates in the subsurface and vice
versa (Judd and Hovland, 2007).

Our Gl-gun data also exhibit a BSR-like event,
which is located at the calculated sub-bottom
depth of the BGHSZ (Figs. 2.7.-2.8.). This BSR
displays a number of characteristics of a typical
BSR (i.e. low amplitudes above, enhanced
reflections below, cross-cutting the stratigraphy,
reverse polarity), but instead of appearing as a
distinct, single reflection, the BSR on our data is
expressed as a transition from high-amplitude
(gas-enhanced) reflections below and low-
amplitude (blanked) reflections above (Figs. 2.7.-
2.8.). Such seismic response is attributed to the
relatively high frequency of the seismic signal
and to the acquisition lay-out with relatively
short offsets (Naudts et al, 2006).
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Seismic velocity analyses conducted within the
CRIMEA project confirmed that the high-
amplitude reflections correspond to low-velocity
gas-bearing horizons. Seismic inversion revealed
that there is 38t10% hydrate in the pore space
at BSRdepth, where the porosity is 57 % (Zillmer
et al. 2005). Since the high-amplitude reflections
below the BSR are caused by sedimentary strata
containing free gas, we can also interpret the
BSR as a gas front (Figs. 2.7.-2.8.). Where the
BSR approaches the seafloor, close to -725 m
water depth, gas bubbles were detected in the
water column (Fig. 2.8.), similarly to what was
observed for the gas front outside of the GHSZ
(Figs. 2.4. and 2.6.). It is important to realize that
the physical processes controlling the depth of
the free gas inside and outside the GHSZ are
completely different, i.e. gas hydrates versus
grain-size distribution. Nevertheless, sometimes
it is hard to distinguish the transition from a
"hydrate-controlled gas front" to a "grain-size-
controlled gas front" (Fig. 2.8.) without having
information about the extent of the GHSZ.
any case, our data clearly suggest that for the

In
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Dnepr paleo-delta, gas hydrates present in the
sediments are a major factor controlling shallow
gas migration and accumulation within the
GHSZ.

2.6. Gas seeps

Gas seeps are locations where gas bubbles
escape from the seafloor in the overlying water
column. They are the ultimate prove, in addition
to the geophysical detection of shallow gas, that
gas is present in the subsurface. The detection
and localization of seeps is generally performed
by means of echosounders, which detect gas
bubbles in the water column due to the contrast
in acoustic impedance between water and free
gas in the bubbles (Figs. 2.2.B. and 2.3.). Seeps
often have a distinct géomorphologie expression
(e.g. pockmarks, mud volcanoes), which means
that they can also easily be detected on high-
reflection seismic data,

resolution on single-
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beam and multibeam echosounding data and on
side-scan sonar recordings. The delineation of
seep sites on the seafloor often arises from the
detection of anomalously high acoustic
backscatter on side-scan sonar or multibeam
echosounder recordings. High-acoustic
backscatter can be caused by abrupt changes in
seafloor relief or by the enhanced acoustic
impedance or roughness contrast between
certain regions of the seafloor and their
surroundings. At methane seeps, this contrast is
primarily caused by the presence of methane-
derived authigenic  carbonates (MDACSs),
chemosynthetic "cold seep" communities (e.g.
clams, tube worms), gas bubbles or gas hydrates
in the sediment. The variety and the uniqueness
of these seep-related features at the seafloor
made seep research to be a stand-alone
(academic) research topic (Judd and Hovland,
2007). Recently, several studies have addressed
the question of how gas seeps -methane seeps
in particular- contribute to atmospheric
methane concentrations and to the composition
of the world ocean, and how they could affect
global warming and the carbon cycle.
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During the CRIMEA project, 3000
active bubble-releasing seeps were hydro-
acoustically detected within an area of 1540 km2
in the Dnepr paleo-delta (Figs. 2.2.B. and 2.3.)
(Naudts et al.,, 2006). The distribution of these
seeps is not random, but the seeps are
concentrated in specific locations. Most
remarkable is the almost complete absence of
seeps in the GHSZ. As much as 95.5 % of the
detected seeps have a depth limit that coincides
with the phase boundary of pure methane
hydrate at -725 m water depth (Fig. 2.8.). This
suggests that gas hydrates not only control the
distribution of subsurface gas, but also act as an
effective seal and sink for methane, which
prevents upward migration of methane gas and
Elsewhere,
seeps generally occur in association with e.g.
pockmarks on the continental shelf, along crests
of sedimentary ridges, at bottoms, flanks and
margins of canyons and associated with
submarine landslides on the continental slope
(Figs. 2.8.-2.9.) (Naudts et al., 2006). At all these

almost

its release into the water column.

sites, outside of the GHSZ, stratigraphy and
sediment properties are the main factors
backscatter value
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Figure 2.9. 3D view showing relation between shallow gas features on 5 kHz data, multibeam bathymetry
overlain by color-coded multibeam backscatter data and single-beam seep locations (see Fig. 2.2.A. for

location).
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controlling the distribution of shallow gas and
gas seeps, resulting in focused fluid flow and gas
seepage in association with well-defined
seafloor morphologies.

The highest abundance of seeps in the Dnepr
paleo-delta was detected on the continental
shelf in water depths ranging from -72 m to -156
m, where they commonly occur in association
with up to 3 m deep, elongated, large {up to 100
m wide and 500 m long) pockmarks. Sediment-
filled channels control the depth of the gas
front, which is only able to dome up at the
edges of these filled channels. This is also where
seeps occur (Fig. 2.9.). For the shelf region,
these sediment-filled channels thus appear to be
an important controlling factor on shallow-gas
migration and gas-seep distribution. However,
the multibeam backscatter data indicates an
additional factor controlling shallow gas
migration and seep distribution on the shelf of
the Dnepr paleo-delta. The data show that seeps
and a very shallow gas front are associated with
pockmarks and with anomalously-high acoustic
multibeam backscatter (Fig. 2.9.). Strikingly, the
seeps do not occur at maximum high-
backscatter values or in the deepest pockmarks,
but they seem to occur preferentially in the
surrounding medium- to high-backscatter areas,
often in shallow pockmarks. Naudts et al. (2008)
(CHAPTER 4) examined the cause of these
backscatter anomalies and their relation with
gas seepage by integrating the multibeam
backscatter data with 5 kHz pinger, multibeam
bathymetry, hydro-acoustic seep detection,
visual observations, sediment and pore-water
data. This revealed that the backscatter
anomalies are caused by the presence of
methane-derived authigenic carbonates
(MDACs) in the seafloor sediments, and it
allowed to rule out alternative explanations,
such as irregular pockmark morphology, grain-
size distribution or subsurface gas bubbles
(Naudts et al., 2008). The methane-derived
carbonates are the result of the anaerobic
oxidation of methane (AOM) by a consortium of
sulfate-reducing bacteria and methane-oxidizing
archaea, which utilize the methane dissolved in
the sediment pore water and the sulfate
available in the sea water. AOM results in the
formation of sulfide and bicarbonate, giving way
to sulfide-oxidizing bacterial mats at the seafloor
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and MDAC formation near the seafloor (Judd
and Hovland, 2007). The absence of active seeps
in areas with the highest backscatter values was
explained as a result of longtime AOM-induced
carbonate formation that leads to (self-)sealing
of fluid pathways by carbonate clogging,
followed by a relocation of the fluid/gas
pathways around the cemented, impermeable
areas. For the shelf of the Dnepr paleo-delta,
MDAC formation controls, on a (sub-)meter
scale, gas migration in the very shallow
subsurface and the subsequent seep distribution
(Naudts et al., 2008).

2.7. Concluding remarks

The integration of different geo- and hydro-
acoustic datasets allowed us to determine the
presence and distribution of shallow gas, gas
hydrates in the subsurface and gas seeps at the
seafloor in the Dnepr paleo-delta, northwestern
Black Sea. Furthermore, integration of the geo-
and hydro-acoustic datasets with non-acoustic
data, such as visual observations and sediment
cores, enabled us to identify the main controls

on shallow-gas migration and gas-seep
distribution in our study area. These controls
comprise the presence of gas hydrates,

continental slope morphology, stratigraphy and
sediment properties (e.g. grain size), the
presence of shelf-incised channels and the
precipitation of methane-derived authigenic
carbonates, each operating in different sub-
environments and at a different spatial scale.

Suggested reading

The “bible” of shallow gas, gas hydrates and
gas seeps is the textbook “Seabed fluid flow: the
impact on geology, biology and the marine
environment” by Judd and Hovland (Cambridge
University Press, 2007). More detailed
information about the data and results
presented here can be found in “Geological and
morphological setting of 2778 methane seeps in
the Dnepr paleo-delta, northwestern Black Sea”
by Naudts et al. (Marine Geology, 2006) and
“Anomalous sea-floor backscatter patterns in
methane venting areas, Dnepr paleo-delta, NW



Black Sea" by Naudts et al. (Marine Geology,
2008).
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CHAPTER 3

Geological and morphological setting of 2778
methane seeps in the Dnepr paleo-delta,
northwestern Black Sea

Lieven Naudts, Jens Greinert, Yuriy Artemov, Peter Staelens, Jeffrey Poort, Pieter Van
Rensbergen, Marc De Batist

Abstract

The Dnepr paleo-delta area in the NW Black Sea is characterized by an abundant presence of
methane seeps. During the expeditions of May-June 2003 and 2004 within the EU-funded CRIMEA
project, detailed multibeam, seismic and hydro-acoustic water-column investigations were carried
out to study the relation between the spatial distribution of methane seeps, seafloor morphology and
subsurface structures.

2778 new methane seeps were detected on echosounding records in an area of 1540 km®. All seeps

are located in the transition zone between the continental shelf and slope, in water depths of -66 to -
825 m. The integration of the different geophysical datasets clearly indicates that methane seeps are
not randomly distributed in this area, but are concentrated in specific locations.
The depth limit for the majority of the detected seeps is -725 m water depth, which corresponds
more or less with the stability limit for pure methane hydrate at the ambient bottom temperature
(8.9° C) in this part of the Black Sea. This suggests that, where gas hydrates are stable, they play the
role of buffer for the upward migration of methane gas and thus prevent seepage of methane
bubbles into the water column.

Higher up on the margin, gas seeps are widespread, but accurate mapping illustrates that seeps
occur preferentially in association with particular morphological and subsurface features. On the shelf
the highest concentration of seeps is found in elongated depressions (pockmarks) above the margins
of filled channels. On the continental slope where no pockmarks have been observed, seepage occurs
along crests of sedimentary ridges. There, seepage is focussed by a parallel-stratified sediment cover
that thins out towards the ridge crests. On the slope, seepage also appears in the vicinity of canyons
(bottom, flanks and margins) or near the scarps of submarine landslides where mass-wasting
breaches the fine-grained sediment cover that acts as a stratigraphic seal. The seismic data show the
presence of a distinct “gas front”, which has been used to map the depth of the free gas within the
seafloor sediments. The depth of this gas front is variable and locally domes up to the seafloor.
Where the gas front approaches the seafloor, gas bubbles were detected in the water column. A
regional map of the subsurface depth of the gas front emphasises this “gas front - versus - seep”
relationship.

The integration of all data sets indicates that the spatial distribution of methane seeps in the Dnepr
paleo-delta is mainly controlled by the gas-hydrate stability zone as well as by stratigraphic and
sedimentary factors.

Keywords
Methane seeps; seismic; gas front; gas hydrates; pockmarks; canyons; sedimentary ridges; methane-
derived carbonate cementation; Dnepr paleo-delta; Black Sea
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3.1. Introduction

Gas seeps are widespread in the oceans and
can be found on both active and passive
continental margins (‘cold seeps’) and at ocean
spreading centers (‘hot vents’) (Judd, 2003).
Cold seeps and gas seeps in general have
engendered a substantial research effort
worldwide because of their potential impact on
the geosphere, the biosphere, the hydrosphere
and the atmosphere (Judd, 2003). They can
support unique endemic ecosystems of marine
organisms (bacteria, tube worms, clams, etc.)
associated with authigenic carbonate or barite
precipitation (Hovland et al., 1985; Boetius et
al., 2000; Greinert et al.,, 2001; Greinert et al.,
2002; Michaelis et al., 2002). Furthermore,
seeps have an important economical value
because they can be indications for shallow or
deep hydrocarbon accumulations. These are not
only interesting as possible energy sources but
also have a large influence on the geotechnical
properties of sediments and thus on the stability
of the seabed. Shallow hydrocarbon reservoirs
can also lead to blow-outs when reached during
drilling operations (Sills and Wheeler, 1992).
Recently, intensive research has focused on how
gas seeps, methane seeps in particular,
contribute to atmospheric methane
concentrations and to the composition of the
world oceans, and how they could affect global
warming and the carbon cycle {(Judd et al., 1997;
Judd et al., 2002).

Seepage occurs where fluid flow is focused
and where flux rates exceed utilizations rates
allowing methane to pass through the seabed
into the water column (Judd, 2003). However,
under normal conditions, most of the methane
will be oxidized by consortia of sulfate-reducing
bacteria and methane-oxidizing archaea in
anaerobic environments or by the aerobic
activity of bacteria (Reeburgh et al., 1993;
Boetius et al., 2000; Michaelis et al., 2002). Fluid
migration can occur via conduits, such as fault
zones, stratigraphic layers and mud diapirs
(Hovland and Curzi, 1989; Moore et al., 1991), or
by geomorphologically focused flow (Orange
and Breen, 1992; Orange et al., 1994). This can
be through diffusion of dissolved gas or by
means of free-gas bubbles. Gas can also be a
part of a gas-hydrate system (Kvenvolden,
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1993). If pressure and/or temperature
conditions change, gas hydrates can dissociate
and hereby support gas seeps at the seafloor
and result in sediment destabilization (Bouriak
et al., 2000; Biinz et al., 2005).

With the recent increasing interest in gas
seeps, detection tools and methods have been

developed and adapted to discover and
investigate seep sites. In addition to
echosounder and high-resolution  seismic

recordings, multibeam and side-scan sonar have
been used to detect gas seepage and shallow
gas (Judd and Hovland, 1992; Wever et al.,
1998). These methods are not only able to
detect changes in morphology related to gas
seepage (e.g. pockmarks, mud volcanoes) but
also to detect changes in backscatter strength,
which can provide strong indications for the
presence of, for example, authigenic carbonates
that are common at cold seeps (Greinert et al.,
2001; Campbell et al., 2002). ROV’s, submarines
and CTD’s have been used for groundtruthing,
mapping and sampling seafloor seeps (Suess et
al., 2001; Orange et al.,, 2002; Johnson et al.,
2003; Paull et al., 2005). Recent work also paid
attention to the subsurface with a focus on
seismic subbottom signatures and indications of
shallow gas (acoustic turbidity, enhanced
reflections, acoustic blanking, etc.) and possible
conduits (faults, diapirs, etc.), which can be
indirect indications for seepage at the seafloor
(Judd and Hovland, 1992; Orange and Breen,
1992; Yun et al., 1999; Garcia-Gil et al., 2002;
Van Rensbergen et al., 2002; Krastel et al.,
2003).

In this paper we present the discovery of
thousands of active methane seeps detected
directly with an adapted scientific split-beam
echosounder. We were able to pinpoint the
exact location of all seeps and to integrate the
seep locations with the acquired multibeam and
geophysical datasets to explain the observed
seep distribution in relation to the geology and
morphology.

3.2, Study area

The Dnepr paleo-delta area is located on the
continental margin of the northwestern Black
Sea, west of the Crimea Peninsula (Fig. 3.1.). The
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area is well known for the abundant presence of
shallow gas and gas seeps (Polikarpov et al.,
1989; Polikarpov et al.,, 1992; Egorov et al.,
1998; Popescu and De Batist, 2004). Structurally,
this part of the Black Sea forms the transition
zone between the Scythian Platform and the
Karkinit Trough in the north, the Shtormavaya
Graben, the Kalamit Ridge and the Western
Black Sea Basin in the south (Robinson et al.,
1996; Nikishin et al., 2003) (Fig. 3.1.). The
Western Black Sea Basin was formed during the
late Cretaceous in a back-arc setting above the
northward subducting Tethys Ocean, close to
the southern margin of Eurasia (Robinson et al.,
1996). The continental margin west of the
Crimea Peninsula consists of Late Paleozoic to
Mesozoic basement rocks covered by thick
Cenozoic sediments (>2 km) (Finetti et al., 1988).

The northwestern Black Sea is dominated by a
rather wide shelf (60-200 km) with a shelf break
at -120 m to -170 m water depth and canyon
systems with large deep-sea fan complexes,
mainly developed during sealevel lowstands
(Winguth et al., 2000; Popescu et al., 2001). The
main canyon systems in the western Black Sea
are the Danube and Dnepr Canyons, each with
their own typical morphology. The well-studied
Danube Canyon (Popescu et al., 2001; Popescu
et al., 2004) differs from the Dnepr Canyon and
other, smaller canyons because it indents the
shelf over a distance of 26 km and has an
unidirectional development. The Dnepr Canyon
only starts from the shelf edge and deeply
incises the upper slope (Wong et al., 2002). Both
canyon systems are likely to have formed by
sediment flows along the axial thalweg causing
sediment failures along the channel margins.
These sediment failures are probably also
influenced by gas-related instability and by deep
faulting (Popescu et al., 2004). The deep-sea
fans, related to these canyon systems, are fed
by sediment input from the Danube River
(Central Europe) and the Dnepr, Dnestr and Bug
Rivers (Eastern Europe). At present the Dnepr,
Dnestr and Bug discharge their sediment loads
into a lagoonal system separated from the Black
Sea by beach barriers, and only a small fraction
of the suspended load reaches the sea (Winguth
et al., 2000). During the last lowstand the Dnepr
and Danube flowed hundreds of kilometers
beyond there present mouths depositing
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organic-rich material and forming shelf-edge
deltas at the present-day shelf break (Ryan et
al., 1997). After the last sealevel lowstand water
level rose, leading to fresh-water outflow from
and salt-water inflow into the Black Sea through
the Bosporus. As a result of density differences
and the absence of complete water-column
mixing, the Black Sea became the biggest anoxic
basin in the world, with favorable conditions for
preserving organic material and generating
hydrocarbons (Jorgensen et al., 2004). A well-
pronounced oxycline at about 90 m separates
the upper oxic from the deeper, permanently
sub-oxic and anoxic water masses. So it is not
surprising that the shelf-edge deltas and
adjacent areas of the northwestern Black Sea
are characterized by shallow gas and gas seeps
that release methane of microbial origin
(Polikarpov et al., 1989; Polikarpov et al., 1992;
Egorov et al.,, 1998; Amouroux et al., 2002;
Michaelis et al.,, 2002; Popescu and De Batist,
2004).

The Dnepr paleo-delta area is the most prolific
seep area of the northwestern Black Sea margin
and possibly one of the most active in the World
(Hornafius et al., 1999). The methane seeps in
this area were first registered on echosounder
recordings by Polikarpov et al. in 1989. Later
studies discovered more seeps (Polikarpov et al.,
1992; Egorov et al.,, 1998) as well as the
presence of carbonate buildups formed by
anaerobically oxidized methane in an anoxic
environment at -230 m water depth (Luth et al.,
1999; Peckmann et al., 2001; Thiel et al., 2001;
Michaelis et al., 2002). Gas seeps occur in the
oxic as wel as in the anoxic zone over a wide
depth range from -35 to -785 m (Egorov et al.,
1998). This part of the northwestern Black Sea
margin is dominated by the presence of the
Dnepr Canyon and the Dnepr Fan. The Dnepr
Fan starts at a water depth of about -300 m and
it consist of several vertically stacked, laterally
displaced channel-levee systems, deposited
during water-level lowstands. Generally, the
channel floors are covered by coarse-grained
deposits and flanked by finer-grained levee and
overbank sediments deposited during overflow
of the canyons. The area east of the Dnepr Fan is
characterized by drift sedimentation, whereas to
the west, mass-wasting and mass-transport
deposition is prominent (Wong et al., 2002).
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Southwest of the Dnepr Canyon a bottom- m water depth (Inset Fig. 3.1.) (Liidmann et al.,
simulating reflection (BSR) has been observed 2004; Zillmer et al., 2005). Commonly, a BSR is a
on seismic recordings between -700 and -1350 high-amplitude reflection that runs sub-parallel

stnke-slip fault

normal fault

area with
observed BSR

Dnestr
Dnepr
Canyon
Scythian Platform
Karkinit Trough
Crimea
Grabeo
Danube
Western
Black Sea

Basin

Figure 3.1. Location map of the Dnepr paleo-delta study area with indication of deep structures, major faults
and seep locations in the northwestern Black Sea (Robinson et al., 1996; Egorov et al, 1998). Inset shows the
bathymetry of the study area in greater detail, with indication of faults, mud diapirs, area with observed BSR

and the Dnepr Canyon (after Lidmann et al., 2004).
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to the seafloor reflection, has a polarity that is
opposite to that of the seafloor reflection and
occasionally crosscuts the sediment
stratification (Kvenvolden, 1998). BSRs mark the
temperature- and pressure-controlled base of
the gas-hydrate stability zone (BGHSZ) and are
therefore commonly regarded as an indirect
indication for the presence of gas hydrates.

The seismic studies by Lidmann et al. (2004)
also revealed the presence of possible faults and
mud diapirs in the Dnepr paleo-delta area (Fig.
3.1.).

3.3. Data and Methods

The data presented in this paper were
gathered during the 58" (May-June 2003) and
60" (May-June 2004) cruise of RV Professor
Vodyanitskiy. We combine and integrate hydro-
acoustic water-column data, hydro-acoustic
seafloor data and seismic subsurface data (Fig.
3.2.) to obtain better insight in the geological
and morphological characterization of the
discovered seep sites.

3.3.1. Water-column data

Hydro-acoustic water-column data was
recorded with a hull-mounted SIMRAD EK500
dual-frequency (38 and 120 kHz) split-beam
echosounder. This system operates with a total
beam width of 7°. Due to the high impedance
contrast between water and free gas, gas-
bubble seepage in the water column can be
acoustically detected and shows up as “acoustic
flares” on echograms (Fig. 3.3.). Such a flare can
comprise one single bubble stream or can be a
conjugation of different bubble streams or seeps
within the footprint of the echosounder. The
Wavelens software package (by Y. Artemov)
was used to trace and locate the origin of the
bubble streams, i.e. the exact position of the
seeps at the seafloor, based on gas-bubble
backscatter strength. Video footage of the
seafloor, collected by OFOS (Ocean Floor
Observation System), confirmed the accuracy of
the seep positioning and the nearly full coverage
at the major seep sites. During the two cruises, a
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total length of 5261 km echosounder tracks was
recorded within the 1540 km? study area (Fig.
3.2.B.).

3.3.2. Seafloor data

Regional bathymetric mapping of the study
area was performed with a mobile 50 kHz swath
system (SeaBeam 1050). This system operates
with 126 beams (width 1.5° by 3° beam angle
and 120° swath) and it was motion-
compensated by an OCTANS 3000 motion
sensor. Sound-velocity profiles were acquired
via CTD casts and the sound velocity at the
transducers was continuously measured. Data
acquisition was managed with Hydrostar Online
and the data processing was carried out with
HDPEdit and HDPPost. Fine editing of the data
by deleting bad data points was done with
Fledermaus (6.1.2), which was also used for the
visualization of the merged data sets. During the
two cruises an area of 1540 km” was covered in
water depths from -57 to -1248 m (Fig. 3.2.).
Gaps in the multibeam coverage were filled in
by data acquired during the 2004 METROL cruise
(Poseidon cruise P317/3) with the same swath
system (SeaBeam 1050) as used during the
CRIMEA cruises. All grids shown in this paper
have a cell size of 30 m, except when specifically
mentioned otherwise.

3.3.3. Subsurface data

Three different types of seismic data were
acquired (Gl-gun, sparker and 5 kHz subbottom
profiler) (Fig. 3.2.A.), each within a different
frequency range to extract the best possible
information about the underlying geology.

A first set of single-channel seismic data were
acquired with a Gl-gun source (central
frequency of 150 Hz; maximum shooting interval
of 8 s) and an active surface streamer with 10
hydrophones. The raw signal was analog filtered
(70-200 Hz) and recorded on a Delph-2 system.
The theoretical vertical resolution is 6 m and the
maximum penetration is 600 ms TWTT. Single-
channel Gl-gun data were recorded only during
the first cruise and this over a total length of 664
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sparker

Figure 3.2. Swath bathymetry map (30 m grid) acquired during the 2003 and 2004 CRIMEA cruises with all
newly detected seeps plotted as black dots. Gaps in the multibeam coverage were filled in by data from the
2004 METROL cruise. The outlines of the areas covered by Figs. 3.6., 3.9., 3.10., 3.11. and 3.12. is indicated as
well as the viewing direction of Fig. 3.5. and the location of the profile used in Fig. 3.7. Inset A shows the track
lines of the seismic data (Gl-gun, sparker and 5 kHz) acquired within the study area and the seismic and
echosounder profiles shown in this manuscript are also indicated. Inset Bgives an overview of the ship tracks
sailed during the 2003 and 2004 CRIMEA cruises and along which hydro-acoustic seep detection was
performed (seeps locations are plotted as black dots).
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Figure 3.3. Hydro-acoustic image ("flare") of several methane bubble trains rising towards the sea surface at a
seep site at -200 m water depth. The image consists of a succession of pings over a certain time interval. The
tilted arrows show the rise of isolated bubbles. The bubbles clearly cross the oxic-anoxic interface at -90 m
water depth. The other backscatter signals above this depth correspond to fish, jelly fish and larvae. The vertical
acoustic anomalies (a) are caused by the parallel running multibeam system.

km. A second set of single-channel seismic data
were collected with a SIG sparker source
(central frequency of 500-700 Hz) and an active
surface streamer with 10 hydrophones. The
analog signal was bandpass-filtered (200-2000
Hz) and recorded on a Delph-2 system. The
theoretical vertical resolution is 1 m and the
maximum penetration is 100 ms TWTT. During
the 2003 cruise, 332 km of sparker data were
recorded.

Subbottom profiling data were shot with a 5
kHz profiler system (Sonic-3), which was
mounted in a tow fish with a fish-track
underwater-navigation system and a pressure

sensor. The tow fish was towed 100-200 m
above the seafloor. The theoretical vertical
resolution is 30 cm and the maximum

penetration is 35 ms TWTT. During the 2003
cruise, 589 km of 5 kHz data were recorded.
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Apart from the frequency filtering no other

processing was carried out on the seismic data.
Interpretation of the data was carried out with
the Kingdom Suite software package.
The multi-channel Gl-gun profile shown in figure
3.7. was recorded during the 2001 GHOSTDABS
cruise and was made available by the Institute of
Biogeochemistry and Marine Chemistry of the
University of Hamburg. The profile was
published before by Liidmann et al. (2004).

3.4. Observations and results

3.4.1. Morphology

The Dnepr paleo-delta study area covers the
transition zone between the continental shelf
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H I shelf ! j dunes

| ioverbank i— central area of mass
deposits — divide wasting

------------------- slide scarp

725 m isobath

H shelf-edge delta [ ] canyon floor

drift deposits

Dnepr
Canyon

Figure 3.4. Map of the study area with indication of the major geomorphological regions and canyons. Seep
locations are plotted as black dots. The scarps of the submarine landslides are emphasized by dashed lines and
the position of two chimney fields is indicated by 2 horizontal arrows (1: Michaelis et al., 2002; 2: CRIMEA cruise

2004).

and the continental slope. The water depth in
the study area ranges from -57 to -1248 m and
the shelf break occurs at -125 m water depth
(Fig. 3.2.).

3.4.1.1. Shelf

The shelf is characterized by a flat, sub-
horizontal surface (Figs. 3.2., 3.4. and 3.5.) with
a maximum slope of 0.5°. Close to the shelf
break, this flat surface is locally interrupted by a
dune field (Fig. 3.4 and 3.6). The majority of the
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dunes have a NW-SE orientation, a wave length
of 120 m and a height of 1.5-2.5 m. Most of the
dunes are symmetrical, but at the SW and NE
borders of the central dune field, they are
barchanoid in shape. South of the dune field,
four elongated depressions occur. They have a
maximum length of 500 m, a maximum width of
100 m and a maximum depth of 3 m. They
appear to be an amalgamation of smaller
depressions (Fig. 3.6.).



3.4.1.2. Slope

The slope be sub-divided two
morphologically  contrasting segments: a
western area dominated by mass-wasting and
an eastern area dominated by deposition. These

can in

two areas are separated by a clear boundary,
which we will hereafter refer to as the "central
divide" (Figs. 3.4., 3.5. and 3.11.).

a) Western mass-wasting dominated area

In the western area, the morphology is
dominated by a canyon system with
sedimentary ridges and gullied walls (Figs. 3.4.
and 3.5.). Some of the canyons incise the shelf
up to a water depth of 100 m and indent the
shelf edge over a maximum distance of 2 km.
The canyons have cauliflower-shaped heads and
are bifurcated in the central part (Fig. 3.4.). The
canyons at the western side of the area are
more elongated and less bifurcated. At the

3. Black Sea Seeps: Geology and Morphology

eastern side adjacent to the central divide,
canyons are absent and five submarine
landslides can be identified (Figs. 3.4., 3.5. and
3.11.). The maximum size of one individual slide
is 3 km by 5 km. The submarine landslides cover
an area of 38 km2in water depths from -355 to -
975 m. The head scarps have a maximum height
of 45 m and form slopes of 10 to 20°. Within the
slide areas, several smaller scarps are visible

(Figs. 3.5.), indicating multiple failure events.
Some remains of the slide deposits can be
recognized, but most of the destabilized

sediments have been eroded or transported out
of the study area. is also
evident from the smoothed morphology of the
head scarps.

Post-slide erosion

b) Eastern deposition-dominated area
The eastern area is dominated by deposition,
with channel-levee outbuilding and deeply

Figure 3.5. Oblique view of grey-shaded bathymetry map of the upper part of the study area with indication
of different geomorphological features (see Fig. 3.2. for location). Seeps locations are plotted as black dots.
The scarps of the submarine landslides are emphasized by dashed lines and the position of the 2 chimney
fields is indicated by 2 arrows (1: Michaelis et al., 2002; 2: CRIMEA cruise 2004). Seep clusters are evident at
the crest of sedimentary ridges, at submarine landslides, along canyons, on the shelf and at the terrace at -

200 m water depth.
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filled
channel

tilled
channo!

-60m

.som T dunes

filled channel

dunes

filled channel

Figure 3.6. Plan view of grey-shaded bathymetry map of the shelf and the dune area (5 m grid) overlain by
bathymetric contours (see Fig. 3.2. for location). The four elongated depressions are marked by a transparent
white mask. The inset shows an oblique view of the intensive seep site at -92 m water depth characterized by
pockmarks. Seep positions are plotted as black dots. On the 5 kHz profiles AB and CD (see Fig. 3.2.A. for
location) the updoming gas front (dotted white line) underneath the seep positions (arrows) is clearly visible.
Seeps are located at the margins of filled channels and not above them.

incised U-shaped canyons (Figs. 3.4. and 3.5.). region in the west, the canyons incise the shelf
The canyons have a maximum width of 2.5 km to awater depth of 100 m, but here they indent
and a depth of 200 m. Similar to the erosional the shelf over a maximum distance of 4 km. The
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main canyon is the Dnepr Canyon (Figs. 3.4.)
with all other canyons being tributaries to it and
merging with the main tributary at -940 m water
depth. Northwest of this confluence, opposite of
the submarine landslides on the western side of
the central divide, a large, double submarine
landslide covers an area of 21.5 km2between -
444 to -865 m water depth (Figs. 3.4., 3.5. and
3.11.). The crown scarp has a maximum height
of 60 m. In contrast with the western submarine
landslides, the slide deposits in the canyon at
the base of the slide are still clearly visible in the
morphology and unaffected by erosion (Fig.
3.11.).

c) Central divide

The eastern and western areas are separated
by the central divide (Figs. 3.4., 3.5. and 3.11.).
Within the central divide two parallel channels
extend over a length of more than 24 km, with a
maximum depth of 45 m and a mutual width of
1.5 Apart parallel
depressions, there are no other major channels
incising the divide. Upslope, the central divide

km. from these two

channels

.channel

levee
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ends at a terrace-like feature at -180 to -230 m
water depth, which forms the transition to the
shelf.

Figure 3.7. indicates that the rather unusual
morphology of the central divide has been
inherited from a series of underlying, buried
channel-levee systems. The two parallel
channels within the central divide are formed
probably due to differential compaction of the
underlying channel sediments, which resulted in
the two channels with central ridge morphology.

3.4.2. Seep locations

Up to 2778 methane seeps were hydro-
acoustically detected in an area of 1540 km2 in
water depths ranging from -66 to -825 m. Of all
detected seeps, 99.5 % are located in water
depths shallower than -725 m (Figs. 3.2. and
3.4.) where they are clustered
morphological locations (Fig. 3.5.).

Seeps on the shelf are concentrated in the

in certain

central divide

Dnepr
Canyon

§hamelaty ievee

University of Hamburg
Institute of Biwgeochemistry
and! M arini Chemistry
GHOSTDABS seismic line 14

Figure 3.7. A multi-channel Gl-gun profile (see Figs. 3.2. for location) from the GFIOSTDABS project (Liidmann et
al., 2004) clearly indicates that the rather unusual morphology of the central divide has been inherited from a
series of underlying, buried channel-levee systems. The two parallel channels within the central divide are
formed probably due to differential compaction of the underlying channel sediments, which resulted in the two
channels with central ridge morphology. Also notice the presence of the Dnepr Canyon.

75



3. Black Sea Seeps: Geology and Morphology

dune field and are especially abundant in the
elongated depressions to the south of the dune
field. Because of the clear relationship between
the seeps and the elongated depression, we
interpret these depressions as pockmarks
(Hovland and Judd, 1988). On the shelf, the
seeps appear to be following a general NW-SE
trend (Fig. 3.6.). This orientation s
perpendicular to the majority of the ship tracks
(Fig. 3.2.B.), which indicates that it is natural and
does not originate from data acquisition.

On the slope there are several places and
structures which are bound to seepage.

In the mass-wasting dominated region, the
majority of the seeps occur on crests of
sedimentary ridges, on gullied canyon walls or
on the scarps of submarine landslides (Figs. 3.2.,
3.4. and 3.5.). On one of the scarps a new
carbonate chimney field was discovered during
the 2004 CRIMEA cruise by visual observations
and dredge sampling in about -600 m water
depth (Figs. 3.4. and 3.5.).

In the deposition-dominated area, seeps are
linked to canyons: either on the bottom, or on
the flanks or margins. Some seeps are located
on the crests of sedimentary ridges (Figs. 3.5.).
The scarps of the submarine landslides in this
area are not characterized by seep occurrences
like in the western area, but seeps are present
within the double submarine landslide (Figs. 3.4.
and 3.5.).

On the central divide, seeps are in general
rather scarce (Fig. 3.4.). In contrast, they are
abundant on the terrace at -180 to -230 m water
depth (Fig. 3.5.). The terrace actually consists of
three radially spread ridges within the lobed
morphology of the terrace (Fig. 3.2.). The
carbonate chimney field, described earlier by
Michaelis et al. (2002), is located on the crest of
one of these ridges (Figs. 3.4. and 3.5.).

3.4.3. Gas hydrate and free gas
occurrences

As mentioned above, the vast majority of the
gas seeps occur in water depths from -66 to -
725 m, and only a dozen seeps were detected
below -725 m water depth (Figs. 3.2. and 3.4.).
Some of these ‘deep-water’ seeps are located at
-825 m water depth, above a subsurface mud-
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volcano-like structure described by Kruglyakova
et al. (2004). The other ‘deep-water’ seeps are
located close to the -725 m contour line. The
almost complete absence of seeps below -725 m
water depth strongly suggests that no free gas is
present, at the seafloor, below this depth.

The stability limit of pure methane hydrates
occurs at -725 m water depth (Sloan, 1998),
when calculated using a present-day bottom-
water temperature of 8.9°C (CRIMEA cruises)
and a presumed average open-ocean pore-
water salinity in the sedimentary column of 35
ppt. The presence of gas hydrates in the area
had already been indicated by the observation
of a BSR and confirmed by direct sampling
(Kruglyakova et al., 2004; Liidmann et al., 2004;
Popescu and De Batist, 2004; Zillmer et al.,
2005). Zillmer et al. (2005) determined for the
study area, that there is 38 £ 10 % hydrate in the
pore space at BSR depth, where the porosity is
57 %. Our Gl-gun data also demonstrate a BSR-
like event that is located at the calculated
subbottom depth of the BGHSZ (Fig. 3.8.). It
displays a number of characteristics of a typical
BSR (i.e. low amplitudes above, enhanced
reflections below, cross-cutting the
stratigraphy), but instead of appearing as a
distinct, single reflection, the BGHSZ on our data
is expressed as a transition from high-amplitude
(gas-enhanced) reflections below and low-
amplitude (blanked) reflections above (Fig. 3.8.).
Such seismic response is attributed to the
relatively high frequency of the seismic signal
and to the acquisition lay-out with relatively
short offsets (Vanneste et al., 2001).

The BGHSZ reflection approaches the seafloor
close to -725 m water depth. From that point
on, bubbles are detected in the water column
(Fig. 3.8., graph). Low reflection amplitudes
within the GHSZ are often attributed to the
presence of gas hydrates in the sediment pore
spaces (Lee and Dillon, 2001), although this
could not be confirmed in e.g. the Blake Ridge
hydrate area (Holbrook, 2001). The presence of
free gas below the hydrate-cemented strata is
indicated by enhanced reflections below the
low-amplitude zone. Since the enhanced
reflections are present on our seismic records
both in the “hydrate zone” and in the “no-
hydrate zone”, we interpret the top of the
enhanced reflections as the “gas front”, i.e. the
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upper boundary of the sediment package
containing free gas (Fig. 3.8.). However, it has to
be taken into consideration that the physical
processes controlling the depth of the free gas
in both areas are different, but also that the
acoustic expression of the top of the free-gas
section as gas front is dependent on a.o. the
frequency of the seismic signal.

Free gas can easily be identified on seismic
recordings (e.g. acoustic turbidity, enhanced
reflections, acoustic blanking, etc.) because of
its influence on the sediment’s bulk properties
(Anderson and Hampton, 1980; Judd and
Hovland, 1992). The exact response to the
presence of free gas depends on the frequency
of the seismic source (Richardson and Davis,
1998). The 5 kHz subbottom data provide the
best coverage in the study area (Fig. 3.2.A.) and
are best suited for mapping the gas front
because of the stronger attenuation of the
higher frequencies. On these data the gas front
is expressed as the upper termination of a series
of enhanced reflections or as a high-amplitude
reflection  that cross-cuts the normal
stratigraphy and that completely masks all
reflections below (Figs. 3.6., 3.10., 3.11. and
3.12.). Based on these criteria, the depth of the
top of the free gas zone in the sediment can be
mapped throughout the area.

The 5 kHz seismic data show that the depth of
the gas front is variable and locally domes up to
the seafloor (Figs. 3.6., 3.10., 3.11. and 3.12.).
The areas of gas-front updoming coincide with
seep locations as observed by hydro-acoustics.
By combining the gas-front surface with the
seafloor surface, a “depth-to-gas-front” map
was produced (Fig. 3.9.), which illustrates the
strong “gas front - versus - seep” relationship
that was already observed on the seismic
profiles. The majority of the seeps occur where
the gas front approaches the seafloor within <
25 m, and in most cases even within < 10 m (Fig.
3.9.).

3.4.4. Seep relation to morphology
and subsurface structure

3.4.4.1. Continental shelf
The highest concentrations of seeps on the
shelf are found within the elongated
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depressions/pockmarks  below which the
updoming gas front approaches the seafloor
within < 1 m (Fig. 3.6., profile CD). There are
more seeps in the shallow pockmarks than in
the deeper ones.

The distribution of the seeps and the general

NW-SE trend of the elongated depressions and
of the seeps on the shelf (Figs. 3.6. and 3.9.B.)
appears to be related to the underlying geology.
On the 5 kHz seismic profiles, seeps occur along
the margins of filled channels and in association
with cut-and-fill delta deposits, while no seeps
have been detected above the central part of
the filled channels (Fig. 3.6.). Unfortunately, due
to the attenuation of the acoustic signal, it is
impossible to adequately map subsurface
geological features below the gas front.
The seeps within the dune area are also linked
to an updoming gas front, but they are more
randomly spread and not really linked to the
particular dune morphology.

3.4.4.2. Continental slope

Within the western mass-wasting dominated
environment, the seeps are preferentially
located along crests of sedimentary ridges (Fig.
3.5.). This alignment is striking and suggests a
direct genetic relationship. The seismic data
provide no evidence for the existence of faults
which could act as conduits for upward fluid
migration. However, the 5 kHz subbottom data
reveal a clear updoming of the gas front below
the crests (Fig. 3.10.). Also, the upper limit of
the gas front is determined by a parallel-
stratified sedimentary cover, which gets thinner
and pinches out towards the crests of the ridges
(Fig. 3.10.).
High seep concentrations also occur within the
canyons and particularly on the gullied canyon
walls (Figs. 3.5. and 3.12.). These canyon walls
are strongly affected by mass wasting. Seeps are
predominant on the steep, freshly scarred
gullied walls, but not on older smoothed canyon
walls. The subsurface data shows that mass
wasting at the gullied walls breaches the
sedimentary cover and creates fresh scars that
cut off the underlying stratigraphy. At these
locations an updoming gas front is visible and
gas bubbles were detected in the water column
(Fig. 3.12., profile CD). No faults were observed
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Figure 3.9. Map showing the depth of the gas front beneath the seafloor (see Fig. 3.2. for location), as mapped
on 5 kHz profiles, overlain by bathymetric contours. The map emphasizes that gas seeps (white dots) are
present where the gas front approaches the seafloor. Bubbles were detected where the gas front comes

within 25 m of the surface. For the abundant seeps sites at the terrace (inset A) and the shelf (inset B) this is <
10 m.
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below these seep locations.

A third important seep environment is formed
by the scarps of the submarine landslides on the
border with the central divide (Figs. 3.5. and
3.11.). The water-column, bathymetric and
subsurface data show similar features as
mentioned for the gullied canyon walls: scars
breaching through the sediment cover and
exposing underlying stratigraphy, updoming gas
front and higher seep densities at fresh scars
(Fig. 3.11., profile AB). In contrast, the scale of
the submarine landslides is much bigger and the
seep distribution and the scarps are lineated and
not random as at the gullied walls. The seismic
records do not show the presence of faults
beneath these seeps locations, but this could
also be due to acoustic attenuation. On other
places where small sedimentary faults are
present, these faults don’t reach the surface and
no bubbles were detected in the water column.
Gl-gun data (Fig. 3.8.) show that the gas front
comes up to the surface in front of the
submarine landslides at -725 m water depth
(Figs. 3.5. and 3.11.), suggesting that the mass-
wasting process might have been related to gas-
hydrate destabilization.

To the east, in the deposition-dominated area,
the same crest-seep relationship exists: i.e. no
faults below seep locations, updoming gas front
below the crests, parallel-stratified cover that
thins out towards the crests (Figs. 3.10., 3.11.
and 3.12.). One exception is that the ridges are
not characterized by deeply incised canyons at
the sides (Fig. 3.10.). Also for the canyon walls
we observe the same relationship between the
seeps and morphological and subsurface
features: i.e. incised canyon walls, scars
breaching trough sediment cover and cutting off
original stratigraphy, updoming gas front and
higher seep densities at fresh scars and at
steeper canyon walls. The seismic data also
reveal that the margins of the canyons are
commonly covered by parallel-stratified
deposits which thin out to the side of the
canyons where seeps are also commonly
located. Again, no major faults are observed
within or near the canyons, except for a fault in
the Dnepr Canyon. Our data hereby contradict
those of Lidmann et al. (2004), who observed
several faults to the sides of the main canyons
by using deeper-penetrating multi-channel
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seismic data (Fig. 3.1.). Because of the higher
frequency of our data, we were able to observe
small sedimentary faults affecting the overbank
deposits, but no seeps were detected above
these faults.

For the submarine landslide (Fig. 3.11.), we
observed similarities with the submarine
landslides in the mass-wasting dominated area:
i.e. borders the central high, GHSZ at the base of

the submarine landslide, no clear faults,
updoming gas front below seep locations.
However, in contrast to the submarine

landslides to the west of the central divide, no
seeps are present on the head scarp, which is
also more circular than the linear scarps of the
other landslides. Figure 3.11. clearly
demonstrates that the submarine landslide has
moved into the canyon in front. The subsurface
data display that seeps occur within the
submarine landslide in front of detached
sediment ridges (Laberg and Vorren, 2000)
originated from the mass movement.

3.5. Discussion

3.5.1. Pockmarks

Since we detected hundreds of seeps in the
elongated depressions on the shelf (Fig. 3.6.),
we interpret these as pockmarks, as defined by
Hovland and Judd (1988). Pockmarks are crater-
like structures that are formed by fluid
expulsions, and occur worldwide on continental
margins, generally in muddy sea beds. They are
often associated with gas hydrates, slides and
slumps (Hovland et al., 2002). Our bathymetric
data show that the observed pockmarks appear
to be an amalgamation of several smaller
pockmarks (Fig. 3.6.). Single, smaller pockmarks
are about 100 m wide and 3 m deep (Fig. 3.6.).
The shallowness of the pockmarks is probably
due to the relatively hard seafloor on the shelf,
which consists of clayey sediments mixed with
shells and shell debris. The high seep activity in
the pockmarks is remarkable, as active -i.e.
bubbling- pockmarks are thought to be very
scarce (Hovland et al.,, 2002). Less active
pockmarks are deeper and better developed
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Figure 3.10. Oblique view of grey-shaded bathymetry map of a sediment ridge in the mass-wasting dominated
area and of a sediment ridge in the deposition-dominated area overlain by bathymetric contours (see Fig. 3.2.
for location). Both ridges are characterized by seeps (black dots) along their crests. The 5 kHz profiles (see Fig.
3.2.A. for location) crossing the ridges show that at both ridges the gas front domes up to the crest of the
ridges where seeps (arrows) were detected and that the sediment cover thins out towards the crest. The gas
front (dotted lines) follows the base of the sediment cover.
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Figure 3.11. Oblique view of grey-shaded bathymetry map of the area affected by submarine landslides (see
Fig. 3.2. for location) with indication for the major geomorphological regions, overlain by bathymetric
contours. The 5 kHz profile (see Fig. 3.2.A. for location) and the 3D image show the difference in location of
seeps (black dots or arrows) on scarps of the submarine landslides in the western mass-wasting area and
seeps within the submarine landslides in front of detached sediment ridges in the eastern deposition-
dominated area. The -725 m water depth contour line, marking the border of the GHSZ, is located at the base

of both submarine landslide areas.
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Figure 3.12. Oblique view of grey-shaded bathymetry map of the terrace seep site (see Fig. 3.2. for location),
with indication the major geomorphological regions, overlain by bathymetric contours. The sparker profile AB
(see Fig. 3.2.A. for location) shows that seeps (black dots or arrows) are detected where the gas front domes
up to the seafloor and that no gas seeps are detected above afilled channel. The perpendicular 5 kHz (see Fig.
3.2.A. for location) profile shows the same gas front-seep relation. The inset clearly shows that the gas front
can only dome up to the surface where the sediment cover diminishes or is breached by mass-wasting at the
flanks. During the 2004 METROL cruise this 5 kHz profile was used as a base for coring. Sand was cored at the
seep sites and clay or fine sediments were retrieved outside the seep sites from the parallel-stratified

sediment cover.
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than the presently active ones. This could be a
result of the self-sealing nature of seeps due to
carbonate cementation as postulated by
Hovland (2002). Except for the updoming gas
front at the margins of the filled channels, there
appear to be no other subsurface structures
which could be identified as potential factors
controlling the pockmark and seep locations.
The overall NW-SE trend of seeps and
pockmarks reflect the course of the underlying
filled channels (Fig. 3.6.).

3.5.2. Crests of sedimentary ridges

The alignment of the seeps on the crests of
the sedimentary ridges, the general morphology
of the crests (upslope-downslope trend) (Figs.
3.5. and 3.10.) and the absence of faults suggest
that the ridges are formed purely by differential
erosion. More erosion-resistant sediments will
stand out in relief after periods of erosion and
result in the typical shape of the ridges. Because
of the obvious seep-crest relationship and the
subsurface features below the crests (updoming
gas front, parallel stratified cover that thins out
towards the crest, gas front that stays below this
cover) (Fig. 3.10.), we postulate that the
alignment of seeps on the crest of the ridges is
probably linked to a process described by
Hovland (1990) and Hovland (1992). He
proposed that the gas permeating from gas-
bearing sediments below into a relatively thick
unit of plastic clay, covering the gas-bearing
sediments, causes those sediments to be
buoyed up so that they form elongated ridges
on the surface. This process could have
breached the cover of fine sediments that acted
as a stratigraphic seal permitting and also
focusing seepage at the crests of the ridges.
Since the ridges in our study area are sometimes
up to 100 m high, the proposed process can only
account for the alignment of the seeps at the
crests and probably not for the formation of the
ridges as a whole.

Since seepage is commonly associated with
precipitation of methane-derived authigenic
carbonates (Boetius et al., 2000; Michaelis et al.,
2002), seeps probably have also contributed to
the formation of more erosion-resistant
sediment on the crests of these ridges.
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3.5.3. Canyons

The floors and walls of most canyons in our
study area are strongly affected by mass wasting
(Figs. 3.10., 3.11. and 3.12.). Mass-wasting on
canyon floors and walls creates fresh scars and
breaches the fine-grained sediment cover that
effectively functions as a stratigraphic seal. As a
result, possible gas-bearing layers get exposed
and facilitate gas seepage at these scarred steep
canyon walls. That seepage commonly occurs on
steep, recently eroded seafloor was also
observed in Monterey Bay (Paull et al., 2005). If
the fine-grained cover is not affected by mass-
wasting, fluids tend to be focused upslope to the
margins of the canyon where the cover
diminishes and seepage can occur (Fig. 3.12.).
These inferred fluid migration patterns are in
agreement with the observed behavior of the
gas front. Migration of fluids can also be focused
by faults, but on our data, no faults affect the
upper 250 m of the sediment column in the
vicinity of canyons and below seeps. Therefore,
we rule out faults as the main conduits for fluid
migration close to the seafloor. This does not
exclude that deeper faults, such as e.g. those
observed by Lidmann et al. (2004), might have
influenced the position of the existing canyons
and cause a pre-focusing of deeper derived
fluids.

3.5.4. Submarine landslides

Differences exist in seep distribution
associated with submarine landslides in the
erosion-dominated area and in the deposition-
dominated area. In the mass-wasting dominated
area, the linear alignment of the scarps and the
seeps suggest a structural control that
determines the seep locations and the
morphology of the submarine landslides. Helium
analyses of water samples from this area sustain
this suggestion by showing anomalous high *He
values which point to an input from deep-
derived fluids (Holzner et al., 2005). A potential
link between subsurface structures and mass
wasting was already suggested by several
authors for other areas (Orange and Breen,
1992; Eichhubl et al., 2000; Kuscu et al., 2005).
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Mass-wasting may be triggered by upward
migration of fluids along faults resulting in a
reduction in slope stability (Orange et al., 1997).
The close relation of seepage and scarps can be
explained by steepened pore-pressure gradients
adjacent to scarps due to sudden erosion
associated with slumping and the resulting
focusing of fluid towards these scarps (Orange
et al., 1997). Seepage is commonly observed at
recently eroded seafloor. The different
morphological  expression and  different
distribution of seeps in relation to the
submarine landslide in the deposition-
dominated area suggest a different mechanism
for sediment mass movement and associated
seepage (Fig. 3.11.). At the double submarine
landslide we do not observe seepage at the
scarps, but only in front of detached sediment
ridges originated from the mass movement (Fig.
3.11.). The landslide morphology and seep
distribution can be the result of high water and
gas contents of the sediments, which, together
with the relatively steep slope, caused sediment
destabilization and the observed mass
movement. The seepage itself is probably a
consequence of higher sediment compaction
and steepened pore-pressure gradients in front
of the detached sediment ridges. Since the
BGHSZ is outcropping at the base of both
landslide areas we have to take into account
that the sediment failure could have been
facilitated by gas-hydrate destabilization due to
temperature and pressure changes associated
with climatically-driven sealevel fluctuations, as
has also been proposed for e.g. Storegga slide
(Bouriak et al., 2000; Biinz et al., 2005; Poort et
al., 2005). We do not observe any seepage
through the GHSZ in the vicinity of these
landslides that could result from overpressure
and steeper pore-pressure gradients due to
extra sedimentary loading or erosion at the base
of the submarine landslides.

3.5.5. Terrace

As the terrace on the central divide consists of
three radially spread seeping ridges, we suggest
the same mechanism for the seep-crest relation
as is proposed for the other sedimentary ridges
on the slope. However, judging from the shape,
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the size and the position of the terrace, the
ridges here are not common upslope-downslope
ridges, like the other seep-marked ridges on the
slope. The lobed morphology of the terrace with
the central ridges is reminiscent of a lobed delta
front with tributaries (Prior and Bornhold, 1990).
We therefore propose that the terrace
originated from an old delta front in which
coarse sediments were deposited during a
period of sealevel lowstand and that these
coarser sediments currently act as highly
permeable stratigraphic horizons that facilitate
fluid migration and seepage at the seafloor. This
is also indicated by coring (2004 METROL cruise)
(Borowski et al., 2005). Since the terrace is
located in a paleo-delta environment this
hypothesis can indeed be valid, were it not that
the water level would have had to be 180 m
below current water level. This is 30 m lower
than the lowest value proposed in literature for
the last lowstand in the Black Sea (Winguth et
al., 2000). Peckmann et al. (2001) have dated
carbonates from the terrace with an age of 19
ka BP. This indicates that seepage at the terrace
was already active during the last lowstand 20
ka ago (Aksu et al., 2002) and that the terrace
thus represents a remnant from the last or from
a previous lowstand.

3.5.6. Controls on seep distribution

The most important control on seep
distribution, or rather on the absence of seeps in
the study area, is the presence of gas hydrates
(Figs. 3.8. and 3.13.), which have often been
inferred to have the capacity to act as a buffer
for upward migrating gas (Kvenvolden, 1998).
Gas hydrates are theoretically stable and have
directly and indirectly been observed in 585 km?
of the 1540 km” covered study area. However,
only 0.5 % of the 2778 detected seeps are
located in the GHSZ, even though the presence
of subsurface gas is indicated (i.e. by enhanced
reflections below the BSR) (Figs. 3.8. and 3.13.).

Outside the GHSZ, based on the absence of
faults below almost all studied seep sites, we
propose that seepage in our study area is
determined mainly by stratigraphic and
sedimentary controls (Fig. 3.13.). A thick
impermeable sedimentary cover focuses the
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migration of fluids to nearby morphological
highs, where this impermeable sedimentary
cover of fine-grained sediments is breached by
the process proposed by Hovland (1990; 1992)
(Fig. 3.13.). The almost complete absence of
seeps above the finer-grained levee and
overbank deposits confirm the sealing capacity
of the sedimentary cover (Fig. 3.13.). It is only
where this seal is destroyed by mass wasting or
erosion that seepage occurs (Fig. 3.13.). The
subbottom depth distribution of the gas front
confirms the sealing capacity of gas hydrates
and of the fine-grained sedimentary cover in our
study area.

A possible structural control on seepage can
only be suggested for the seeps located on the
scarps of the submarine landslide in the mass-
wasting dominated area. However the influence
of possible gas-hydrate destabilization at the
foot of the submarine landslides and the
associated gas seeps can’t be neglected (Fig.
3.13.).

3.6. Conclusions

Based on 5621 km of echosounder tracks we
were able to detect 2778 active seeps within the
1540 km? of the studied Dnepr paleo-delta area.
The integration of the geophysical datasets
clearly indicates that methane seeps are not
randomly distributed in this area, but are
concentrated in specific locations. The depth
limit for 99.5 % of the detected seeps coincides
with the phase boundary of pure methane
hydrate at -725 m water depth. This suggests
that gas hydrates act as an effective seal and
prevent upward migrating methane gas to be
released as bubbles into the water column.
Elsewhere, seeps generally occur in association
with pockmarks on the continental shelf, along
crests of sedimentary ridges, at bottoms, flanks
and margins of canyons and near submarine
landslides on the continental slope. Except for
one, all these areas are characterized by the
absence of faults. This does not support the
hypothesis by Kruglyakova et al. (2004) that
seepage is primarily associated with tectonically
driven flows through regional faults in the Dnepr
paleo-delta area. Our data, on the contrary, are
in agreement with observations in Monterey
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Bay where seepage appears to be primarily
associated with morphologically or
stratigraphically controlled flow (Yun et al,
1999; Paull et al, 2005), and this can probably be
extended to other continental margins
worldwide. The stratigraphic and sedimentary
control on the distribution of methane seeps is
demonstrated by the absence of seeps above
parallel-stratified fine-grained deposits (low-
permeability stratigraphic horizons). The sealing
capacity of gas hydrates and fine-grained
sediment covers gets emphasized by the
regional behavior of a distinct subbottom gas
front that domes up to the seafloor in areas
where bubbles were detected in the water
column and where the abovementioned seals
are locally absent or negligible. Finally, we can
conclude that in the studied Dnepr paleo-delta,
seep locations are mainly determined by
sedimentary characteristics close to the seafloor
and that seepage-producing subsurface features
and fluid migration can influence the seafloor
morphology by forming pockmarks and causing
sediment instabilities.

Acknowledgements

We thank the captain and the crew of the 58"
and 60" cruise of RV Professor Vodyanitskiy for
their hard work and their hospitality and L-3
communications ELAC Nautik for their superior
and fast support. This study was carried out in
the framework of the CRIMEA project (EC
project EVK2-2002-00162; http://www.CRIMEA-
info.org). Extra data were contributed by the
METROL project (EC project EVK3-2002-00080)
and GHOSTDABS project (German Federal
Ministry of Education and Research project
03G0559A). We also like to thank SMT (Kingdom
Suite) and IVS (Fledermaus) for the academic
licenses. Finally we thank Martin Hovland and
Maarten Vanneste for their constructive reviews
which helped improve this manuscript.

Additional information

Lieven Naudts processed and interpreted the
datasets, wrote the manuscript and made all
figures. Lieven Naudts also assisted with the
data acquisition during the 12 weeks of
expedition on RV Vodyanitskiy in 2003 and 2004.


http://www.CRIMEA-

3. Black Sea Seeps: Geology and Morphology

Co-authors helped by reviewing the manuscript given by Jens Greinert. For processing of the
and/or by providing the datasets. For the seismic data assistance was given by Peter
processing of the multibeam data assistance was Staelens.

References

Aksu, A.E., Hiscott, R.N., Yasar, D., Isler, F.l., Marsh, S., 2002. Seismic stratigraphy of Late Quaternary
deposits from the southwestern Black Sea shelf: evidence for non-catastrophic variations in
sea-level during the last ~10 000 yr. Mar. Geol. 190, 61-94.

Amouroux, D., Roberts, G., Rapsomanikis, S., Andreae, M.O., 2002. Biogenic Gas (CH4, N20, DMS)
Emission to the Atmosphere from Near-shore and Shelf Waters of the North-western Black
Sea. Estuarine, Coastal Shelf Sci. 54, 575-587.

Anderson, A.L.,, Hampton, L.D., 1980. Acoustics of Gas-Bearing Sediments .2. Measurements and
Models. J. Acoust. Soc. Am. 67, 1890-1903.

Boetius, A., Ravenschlag, K., Schubert, C.J., Rickert, D., Widdel, F., Gieseke, A., Amann, R., Jorgensen,
B.B., Witte, U., Pfannkuche, O., 2000. A marine microbial consortium apparently mediating
anaerobic oxidation of methane. Nature 407, 623-626.

Borowski, C., Joergensen, B.B., The Poseidon 317/3 Shipboard party, . 2005. Gas-charged sediments,
methane seeps and carbonate-precipitating microbial mats on the NW Black Sea Shelf-
preliminary results of research project METROL from a cruise using the manned submersible
JAGO. Geophys. Res. Abstr. 7, 09603.

Bouriak, S., Vanneste, M., Saoutkine, A., 2000. Inferred gas hydrates and clay diapirs near the
Storegga Slide on the southern edge of the Voring Plateau, offshore Norway. Mar. Geol. 163,
125-148.

Biinz, S., Mienert, J., Bryn, P., Berg, K., 2005. Fluid flow impact on slope failure from 3D seismic data: a
case study in the Storegga Slide. Basin Res. 17, 109-122.

Campbell, K.A., Farmer, J.D., Des Marais, D., 2002. Ancient hydrocarbon seeps from the Mesozoic
convergent margin of California: carbonate geochemistry, fluids and palaeoenvironments.
Geofluids 2, 63-94.

Egorov, V., Luth, U., Luth, C., Gulin, M.B., 1998. Gas seeps in the submarine Dnieper Canyon, Black
Sea: acoustic, video and trawl data. In: U. Luth, C. Luth and H. Thiel (Editors), MEGASEEPS Gas
Explorations in the Black Sea, Project Report. Zentrum fiir Meres- und Klimaforschung der
Universitat Hamburg, Hamburg, pp. 11-21.

Eichhubl, P., Greene, H.G., Naehr, T., Maher, N., 2000. Structural control of fluid flow: offshore fluid
seepage in the Santa Barbara Basin, California. J. Geochem. Explor. 69, 545-549.

Finetti, ., Bricchi, G., Del Ben, A., Pipan, M., Xuan, Z., 1988. Geophysical study of the Black Sea. Boll.
Geofis. Teor. Appl. 30, 197-324.

Garcia-Gil, S., Vilas, F., Garcia-Garcia, A., 2002. Shallow gas features in incised-valley fills (Ria de Vigo,
NW Spain): a case study. Cont. Shelf Res. 22, 2303-2315.

Greinert, J., Bohrmann, G., Suess, E., 2001. Gas hydrate-associated carbonates and methane-venting
at Hydrate Ridge: Classification, distribution, and origin of authigenic lithologies. In: C.K. Paull
and W.P. Dillon (Editors), Natural Gas Hydrates: Occurrence, Distribution, and Detection,
Geophysical Monograph. American Geophysical Union, pp. 99-113.

Greinert, J., Bollwerk, S.M., Derkachev, A., Bohrmann, G., Suess, E., 2002. Massive barite deposits and
carbonate mineralization in the Derugin Basin, Sea of Okhotsk: precipitation processes at cold
seep sites. Earth Planet. Sci. Lett. 203, 165-180.

Holbrook, W.S., 2001. Seismic studies of the Blake Ridge: implications for hydrate distribution,
methane expulsion and free gas dynamics. In: C.K. Paull and W.P. Dillon (Editors), Natural Gas
Hydrates: Occurrence, Distribution and Detection. Geophysical Monographs. American
Geophysical Union, pp. 235-256.

88



3. Black Sea Seeps: Geology and Morphology

Holzner, C.P., Amaral, H., Brennwald, M.S., Hofer, M., Klump, S., Kipfer, R., 2005. Methane bubble
streams in the Black Sea traced by dissolved noble gases. Geophys. Res. Abstr. 7, 03846.

Hornafius, J.S., Quigley, D., Luyendyk, B.P., 1999. The world's most spectacular marine hydrocarbon
seeps (Coal Oil Point, Santa Barbara Channel, California): Quantification of emissions. J.
Geophys. Res., Oceans 104, 20703-20711.

Hovland, M., 1990. Suspected Gas-Associated Clay Diapirism on the Seabed Off Mid Norway. Mar.
Pet. Geol. 7, 267-276.

Hovland, M., 1992. Hydrocarbon seeps in northern marine waters; their occurrence and effects.
Palaios 7, 376-382.

Hovland, M., Curzi, P.V., 1989. Gas Seepage and Assumed Mud Diapirism in the Italian Central Adriatic
Sea. Mar. Pet. Geol. 6, 161-169.

Hovland, M., Gardner, J.V., Judd, A.G., 2002. The significance of pockmarks to understanding fluid
flow processes and geohazards. Geofluids, 127-136.

Hovland, M., Judd, A.G., 1988. Seabed Pockmarks and Seepages. Graham and Trotman, London. 293
pp.

Hovland, M., Talbot, M., Olaussen, S., Aasberg, L., 1985. Recently formed methane-derived
carbonates from the North Sea floor. In: B.M. Thomas (Editor), Petroleum Geochemistry in
Exploration of the Norwegian Shelf. Norwegian Petroleum Society. Graham and Trotman, pp.
263-266.

Johnson, J.E., Goldfinger, C., Suess, E., 2003. Geophysical constraints on the surface distribution of
authigenic carbonates across the Hydrate Ridge region, Cascadia margin. Mar. Geol. 202, 79-
120.

Jorgensen, B.B., Boettcher, M.E., Lueschen, H., Neretin, L.N., Volkov, I.I., 2004. Anaerobic methane
oxidation and a deep H2S sink generate isotopically heavy sulfides in Black Sea sediments.
Geochim. Cosmochim. Acta, 2095-2118.

Judd, A,, Davies, G., Wilson, J., Holmes, R., Baron, G., Bryden, I., 1997. Contributions to atmospheric
methane by natural seepages on the U.K. continental shelf. Mar. Geol. 140, 427-455.

Judd, A.G., 2003. The global importance and context of methane escape from the seabed. Geo-Mar.
Lett. 23, 147-154.

Judd, A.G., Hovland, M., 1992. The Evidence of Shallow Gas in Marine-Sediments. Cont. Shelf Res. 12,
1081-1095.

Judd, A.G., Hovland, M., Dimitrov, L.l., Garcia Gil, S., Jukes, V., 2002. The geological methane budget
at Continental Margins and its influence on climate change. Geofluids 2, 109-126.

Krastel, S., Spiess, V., lvanov, M., Weinrebe, W., Bohrmann, G., Shashkin, P., Heidersdorf, F., 2003.
Acoustic investigations of mud volcanoes in the Sorokin Trough, Black Sea. Geo-Mar. Lett.
V23, 230-238.

Kruglyakova, R.P., Byakov, Y.A., Kruglyakova, M.V., Chalenko, L.A., Shevtsova, N.T., 2004. Natural oil
and gas seeps on the Black Sea floor. Geo-Mar. Lett. V24, 150-162.

Kuscu, |, Okamura, M., Matsuoka, H., Gokasan, E., Awata, Y., Tur, H., Simsek, M., Kecer, M., 2005.
Seafloor gas seeps and sediment failures triggered by the August 17, 1999 earthquake in the
Eastern part of the Gulf of Izmit, Sea of Marmara, NW Turkey. Mar. Geol. 215, 193-214.

Kvenvolden, K.A., 1993. Gas hydrates as a potential energy resource-a review of their methane
content. In: D.G. Howell (Editor), The Future of Energy Gases-U.S. Geological Survey
Professional Paper. United States Government Printing Office, Washington, pp. 555- 561.

Kvenvolden, K.A., 1998. A primer on the geological occurrence of gas hydrate. In: J.P. Henriet and J.
Mienert (Editors), Gas Hydrates: Relevance to World Margin Stability and Climate Change.
Geological Society Special Publication, 137. Geological Society, London, pp. 9-30.

Laberg, J.S., Vorren, T.0., 2000. The Traenadjupet Slide, offshore Norway-morphology, evacuation and
triggering mechanisms. Mar. Geol. 171, 95- 114.

Lee, M.W., Dillon, W.P., 2001. Amplitude blanking related to the pore-filling of gas hydrate in
sediments. Mar. Geophys. Res. 22, 101-109.

89



3. Black Sea Seeps: Geology and Morphology

Lidmann, T., Wong, H.K., Konerding, P., Zillmer, M., Petersen, J., Fliih, E., 2004. Heat flow and
quantity of methane deduced from a gas hydrate field in the vicinity of the Dnieper Canyon,
northwestern Black Sea. Geo-Mar. Lett. V24, 182-193.

Luth, C., Luth, U., Gebruk, A.V., Thiel, H., 1999. Methane gas Seeps Along the Oxic/Anoxic Gradient in
the Black Sea: Manifestations, Biogenic Sediment Compounds and Preliminary Results on
Benthic Ecology. Mar. Ecol. 20, 221-249.

Michaelis, W., Seifert, R., Nauhaus, K., Treude, T., Thiel, V., Blumenberg, M., Knittel, K., Gieseke, A.,
Peterknecht, K., Pape, T., Boetius, A., Amann, R., Jorgensen, B.B., Widdel, F., Peckmann, J.,
Pimenov, N.V., Gulin, M.B., 2002. Microbial Reefs in the Black Sea Fueled by Anaerobic
Oxidation of Methane. Science 297, 1013-1015.

Moore, J.C., Brown, K.M., Horath, F., Cochrane, G., MacKay, M., Moore, G., 1991. Plumbing
accretionary prisms. In: J. Tarney, K.T. Pickering, R.J. Knipe and J.F. Dewey (Editors), The
Behavior and Influence of Fluids in Subduction Zones. The Royal Society, London, pp. 49-62.

Nikishin, A.M., Korotaev, M.V., Ershov, A.V., Brunet, M.-F., 2003. The Black Sea basin: tectonic history
and Neogene-Quaternary rapid subsidence modeling. Sediment. Geol. 156, 149- 168.

Orange, D.L., Anderson, R.S.,, Breen, N.A.,, 1994. Regular canyon spacing in the submarine
environment: the link between hydrology and geomorphology. Geol. Soc. Am. Bull. 4, 29-39.

Orange, D.L., Breen, N.A., 1992. The Effects of Fluid Escape on Accretionary Wedges. 2. Seepage
Force, Slope Failure, Headless Submarine Canyons, and Vents. J. Geophys. Res. Solid Earth 97,
9277-9295.

Orange, D.L., McAdoo, B.G., Moore, J.C., Tobin, H., Screaton, E., Chezar, H., Lee, H., Reid, M., Vail, R.,
1997. Headless submarine canyons and fluid flow on the toe of the Cascadia accretionary
complex. Basin Res. 9, 303-312.

Orange, D.L,, Yun, J., Maher, N., Barry, J., Greene, G., 2002. Tracking California seafloor seeps with
bathymetry, backscatter and ROVs. Cont. Shelf Res. 22, 2273-2290.

Paull, C.K., Ussler, W., Greene, H.G., Barry, J., Keaten, R., 2005. Bioerosion by chemosynthetic
biological communities on Holocene submarine slide scars. Geo-Mar. Lett. V25, 11-19.
Peckmann, J., Reimer, A., Luth, U., Luth, C., Hansen, B.T., Heinicke, C., Hoefs, J., Reitner, J., 2001.
Methane-derived carbonates and authigenic pyrite from the northwestern Black Sea. Mar.

Geol. 177, 129-150.

Polikarpov, G.G., Egorov, V.N., Gulin, S.B., Gulin, M.B., Stokozov, N.A., 1992. Gas seeps from the
bottom of the Black Sea-a new object of molismology. In: G.G. Polikarpov (Editor),
Molismology of the Black Sea. Nauka, Kiev pp. 10-28.

Polikarpov, G.G., Egorov, V.N., Nezhdanonv, A.l.,, Gulin, S.B., Kulev, Y.D., Gulin, M.B., 1989. Methane
gas seeps in the Black Sea-a new object of molismology. In: G.G. Polikarpov (Editor),
Molismology of the Black Sea. Nauka, Kiev pp. 10-20.

Poort, J., Vassilev, A., Dimitrov, L., 2005. Did postglacial catastrophic flooding trigger massive changes
in the Black Sea gas hydrate reservoir? Terra Nova 17, 135-140.

Popescu, |., De Batist, M., 2004. Gas and hydrates in the Black Sea, EUROCEAN 2004 "European
Conference Marine Science and Ocean Technology", Galway (Ireland),10-13 May 2004.
Popescu, |., Lericolais, G., Panin, N., Normand, A., Dinu, C., Le Drezen, E., 2004. The Danube
submarine canyon (Black Sea): morphology and sedimentary processes. Mar. Geol. 206, 249-

265.

Popescu, |., Lericolais, G., Panin, N., Wong, H.K., Droz, L., 2001. Late Quaternary channel avulsions on
the Danube deep-sea fan, Black Sea. Mar. Geol. 179, 25-37.

Prior, D.B., Bornhold, B.D., 1990. The underwater development of Holocene fan deltas. In: A. Colella
and D.B. Prior (Editors), Coarse-grained Deltas. Special Publication of the International
Association of Sedimentologists, 10. Blackwell Scientific Publications, pp. 75- 90.

Reeburgh, W.S., Whalen, S.C., Alperin, A.l.,, 1993. The role of methylotrophy in the global methane
budget. In: J.LA. Murrel and D.P. Kelley (Editors), Microbial Growth on C-1 Compounds.
Intercept, Andover, Uk, pp. 1-14.

90



3. Black Sea Seeps: Geology and Morphology

Richardson, M.D., Davis, A.M., 1998. Modeling methane-rich sediments of Eckenférde Bay. Cont. Shelf
Res. 18, 1671-1688.

Robinson, A.G., Rudat, J.H., Banks, C.J., Wiles, R.L.F., 1996. Petroleum geology of the Black Sea. Mar.
Pet. Geol. 13, 195-223.

Ryan, W.B.F., Pitman, W.C., Major, C.0O., Shimkus, K., Moskalenko, V., Jones, G.A., Dimitrov, P., Gorur,
N., Sakinc, M., Yuce, H., 1997. An abrupt drowning of the Black Sea shelf. Mar. Geol. 138, 119-
126.

Sills, G.C., Wheeler, S.J., 1992. The significance of gas for offshore operations. Cont. Shelf Res. 12,
1239-1250.

Sloan, E.D.J., 1998. Clathrate hydrates of natural gases. Marcel Dekker Inc., New York/Basel. 705 pp.

Suess, E., Torres, M.E., Bohrmann, G., Collier, R.W., Rickert, D., Goldfinger, C., Linke, P., Hauser, A.,
Sahling, H., Heeschen, K., Jung, C., Nakamura, K., Greinert, J., Pfannkuche, O., Trehu, A,
Klinkhammer, G., Whiticar, M.J., Eisenhauer, A., Teichert, B., Elvert, M., 2001. Sea floor
methane hydrates at Hydrate Ridge, Cascadia Margin. In: C.K. Paull, Dillon, W.P. (Editor),
Natural Gas Hydrates: Occurrence, Distribution and Detection. Geophysical Monograph, 124.
AGU, pp. 87- 98.

Thiel, V., Peckmann, J., Richnow, H.H., Luth, U., Reitner, J., Michaelis, W., 2001. Molecular signals for
anaerobic methane oxidation in Black Sea seep carbonates and a microbial mat. Mar. Chem.
73, 97-112.

Van Rensbergen, P., De Batist, M., Klerkx, J., Hus, R., Poort, J., Vanneste, M., Granin, N., Khlystov, O.,
Krinitsky, P., 2002. Sublacustrine mud volcanoes and methane seeps caused by dissociation of
gas hydrates in Lake Baikal. Geology 30, 631-634.

Vanneste, M., De Batist, M., Golmshtok, A., Kremlev, A., Versteeg, W., 2001. Multi-frequency seismic
study of gas hydrate-bearing sediments in Lake Baikal, Siberia. Mar. Geol. 172, 1-21.

Wever, T.F., Abegg, F., Fiedler, H.M., Fechner, G., Stender, I.H., 1998. Shallow gas in the muddy
sediments of Eckernforde Bay, Germany. Cont. Shelf Res. 18, 1715- 1739.

Winguth, C.,, Wong, H.K., Panin, N., Dinu, C., Georgescu, P., Ungureanu, G., Krugliakov, V.V.,
Podshuveit, V., 2000. Upper quaternary water level history and sedimentation in the
northwestern Black Sea. Mar. Geol. 167, 127- 146.

Wong, H.K., Luedmann, T., Panin, N., Konerding, P., Dinu, C., 2002. Northwestern Black Sea: Upper
Quaternary water level and sedimentation. In: F. Briand (Editor), Turbidite Systems and Deep-
Sea Fans of the Mediterranean and the Black Seas. CIESM Workshop series, 17, Monaco, pp.
85-89.

Yun, J.W., Orange, D.L., Field, M.E., 1999. Subsurface gas offshore of northern California and its link to
submarine geomorphology. Mar. Geol. 154, 357-368.

Zillmer, M., Flueh, E.R., Petersen, J., 2005. Seismic investigation of a bottom simulating reflector and
quantification of gas hydrate in the Black Sea. Geophys. J. Int. 161, 662-678.

91






CHAPTER 4

Anomalous seafloor backscatter patterns in
methane venting areas, Dnepr paleo-delta, NW
Black Sea

Lieven Naudts, Jens Greinert, Yuriy Artemov, Stan E. Beaubien, Christian Borowski, Marc De Batist

Abstract

The relation between acoustic seafloor backscatter and seep distribution is examined by integrating
multibeam backscatter data and seep locations detected by single-beam echosounder. This study is
further supported by side scan sonar recordings, high-resolution 5 kHz seismic data, pore-water
analysis, grain-size analysis and visual seafloor observations. The datasets were acquired during the
2003 and 2004 expeditions of the EC-funded CRIMEA project in the Dnepr paleo-delta area,
northwestern Black Sea.

More than 600 active methane seeps were hydro-acoustically detected within a small (3.96 km by
3.72 km) area on the continental shelf of the Dnepr paleo-delta in water depths ranging from -72 m to
-156 m. Multibeam and side scan sonar recordings show backscatter patterns that are clearly
associated with seepage or with a present dune area. Seeps generally occur within medium- to high-
backscatter areas which often coincide with pockmarks.

High-resolution seismic data reveal the presence of an undulating gas front, i.e. the top of the free
gas in the subsurface, which domes up towards and intersects the seafloor at locations where gas
seeps and medium- to high-backscatter values are detected. Pore-water analysis of 4 multi-cores,
taken at different backscatter intensity sites, shows a clear correlation between backscatter intensity
and dissolved methane fluxes. All analyzed chemical species indicate increasing anaerobic oxidation
of methane (AOM) from medium- to high-backscatter locations. This is confirmed by visual seafloor
observations, showing bacterial mats and authigenic carbonates formed by AOM. Grain-size analysis
of the 4 multi-cores only reveals negligible variations between the different backscatter sites.

Integration of all datasets leads to the conclusion that the observed backscatter patterns are the
result of ongoing methane seepage and the precipitation of methane-derived authigenic carbonates
(MDACs) caused by AOM. The carbonate formation also appears to lead to a gradual (self-)sealing of
the seeps by cementing fluid pathways/horizons followed by a relocation of the bubble-releasing
locations.

Keywords
Methane seeps; acoustic seafloor backscatter; anaerobic oxidation of methane; bacterial mats;
pockmarks; methane-derived authigenic carbonates
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4.1. Introduction

In recent years, considerable research efforts
have been invested to gain a better
understanding of how methane emissions from
natural marine gas seeps contribute to the
global atmospheric methane budget (Hovland et
al., 1993; Hornafius et al., 1999; Dimitrov, 2002;
Etiope and Klusman, 2002; Etiope, 2004; Judd,
2004; Kvenvolden and Rogers, 2005; Luyendyk
et al.,, 2005). Given that methane is a potent
greenhouse gas, with 21-23 times the global
warming potential as the same mass of carbon
dioxide (Lelieveld et al., 1998; IPCC, 2001b), a
correct assessment of all natural sources is
essential to better evaluate the human impact
on global atmospheric methane concentrations
and consequently on global climate change
(IPCC, 2001a).

The amount of methane released by natural
gas seeps from the seafloor, into the water
column and possibly into the atmosphere, is
highly variable and remains -despite several
attempts at quantification- largely unknown,
even for small well-studied areas (Hovland et al.,
1993; Hornafius et al., 1999; Dimitrov, 2002;
Etiope and Klusman, 2002; Etiope, 2004; Judd,
2004; Kvenvolden and Rogers, 2005; Luyendyk
et al., 2005; Bange, 2006; Kessler et al., 2006).
Current estimates of global methane fluxes from
the seabed to the atmosphere vary between 0.4
and 48 Tg yr'* (Judd, 2004), i.e. over two orders
of magnitude. The main problems in establishing
reliable estimates of regional and global fluxes
are the uncertainties regarding i) the total area
involved in active seepage, and ii) the temporal
variability in seep intensity and activity.

Recent studies have shown that methane
transfer from marine and lacustrine seeps to the
atmosphere is only effective when methane is
transported by bubbles released in relatively
shallow water (< 100 m water depth) (Leifer and
Patro, 2002; MacDonald et al., 2002; Schmale et
al., 2005; McGinnis et al., 2006). In most cases,
even if a bubble reaches the surface with a
significant size, most of the methane is dissolved
into the water column and replaced by other
stripped gases, particularly oxygen (in oxic
conditions) and nitrogen. Therefore, only a
massive release of large amounts of bubbles
may create a bubble plume and enable
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significant volumes of methane to be
transferred to the atmosphere from deeper-
water seeps (> 100 m water depth) (Judd, 2004;
McGinnis et al., 2006; Judd and Hovland, 2007).
The increased scientific interest in marine gas
seeps goes hand in hand with the discovery of
new seep sites around the world. The
identification and delineation of seep sites on
the ocean floor often arises from the detection
of anomalously high acoustic backscatter on side
scan sonar or multibeam echosounder
recordings (Hovland, 1991; Hovland, 1992;
Orange et al.,, 2002; Van Rensbergen et al,
2002; Johnson et al.,, 2003; Sager et al., 2003;
Shoji et al., 2005; Gay et al., 2006; Klaucke et al.,
2006; Rollet et al, 2006). High-acoustic
backscatter is caused by the enhanced acoustic
impedance or roughness contrast between
certain regions of the seafloor and their
surroundings (Blondel and Murton, 1997). At
methane seeps, this contrast is primarily caused
by the presence of methane-derived authigenic

carbonates (MDACs), chemosynthetic “cold
seep” communities (clams, tube worms),
bubbles or gas hydrates in the sediment

(Hovland et al., 1985; Ritger et al., 1987; Paull et
al., 1992; von Rad et al., 1996; Greinert et al.,
2001; Peckmann et al.,, 2001; Fonseca et al.,
2002; Greinert et al., 2002b; Orange et al., 2002;
Johnson et al.,, 2003; Niemann et al., 2005;
Holland et al.,, 2006; Ivanov et al., 2007).
Multibeam and side scan sonar surveys also
detect changes in the seafloor morphology,
which can mark the location of gas seeps (e.g.
pockmarks, mud volcanoes) (Judd and Hovland,
1992; Judd and Hovland, 2007). Furthermore,
seeps can be inferred from shallow seismic
signatures indicative of free gas in the
subsurface (e.g. shallow gas fronts, enhanced
reflections, acoustic blanking) or potential gas or
fluid conduits (e.g. faults, diapirs) (Judd and
Hovland, 1992; Orange and Breen, 1992; Yun et
al., 1999; Garcia-Gil et al., 2002; Van Rensbergen
et al., 2002; Krastel et al., 2003; Naudts et al.,
2006; Judd and Hovland, 2007). Direct
localization of seeps, i.e. locations of bubble
release, is performed by echosounders that
detect gas bubbles in the water column due to
the acoustic impedance contrast between water
and the free gas in the bubbles (Egorov et al.,
1998; Artemov, 2006; Naudts et al., 2006; Rollet
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et al., 2006).

In this paper, we examine the cause of
anomalously high acoustic backscatter and its
relation -in space and time, and through which
processes- with gas venting on the shelf of the
Dnepr paleo-delta, NW Black Sea. We use
multibeam backscatter and bathymetry data, as
well as side scan sonar images, very-high-
resolution seismic data, sediment cores, visual
observations and single-beam seep detection.
Our data and results confirm that acoustic
seafloor backscatter analysis can be used as a
proxy for seep distribution and seep activity
(Greinert et al., 2010).

4.2. Study area

The paleo-delta of the Dnepr River is located
on the outer shelf and upper continental slope
of the northwestern Black Sea, west of the
Crimea Peninsula (Fig. 4.1.A.). The region is well-
known for abundant gas seeps, carbonate
buildups and shallow gas (Polikarpov et al.,
1989; Polikarpov et al., 1992; Egorov et al,
1998; Luth et al., 1999; Peckmann et al., 2001;
Thiel et al., 2001; Amouroux et al.,, 2002;
Michaelis et al., 2002; Kruglyakova et al., 2004;
Kutas et al., 2004; Popescu et al., 2004; Pape et
al., 2005; Pimenov and Ivanova, 2005; Reitner et
al., 2005; Schmale et al., 2005; Treude et al.,
2005; McGinnis et al., 2006; Naudts et al., 2006).
During the 58" (May-June 2003) and 60" (May-
June 2004) cruise of R.V. Vodyanitskiy,
conducted  during the EC (European
Community)-funded CRIMEA project, almost
3000 active seeps (i.e. bubble-releasing
locations) were detected with an EK-500 split-
beam echosounder within the 1540 km” of the
studied area (Fig. 4.1.A.) (Naudts et al., 2006).
The distribution of these seeps is not random,
but is controlled by morphology, by underlying
stratigraphy and sediment properties, and by
the presence of gas hydrates acting as a seal and
preventing upward migrating gas to be released
as bubbles in the water column (Naudts et al.,
2006).

This study focuses on a small (3.96 km by 3.72
km) part of the continental shelf, centered on a
dense seep and pockmark site at -92 m water
depth (Figs. 4.1.B. and 4.1.C.). The area is
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characterized by a slightly undulating seafloor
that dips gently at 0.55° to the SE until it
intersects the shelf break at -105 m water
depth. Within this area, 605 actively bubbling
methane seeps were detected in water depths
ranging from -72 m to -156 m (Fig. 4.1.B.). The
seeps commonly occur in association with up to
3 m deep, large, elongated pockmarks, which
are up to 100 m wide and 500 m long (Fig.
4.1.C.) (Naudts et al., 2006). These elongated
pockmarks and related seep sites show a
preferential NW-SE orientation, as their location
is controlled by underlying, filled channels
incised in the outer shelf (Naudts et al., 2006).
Apart from the pockmarks, the shelf
morphology is characterized by the presence of
sediment dunes. These have a maximum height
of 2.5 m and a maximum wave length of 120 m
(Fig. 4.1.B.). The observed seeps and dunes
appear to be unrelated (Naudts et al., 2006).

Only a small part of the study area lies within
the oxygen-rich euphotic zone (above -80 m, in
this part of the Black Sea). Most of it falls within
the oxycline, between -80 m and -115 m, in
which the oxygen concentration decreases from
285 to 10 uM at the top of the suboxic layer
(Oguz, 2002). Oxygen concentration drops to
zero at around -145 m.

Sea-air methane flux calculations show that
methane emission from the study area (i.e.,
0.96-2.32 nmol m™ s™) is 3 times higher than
from the surrounding shelf (0.32-0.77 nmol m™
s'') and 5 times higher than from open water in
the Black Sea (0.19-0.47 nmol m™ s') (Schmale
et al., 2005). During dives with the submersible
JAGO in October 2004 (as part of the EC-funded
METROL project) gas bubbles at -92 m seep site
were collected directly at the seafloor. The
initial gas composition of the bubbles was
almost pure methane (80 to 90 %) of presumed
microbial origin as indicated by the isotopic
composition (-62 to -68 *C%. PDB) (McGinnis et
al., 2006). Peckmann et al. (2001) assumes that
the methane originates from organic-rich
lacustrine sediments deposited during the Black
Sea’s fresh-water phase.
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Figure 4.1. A. The location of the study area in the NW Black Sea with seeps (black dots) and acquired
multibeam data (Egorov et al., 1998; Naudts et al., 2006). B. The multibeam bathymetry of the shelf with
dunes, pockmarks (transparent white masks) and seeps (see Fig. 4.1.A. for location). C. Oblique view on the
multibeam bathymetry of the high-intensity seep and pockmark site at -92 m water depth (after Naudts et al.,
2006) (see Fig. 4.1.B. for location). D. Side scan sonar mosaic of the studied area with indication for the multi-
cores (MC: 4, 7, 8, 9), 5 kHz seismic lines (SB 1-3: dashed white lines) and video lines (white lines) and seeps
(see Fig. 4.1.B. for location).
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4.3. Methods and data

4.3.1. Single-beam echosounding and
seep detection

Single-beam seep detection was performed
with a hull-mounted SIMRAD EK-500 dual-
frequency (38 and 120 kHz) split-beam
echosounder installed onboard of the R.V.
Professor Vodyanitskiy. This system operates
with a total beam width of 7°. The hydro-
acoustic water-column data was continuously
digitally recorded during both cruises and was
afterwards processed with the Wavelens
software package (Artemov, 2006; Artemov et
al., 2007). This software traces and locates the
origin of bubble streams at the seafloor based
on the real target strength analysis. During the
two cruises, a total length of 5261 km
echosounder tracks was recorded within the
1540 km?® study area which resulted in the
detection of 2778 active seep positions (Naudts
et al., 2006). For this study we only focus on a
small area on the shelf where 605 active seeps
were detected based on 767 km of echosounder
tracks (Fig. 4.1.A.-D.).

4.3.2. Multibeam mapping

Bathymetric and acoustic backscatter mapping
was performed with a mobile 50 kHz SeaBeam
1050 multibeam echosounder, simultaneously
with the single-beam seep detection. The
multibeam system was operated with 120°
swath, transmitting and receiving 108 beams of
3° by 3° beam angle. Sound-velocity profiles
were acquired via CTD casts and the sound
velocity at the transducers was continuously
measured by an online sound-velocity probe.
Data acquisition was managed with Hydrostar
Online and data-processing was carried out with
HDPEdit and HDPPost software from L-3 ELAC
Nautik GMBH. Fine editing of the data, by
deleting bad data points, was done with
Fledermaus (6.1.2) software. During the two
cruises, an area of 1540 km” was covered in
water depths from -57 to -1248 m (Fig. 4.1.A.).
In this study we focused on an area of 14.7 km’
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in water depths ranging from -72 to -156 m (Fig.
4.2.A.).

Raw backscatter data (bottom-amplitude
values) were corrected with HDPPost for their
grazing-angle dependency assuming a flat
seafloor. Data were exported as gridded xyz
data from HDPPost and spikes were removed
with Fledermaus. During processing in HDPPost,
backscatter values were normalized and thus do
not represent 'real' dB values, but rather
undefined backscatter units (BU). All maps
shown in this paper are based on grids of 5 by 5
m cell size, except for Fig. 4.1.A.

4.3.3. Side scan sonar imaging and
subbottom profiling

During the 2003 cruise seafloor backscatter
data was also acquired with a deep-towed
SONIC-3 sonar system. This system consists of a
tow-fish, including a 30 kHz side scan sonar and
5 kHz subbottom profiler. The fish was towed 50
to 60 m above the seafloor resulting in 700 to
850 m wide swath. The theoretical maximum
resolution of the acquired sonar image is 0.5 m.
Towing speed averaged 5.6 knots and the data
were gridded to a pixel size of 6.4 m, using
SONIC's in-house developed processing
software. 22 parallel profiles were collected
with a total length of 589 km, in total covering
an area of 418 km” Only 4 profiles are used
here, covering an area of 11.8 km? (Fig. 4.1.D.).

Very-high-resolution  seismic data was
acquired with the 5 kHz profiler system. The
theoretical vertical resolution is 30 cm and the
maximum penetration is 35 ms two-way travel
time (TWTT). Here, 3 profiles are displayed with
a total length of 12.6 km (Fig. 4.1.D.). No
processing has been carried out on the seismic
data. Interpretation was carried out with the
Kingdom Suite Software package.

4.3.4. Pore-water and grain-size
analysis

Sediment coring was undertaken with a TV-
guided multi-core system allowing real-time
selection of the coring site via the
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Figure 4.2. A. Multibeam-derived backscatter map overlain with bathymetric contours, detected seep
locations (black dots), positions of multi-core stations and outlines for Figs. 4.3., 4.7. and 4.9. (see Fig. 4.1.B
for location). Furthermore the positions of the high-backscatter (HBS) and low-backscatter (LBS) swaths used
in Figure 4.10. are indicated by the solid bold lines. B. Graph showing the distribution of the number of seeps
with respect to their backscatter values, both, as a histogram and cumulative percentage curve (full line). The
second cumulative percentage curve (dashed line) shows the distribution of all backscatter values recorded in
the shown study area. Arrows a-a' show that 74 % of all seeps occur in the high-backscatter areas above 0 BU,
thus within only 33 % of the studied area. Arrows b-b' show that 75 % of all seeps with the lowest backscatter

values occur below 2 BU.

video connection. The multi-corer
accommodates 4 plastic liners with a diameter
of 10 cm which are able to sample sediment
layers up to ca. 40 cm. Three sediment cores
were taken from areas with different
backscatter intensities (MC7, MC8 and MC9)
and one directly at an actively bubbling bacterial
mat (MC4) (Figs. 4.1.D. and 4.2.A.). Pore water
was immediately extracted from the cores at a
0.5 cm interval with cut-off 5 ml plastic syringes
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and analyzed on board for total alkalinity,
hydrogen sulfide, and ammonia, following the
methods of Grasshoff et al. (1999). Methane
content was determined with the headspace
method, following the procedure used by ODP
(Pimmel and Claypool, 2001). 5 ml of sediment
were filled in 20 ml headspace vials and heated
in an oven at 70°C over 30 minutes. The
headspace was analyzed as volume ppm and the
final concentrations in mol/l pore water were



4. Black Sea Seeps: Backscatter and Carbonates

calculated by weighing the water content and by
converting to volume percent, using 2.5 g/cm3
as an assumed sediment-grain density. On-shore
ion chromatography analyses were used to
measure sulfate concentrations; Ca was
analyzed by ICP-OES.

After extraction of the pore waters, five
sediment samples representing each centimeter
of the uppermost 5 cm of each core were used
for grain-size analysis. Samples were sieved wet
on a 50 um sieve and dried. The dried coarse
fractions were dry sieved on 600, 500, 425, 355,
300, 250, 180, 150, 125, 106 and 90 um sieves.
Since the sediment samples were rich in shells
and shell debris, carbonate and organic matter
were not chemically removed, to ensure that
their possible contribution to generating
backscatter was not omitted.

4.3.5. Visual seafloor observations

Visual seafloor observations were carried out
with the OFOS (Ocean Floor Observation
System) video sled and with the submersible
JAGO to get a better insight on the distribution
of possible seep-related seafloor features (e.g.
seeps, bacterial mats, etc.).

OFOS carries a downward-looking online
black/white video camera, two Xenon lights, a
color still camera with flash, a stand-alone
memory CTD and an extra color digital camera.
The system was towed at about 2 m above the
seafloor. No underwater positioning system
was used with OFQOS; instead the position was
calculated relative to the ship’s GPS antenna by
taking cable length, course and ship speed into
account, resulting in a maximum offset of 50 m.
Corrections for the offset between OFOS and
the ship’s GPS position were made for every
video line separately (Fig. 4.1.D.). The made
offsets were confirmed by comparing the seep
distribution visible on video footage and the
seeps traced by single-beam detection.

One dive with the submersible JAGO (JAGO
852) enabled us to perform additional direct
seafloor observations in the area previously
surveyed with OFOS. This dive took place in
October 2004 as part of the R.V. Poseidon 317/3
cruise, which was conducted in the framework
of the EC-funded METROL project. Video
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recording was done using a digital camera from
inside the submersible through the large front
porthole. The area covered by JAGO is shown as
outline 7 in Figure 4.2. During the JAGO dive

ultra-short-base-line underwater positioning
was used.

4.4. Observations and results

4.4.1. Backscatter anomalies,
seafloor morphology and seep
distribution

The multibeam-derived seafloor backscatter
map reveals three distinct features (Fig. 4.2.A.):
a wave-like pattern, irregular patches with high-
backscatter and acquisition artifacts with low-
backscatter values.

Based on the number of backscatter values,
three backscatter classes with equal number of
backscatter values were created: areas with
low-backscatter (LBS: BU < -1.06), areas with
medium-backscatter (MBS: -1.06 < BU < 0) and
areas with high-backscatter (HBS: BU > 0) (Fig.
4.2.B.). Since each backscatter value
corresponds to a grid cell, a surface of 25 m?
each backscatter class also corresponds to one
third of the studied surface. Areas with the
lowest 5 % of backscatter values are regarded as
very-low-backscatter areas (BU < -2.5). Areas
with the highest 5 % of backscatter values are
regarded as very-high-backscatter areas (VHBS:
BU > 2).

The wave-like pattern consists of low- to high-
backscatter values that vary between -2.4 and
1.9 BU and corresponds to the field of sediment
dunes (Fig. 4.1.B.), which generally display the
higher backscatter values on their ENE-
orientated flanks (Fig. 4.3.). There is no obvious
correlation between seep distribution and the
backscatter pattern related to the sediment
dunes.

When comparing the cumulative percentage
curve of the backscatter values of the entire
area (dashed line Fig. 4.2.B.) with the
percentage curve and histogram of the amount
of seeps falling in specific backscatter value
ranges (full line Fig. 4.2B), it can be noticed that
74 % of all seeps occur in the high-backscatter
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Figure 4.3. 3D view of the multibeam bathymetry overlain with the color-coded backscatter data, bathymetric
contours and seep locations (black dots) (for location, see Fig. 4.2.A.). Pockmarks are characterized by high- to
very-high-backscatter values with seeps located on their margins. The sediment dunes have higher backscatter

values on the ENE flanks.

areas above 0 BU, thus within only 33 % of the
studied area (Fig. 4.2.B. a-a'). However 75 % of
all seeps, with the lowest backscatter values,
occur below 2 BU (Fig. 4.2.B. b-b"). This indicates
that most seeps don't occur in the very-high-
backscatter areas.

The pockmarks are characterized by a specific
backscatter  pattern (Fig. 4.3.); deeper
pockmarks are characterized by higher
backscatter values and lower seep densities,
whereas shallower pockmarks have relatively
lower backscatter values and often show much
higher seep densities.

The same relations between backscatter
intensity, morphology and seep locations are
observed in the side scan sonar data (Figs. 4.1.D.
and 4.4.).
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4.4.2. Seismic observations

The seismic data show the presence of a
distinct "gas front", which marks the top of the
free gas zone in the sediments (Figs. 4.4.C.,
4.4 F. and 4.4.1.) (Naudts et al., 2006; Judd and
Hovland, 2007). The gas front is expressed as a
high-amplitude reflection that cross-cuts the
normal stratigraphy and completely masks all
reflections below (Figs. 4.4.C., 44.F. and 4.4.1.).
Naudts et al. (2006) already observed that the
depth of the gas front in the study area is
strongly variable and controlled by the presence
of filled channels, and that seeps preferentially
occur where the gas front approaches the
seafloor within 10 m (Figs. 4.4.C., 4.4.F. and
4.4.1). At the same time a correlation exists
between the depth of the gas front and the
acoustic seafloor backscatter (Fig. 4.4.). Shallow
gas fronts correspond to high- and medium-
backscatter areas with seeps, whereas deep gas
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Figure 4.4. Three 5 kHz subbottom profiles SB1, SB2 and SB3 (C, F and |) with their respective multibeam-
derived backscatter profiles (A, D and G) and side scan sonar images (B, Eand H) (for location see Fig. 4.1.D.).
Shallow gas fronts (dashed white line) occur at medium- and high-backscatter areas associated with seeps
(arrows), whereas deep gas fronts occur at low-backscatter areas without seeps. Bubbles recorded as noise in
the water column on the subbottom data (SB 1 & 2) sometimes blank out the side scan sonar recordings (see
NE of SB1) (Fig. 4.4.B.).The extent of SB2 shown in Figure 4.8. is indicated.
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Figure 4.5. Pore-water data from multi-cores taken at different backscatter intensity sites. MC 4 was taken at
an actively bubbling high-backscatter site. MC 7-9 are taken from areas with backscatter values ranging from
low- to very-high-backscatter values. Values at -1 cm depth are water samples taken from the core liner above
the sediment surface (for locations see Figs. 4.1.D. and 4.2.).

fronts correspond to low-backscatter areas
without seeps. This observation is valid for both
the multibeam-derived backscatter profiles
(Figs. 4.4.A., 4.4.D. and 4.4.G.) and the side scan

sonar images (Figs. 4.4.B., 4.4.E. and 4.4.H.).

4.4.3.
analysis

Pore-water and grain-size

The pore-water analyses of the 4 multi-cores,
taken at sites of different backscatter intensity,
show significant differences (Fig. 4.5.). Core MC4

102

was taken directly at a bacterial mat with bubble
release inside a high-backscatter area (0.9 BU),
whereas MC7, MC8 and MC9 were taken in non-
seeping low- to very-high-backscatter sites (-1.3
BU, 0.5 BU and 2.4 BU, respectively) (Fig. 4.1.D.
and Fig. 4.2.). It has to be stated that a core only
represent a small subsample (0.0314 m2) of the
area over which the backscatter value was
measured (25 m2).

Core MC4 had limited penetration, with only 5
cm compared to at least 17 cm for the other
three cores. Methane concentrations increase

with depth in all four cores: very slightly in MC7
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Figure 4.6. Grain-size data from multi-cores taken at different backscatter intensity sites shown as histograms
and cumulative percentage curves for each centimeter of the uppermost 5 cm. MC 4 was taken at an actively
bubbling high-backscatter site. MC 7-9 are taken from areas with backscatter values ranging from low- to very-
high-backscatter values (for locations see Figs. ID and 2).
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and MC8, more in MC9 and very strongly in MC4
(Fig. 4.5.). Equivalent trends can be seen for the
increase of sulfide and total alkalinity (TA) and
the decrease of sulfate with depth (Fig. 4.5.).

Ammonium shows a constant increase with
depth for MC7, MC8 and MC9; whereas the
concentrations for MC4 are generally much
lower with only a slight increase with depth (Fig.

Figure 4.7. Screenshots captured from the JAGO dive 852 video (for outline of dive area see Fig. 4.2A) A-E:
Bacterial mats of different sizes surrounding black venting holes all or not associated with bubble release
(arrows) or carbonate structures. G-l: Semi-buried to fully-exposed carbonate structures, all or not associated
with bacterial mats. J-L: Seafloor depression (pockmark) with rough, probably carbonate-cemented, edges
and with a small bacterial mat on the bottom surrounded by Tunicates. Bubble release was observed on the

right of the bacterial mat (arrow).

104



4. Black Sea Seeps: Backscatter and Carbonates

4.5)). Calcium concentrations are relatively
constant; only in MC4 a distinct decrease with
depth is observed (Fig. 4.5.). In addition, water
samples were taken from the core liner above
the sediment surface. Cores MC4, MC8 and MC9
show changes between the pore-water and
bottom-water data, whereas core MC7 almost
shows no changes with respect to the bottom-
water concentrations (Fig. 4.5.).

The grain-size analysis of the 4 multi-cores
reveals very limited differences in grain-size
distribution for the uppermost 5 cm of the
different cores. The fraction coarser than 50 um
only consists of shell fragments (Modiolus
phaseolinus), up to centimeter scale, with rare
carbonate-cemented sediments (shell fragments
and fine-grained sediments). All cores are
characterized by a polymodal grain-size
distribution for the fraction between 600 and 50
pum (Fig. 4.6.).

4.4.4. Visual seafloor observations

Visual observations generally show a rather
flat, featureless seafloor with a micro-relief of a
few centimeters. In decimeter scale very little
relief is present, except for a small
depression/pockmark observed during the JAGO
dive (Figs. 4.7. J.-L.). The sediment surface is
typically composed of shells and shell fragments
in a fine-grained matrix, as confirmed by the
grain-size analyses (Figs. 4.7.A.-L. and Fig.
4.8.A.). Seeps are generally characterized by
bubbles escaping from small black venting holes,
which may or may not be surrounded by
bacterial mats (possibly Beggiatoa sp.) (Fig.
4.7.A.). Bubbles are released either from within
bacterial mats (Fig. 4.7.A.), from their edges (Fig.
4.7.K.) or from between bacterial mats if the
mats occur in larger clusters (Fig. 4.7.E.). The
bright white bacterial mats occur as irregularly
shaped single patches or in clusters with sizes
ranging from a couple of square centimeters to
several square meters (Figs. 4.7.A.-F. and Figs.
4.8.B.-E.). JAGO’s sampling claw revealed that
quite often the sediment below bacterial mats is
hard. The sediment usually gets softer within a
few centimeters away from the mat. Digging
underneath bacterial mats frequently exposed
solid carbonate crusts or simply failed because
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the sediment was too hard. The distribution of
the bacterial mats corresponds very well with
the high-to very-high-backscatter areas and with
shallow gas fronts (Fig. 4.9., for the extent of
SB2 in Fig. 4.9. see Fig. 4.4.). Almost no bacterial
mats occur within the low-backscatter areas.
Generally, during the visual observations no
bubbles were observed being released from the
bacterial mats, which is in agreement with the
absence of single-beam-detected seeps at the
bacterial-mat locations (Fig. 4.9.).

Bacterial mats were also observed in
association with carbonates that form positive
elevations on the seafloor. Some only form a
moderate relief of a couple of centimeters (Fig.
4.7.F. and Figs. 4.8.D. and F.), whereas other
fully-exposed  carbonate  structures are
irregularly shaped and tens of centimeters high
and wide (Figs. 4.7.G.-l.). Areas around
carbonates often show up as rougher surfaces
resembling erosion features (Figs. 4.7.F.-G., Fig.
4.7.L. and Figs. 4.8.G.-1.), which correspond well
with the high to very-high-backscatter areas.

4.5. Discussion

4.5.1. Bacterial mats, carbonates and
their relation to seep distribution

Based on the visual observations and analysis
of the core data, different stages of bacterial-
mat growth and authigenic carbonate formation
can be determined. This process appears to lead
to a gradual (self-)sealing of the seeps by
carbonate clogging, followed by a relocation of
the bubble-releasing locations. Our observations
confirm the three-stage self-sealing process of
seeps, proposed by Hovland (2002).

The self-sealing process starts with gas
bubbles, generated from methane-
supersaturated pore waters (Boudreau et al.,,
2001), being released into the water column
from small holes in the sea bed (Fig. 4.7.A.). The
venting holes generally have a dark color
indicating the precipitation of sulfide minerals
like pyrite (Peckmann et al., 2001) and are often
surrounded by bacterial mats of different sizes
(Figs. 4.7.A.-E.). These bacterial mats are formed
by sulfide-oxidizing bacteria (e.g. Beggiatoa sp.),
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Figure 4.8. Screenshots taken during the OFOS video lines shown in Figure 4.9., characterizing the study-area
seafloor (for scale see the 10 by 10 cm shackles). A: Usual flat, shell-covered, seafloor. B-E: Bacterial mats of
different sizes. F-: Carbonate formations showing up as solitary buildups with small bacterial mats or as

rough, carbonate-cemented, seafloor.

which profit from the high fluxes of sulfide
generated by the anaerobic oxidation of
methane (AOM) (Boetius et al.,, 2000; Boetius
and Suess, 2004; Sommer et al., 2006).

The pore-water analysis of MC4 shows typical
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profiles and concentrations indicative of AOM
near the sediment surface, with strong gradients
of increasing alkalinity, sulfide and methane
concentrations (Fig. 4.5.). Decreasing sulfate and
indicate

very low ammonium concentrations
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Figure 4.9. Multibeam backscatter map overlain with bathymetric contours (for location see Fig. 4.2.A.), seep
locations (black dots) and the outline of seismic profile SB2 (see Fig. 4.1.D. and Fig. 4.4.). Visually observed
bacterial mats are indicated by black markers along the offset-corrected OFOS video lines (white lines).
Bacterial mats occur solely at high to very-high-backscatter areas.
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that AOM is the only sulfate-consuming process.
From the other cores, only MC9 shows evidence
of AOM, with changes in sulfate, sulfide and
methane below 6 cm sediment depth. The
sulfate decrease is 2.4 higher than the sulfide
increase, pointing to precipitation of sulfides
such as troilite or pyrite.

The bacterial mats may cover several square
meters by capturing dissolved and free gas at
venting locations (Figs. 4.7.A.-E. and Figs. 4.8.B.-
E.). This enhances AOM in the sediments
beneath the mats which facilitates their lateral
growth (Boetius and Suess, 2004; Sommer et al.,
2006).

AOM is typically associated with the formation
of methane-derived authigenic carbonates
(MDACs) (Hovland et al., 1985; Paull et al., 1992;
Peckmann et al.,, 2001; Greinert et al., 20023;
Orange et al., 2002; Johnson et al., 2003;
Mazzini et al., 2006; Judd and Hovland, 2007).
Therefore, locations with increased methane-
rich fluid fluxes causing AOM and bacterial-mat
development, are often linked with MDAC
formation, as was shown by JAGO sampling and
visual observations (Figs. 4.7.C., 4.7.F.-G. and
4.7.).-K., Figs. 4.8.D. and 4.8.F.). This also
explains the limited penetration of MC4 and the
decreasing calcium concentrations within this
core, pointing to a calcium-rich carbonate
formation. XRD analyses of recovered carbonate
pieces from MC4 show aragonite as the
dominant cementing carbonate phase. The
carbonate-cementation of the  seafloor
sediments increases their resistance to erosion,
thus enhancing seafloor roughness and resulting
in exposed carbonate-cemented structures
(Figs. 4.7.C., 4.7.F.-). and 4.7.L., Figs. 4.8.D. and
4.8.F.-l.).

Once MDAC formation has started, ongoing
precipitation may result in clogging fluid
pathways and also blocking the migration of free
gas through the sediments, thus forcing bubbles
to migrate laterally towards the edge of the
carbonate crust or carbonate-cemented
sediments. Therefore bubbles are often released
at the edge of large bacterial mats (Figs. 4.7.E.
and 4.7.K.). Eventually, carbonate precipitation
will lead to the self-sealing of the entire seep,
leaving behind a carbonated-cemented seafloor
with exposed and buried carbonates (Hovland,
2002), associated with only small or no bacterial
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mats, and no seeps (Figs. 4.7.F.-L. and Figs.
4.8.F.-1.).

4.5.2. Controls on acoustic seafloor
backscatter

The high to very-high-backscatter areas in our
study area often coincide with pockmarks,
therefore the angle of incidence and the
morphology of the seafloor could be a prime
factor causing the high-backscatter return
(Blondel and Murton, 1997). However, for the
pockmarks as well as for the dunes, the
differences in backscatter do not seem to be
related to the morphology of these features.
First of all, the backscatter data is acquired
when sailing in all possible directions. If
differences in backscatter response are caused
by differences in morphology, this would give
differences in backscatter response for different
acquisition orientation. But this is not the case.
Furthermore when comparing the backscatter
data from low- and high-backscatter areas (Figs.
4.2.A. and 4.10.). The similar morphology of the
seafloor together with the similar incidence
angles along the swath for high- and low-
backscatter swaths clearly indicates that the
observed difference in seafloor amplitude and
the resulting normalized-backscatter strength
between both swaths is morphology-
independent (Fig. 4.10.). Finally, the high-
backscatter patches associated with seeps were
also observed outside pockmarks on a flat
seafloor (Fig. 4.2.A.). These observations
indicate that the high to very-high-backscatter
anomalies observed in our study area are not
caused by morphological effects, but by
differences in sediment properties, such as
roughness, acoustic impedance or grain size at
and around the seep sites (Blondel and Murton,
1997). For the dunes, the backscatter
differences are most likely related to sediment-
property differences between the sediments
covering the western and eastern flanks of the
dunes; e.g. difference in grain-size distribution
induced by prevailing currents (Todd, 2005).

Since the medium- to high-backscatter areas
seem to be related to shallow gas fronts, (Figs.
4.4. and 4.9.), gas bubbles captured close to the
seafloor might increase the backscattering
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Figure 4.10. Comparison of two multibeam swaths from one multibeam line, one recorded in a high-
backscatter area (full line) and one from a low- to medium-backscatter area (dotted line). A. The raw depth
for both swaths (see Fig. 4.2.A. for location). B. The raw amplitude for both swaths within a cloud
representing all amplitudes recorded during the particular multibeam line. C The incidence angle for each
beam of both swaths. D. Normalized backscatter values for both swaths.
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because of the increased acoustic impedance
affecting both the interface and volume
backscattering (Fonseca, 2001; Fonseca et al.,
2002). Fonseca et al. (2002) postulated,
however, that in shallow water (< 100 m water
depth) the interface backscatter is severely
reduced due to the decrease in sediment sound
speed. The gain in volume backscatter due to
the presence of methane bubbles is insufficient
to compensate for the loss in interface
backscatter, resulting in a net decrease in the
total backscatter response. Since the water
depth in our study area is generally less than
100 m, free gas present in the seafloor
sediments can probably be discarded as the
main factor for backscatter enhancement. This
assumption is further sustained by our raw
backscatter measurements, with differences up
to 18 dB between low- and high-backscatter
areas (Fig. 4.10.). Fonseca (2001) observed that
sub-surface gas, even in -785 m water depth,
only leads to a 4 dB and a 7 dB gain in
backscatter strength for a 95 kHz and a 30 kHz
multibeam system respectively.

Grain-size or shell-fragment distribution as
well as bioturbation can determine the acoustic
backscatter response of the seafloor (Pouliquen
and Lyons, 2002; Collier and Brown, 2005;
Lyons, 2005). Since no signs of bioturbation
were observed, bioturbation can be ruled out as
a cause for the observed backscatter patterns.
Grain-size and shell fragment distribution could
be of importance since the fraction > 50 um
consist solely of shell fragments. However, the
difference in grain-size distribution between the
cores is too small to cause the observed
differences in backscatter response.

Authigenic carbonates are known to be major
contributors to seafloor roughness and acoustic
impedance contrast in seep areas, and thus also
to acoustic backscatter intensity (Orange et al.,
2002; Johnson et al., 2003; Holland et al., 2006).
Holland et al. (2006) shows that authigenic
carbonate structures lead to a backscatter
increase of 10-15 dB above background
measurements. This is very similar to our raw
backscatter measurements, with differences of
up to 18 dB between low- and high-backscatter
areas (Fig. 4.10.). This suggests, together with
the lack of other backscatter enhancers, that for
our study area the observed authigenic
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carbonates are probably the main reason for the
high to very-high-backscatter patches.

4.5.3. Backscatter, seep distribution
and sub-surface integrative model

When disregarding the backscatter pattern
caused by the sediment dunes and the
acquisition artifacts, we can conclude from our
data, that the remaining backscatter anomalies
are mainly caused by the presence of authigenic
carbonates. Since ongoing carbonate formation
causes a self-sealing of seep sites and a
subsequent relocation of fluid pathways/seeps
we conclude that the observed seafloor
backscatter and seep distribution in our study
area can be explained by the degree of
authigenic carbonate formation (Fig. 4.11.).

Considering the formation of MDACs beneath
bacterial mats and the non-seeping of most of
these observed bacterial mats it can be
concluded that the very-high-backscatter
patches  correspond to areas  where
intense/long-lived methane seepage has
favored MDAC formation, which in turn has led
to the self-sealing of these seep areas (Figs. 4.9.
and 4.11.). Based on this, the high- and medium-
backscatter distribution can be interpreted as
representing different stages of carbonate
cementation (Fig. 4.11.). Locations with active
methane seepage and ongoing carbonate
precipitation show up as medium- to high-
backscatter areas, whereas those with
advanced, massive carbonate cementation -and
due to the self-sealing possibly lower seep
activity- are characterized by very high and
maximum backscatter values. These very-high-
backscatter areas are the result of long-lived
and/or intensive seepage which resulted in the
precipitation of massive MDACs and sometimes
in the formation of pockmarks, due to fine-
grained sediment remobilization.

On a larger scale, the filled delta channels that
control shallow gas migration and seep
occurrence (Naudts et al., 2006) also determine
the distribution of the seep-related backscatter
anomalies; areas with deep sub-surface gas
fronts and the absence of active seepage,
correspond to low-backscatter areas (Figs. 4.4.
and 4.11.). The medium- to high-backscatter
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Figure 4.11. Overview model of the supposed fluid migration in the subsurface, carbonate formation with seep
relocation and the acoustic seafloor backscatter expression. ® A. Gas-bubble release from black venting holes.
B. Bacterial-mat formation around the black venting holes. C-D. Precipitation of methane-derived authigenic
carbonates underneath bacterial mats with subsequent relocation or termination of seepage. E Semi-buried to
fully exposed methane-derived authigenic carbonate structures. F. Bacterial mats with limited gas-bubble
release and associated with chemosynthetic communities (e.g. Tunicates). All mentioned features can occur in
association with or without pockmark formation. © Acoustic seafloor backscatter expression resulting from the
seep distribution and associated features. Filled channels, blocking fluid migration, are characterized by low
backscatter values (LBS) and the absence of seeps. Locations with active seepage and ongoing authigenic
carbonate precipitation show up as medium- to high-backscatter areas (MBS), whereas those with advanced,
massive carbonate precipitation and at present less or no seep activity show up as very high to maximum

backscatter areas (VHBS).

areas only occur in between the channels,
where the sub-surface gas front reaches the
sediment-water interface and where active
seepage takes place, accompanied by bacterial-
growth authigenic  carbonate
formation, as a result of the higher methane
fluxes and the associated AOM (Fig. 4.11.).

mat and

4.6. Conclusions

The 600 active methane bubble-releasing seeps
that were detected in an area of 14.73km2 on
the continental shelf of the Dnepr paleo delta
occur systematically areas that are
characterized by a higher-than-average acoustic
backscatter response on side scan sonar and/or
multibeam echosounder recordings. Detailed

in
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spatial analysis shows that the seeps occur
preferentially in areas with medium- to high-
backscatter strength, but not in areas with very
high and maximum backscatter strength.

Visual observations made with the JAGO
submersible and OFOS video sled showed that
the high-backscatter areas are characterized by
the occurrence of bacterial mats and methane-
derived authigenic carbonates (MDACs) in the
seafloor sediments, both indicative of AOM. This
was confirmed by pore-water analyses, which
showed increasing methane, total alkalinity and
sulfide concentrations in correspondence with
decreasing sulfate concentrations and no
increase in ammonium.

Complete integration of all available data
excluded morphology, grain-size distribution
and the presence of free gas bubbles in the
shallow subsurface as possible causes for the
observed high backscatter associated with the
active seeps. Instead we conclude that the high-
backscatter values in areas with active methane
bubble release are caused by the presence of
methane-derived authigenic carbonates in the
sediment. The absence of active seeps in areas
with the highest backscatter values supports the
model proposed by Hovland (2002), in which
AOM-induced carbonate formation may lead to
(self-)sealing of fluid pathways by carbonate
clogging, followed by a relocation of the
fluid/gas pathways around the cemented,
impermeable areas. As a final point, our analysis
shows that acoustic backscatter of the seafloor
can indeed be used as a proxy —and as a rapid
mapping tool- for detecting seep provinces that
are very likely actively seeping. Furthermore,
areas with the highest backscatter values should
be excluded from backscatter-based estimations
of the total area involved in active seepage.
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CHAPTER 5

Active venting sites on the gas-hydrate-bearing
Hikurangi Margin, Off New Zealand: Diffusive-
versus bubble-released methane

Lieven Naudts, Jens Greinert, Jeffrey Poort, Joke Belza, Elke Vangampelaere, Dries Boone, Peter Linke,
Jean-Pierre Henriet, Marc De Batist

Abstract

During the ‘New Vents’ SO191 cruise in 2007, the activity and distribution of seep sites on the gas-
hydrate-bearing Hikurangi Margin, off northeastern New Zealand, were subjected to a highly detailed
interdisciplinary study. Here we report on the visual observations and in situ measurements of
physical properties performed with a ROV (remotely operated vehicle) and other video-guided
platforms at two seep sites in the Rock Garden area; Faure Site and LM-3. The ROV allowed first ever
visual observations of bubble-releasing methane seeps at the Hikurangi Margin. At Faure Site, bubble
release was monitored during 4 dives, up to periods of 20 minutes. During the first dive, this resulted
in the observation of six violent outbursts, each lasting one minute over a three minute interval.
These outbursts were accompanied by the displacement and resuspension of sediment grains, and
the formation of small depressions, with a maximum diameter of 50 cm and depth of 15 cm, showing
what is possibly an initial stage of pockmark formation. During subsequent dives at this bubble site,
bubble release rates were rather constant and the previously observed outbursts could no longer be
witnessed. At LM-3, the strongest manifestation of seep activity was a large platform (100 m?),
consisting of fresh authigenic carbonates, which was covered by seep fauna (live Bathymodiolus sp.
mussels, Calyptogena sp. shells and live Lamellibrachia sp. tubeworms). Bubble activity near this
platform was less prominent than at Faure Site. Our observations suggest that the two seep
environments result from different types of methane release; mainly by bubble release at Faure Site
and rather diffusive at LM-3. We propose a conceptual model where the different ways of methane
release and seep environments may be explained by the depth of underlying hydrate occurrences and
different tectonic histories of both seep sites.

Keywords
Methane seeps; ROV, Hikurangi Margin; seafloor observations; temperature measurements; bubble-
release activity
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5. Hikurangi Seeps: bubbles versus dissolved methane

5.1. Introduction

Gas seeps, i.e. locations of bubble release at
the seafloor, are widespread on continental
margins (Judd, 2003; Judd and Hovland, 2007).
Their presence is commonly indicated by
anomalies that are visible on different types of
acoustic data, such as seismics, single-beam or
multibeam echosounder or side-scan sonar.
(Greinert et al.,, 2006; Klaucke et al.,, 2006;
Naudts et al., 2006; Gay et al., 2007; Judd and
Hovland, 2007; Schneider von Deimling et al.,
2007; Greinert, 2008; Naudts et al., 2008). While
acoustic data are very useful to identify areas in
which seeps occur, they usually fail to pinpoint
the exact location of bubble release at the
seafloor on meter or sub-meter scale. Seeps are
often associated with distinct ecosystems with
chemosynthetic fauna (bacterial mats, clams,
tubeworms etc.) (Boetius and Suess, 2004; Judd
and Hovland, 2007). Furthermore, seeps are
often characterized by the presence of
authigenic carbonates, which are easy to
identify during near-bottom investigations, even
without bubble release during the observations
(Hovland et al., 1985; Paull et al.,, 1992;
Peckmann et al., 2001; Greinert et al., 20023;
Orange et al., 2002; Judd and Hovland, 2007;
Naudts et al., 2008). A very good method to
observe and study seeps, their activity and the
associated ecosystems is by detailed, visual,
seafloor observations in possible seep areas
indicated by acoustic investigations.

Visual seafloor observations can be made with
a towed video sled, a manned submersible or a
remotely operated vehicle (ROV). Towed video
sleds make it possible to gain a regional
overview of the seafloor features by criss-
crossing a target area (Greinert et al.,, 2002b;
Naudts et al., 2008; Sahling et al., 2008).
However, with video sleds it is not possible to
stay on position, to move within small areas, to
take samples or to perform measurements at a
certain position over longer time. Manned
submersibles have the disadvantage that they
are commonly very large and require a large
ship and specialized crew. By contrast, ROVs are
more adapted and have been used extensively
in the last decade to study seep areas (Fujikura
et al, 1999; Coleman and Ballard, 2001;
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Hovland, 2002; Orange et al., 2002; Ondréas et
al., 2005; Paull et al., 2005; Gay et al., 2006;
Sauter et al., 2006; Jerosch et al., 2007; Judd et
al., 2007; Olu-Le Roy et al., 2007; Paull et al.,
2007; Nikolovska et al., 2008).

In this paper, we present the first ever visual
observations of bubble-releasing seeps at the
Hikurangi Margin. In 2007, ROV and video-
guided deployments enabled us to precisely
locate the active methane seeps on the margin,
and to perform detailed seafloor observations,
measurements and sampling at and around the
seeps. Moreover, the use of ROV ‘GENESIS
allowed us to investigate short-term temporal
variations in seep activity, alternating from
almost complete inactivity to violent outbursts,
and to estimate bubble-release rates and
methane flow rates.

5.2. Study area

The Hikurangi Margin, on the east side of New
Zealand’s North Island, is an accretionary margin
related to the oblique subduction of the Pacific
Plate underneath the Australian Plate (Lewis et
al., 1998; Barnes et al., 2010) (Fig. 5.1.). Several
areas with methane seeps and with bottom-
simulating reflections (BSRs) visible on seismic
recordings, possibly indicating the presence of
gas hydrates, have already been described along
this margin (Katz, 1982; Townend, 1997; Henrys
et al., 2003; Pecher et al., 2004; Pecher et al.,
2005; Faure et al., 2006; Crutchley et al., 2010;
Greinert et al., 2010a).

Here, we focus on Rock Garden, which is the
southern termination of Ritchie Ridge, as our
study area on the Hikurangi Margin, (Figs. 5.1.
and 5.2.). Rock Garden is an informal name,
given by local fishermen, and refers to its rocky
seafloor (Faure et al., 2006). The origin of Rock
Garden’s flat-topped relief and its uplift is still
under debate. The uplift may be related to the
subduction of a seamount or to major
subduction-related thrust faults, perhaps in
relation to gas hydrate dissociation (Pecher et
al., 2004; Barnes et al., 2010; Ellis et al., 2010).
Gas hydrates are suspected to be present at
Rock Garden, even at shallow subsurface
depths. This is based on several BSR



observations and a calculated hydrate stability
zone (HSZ) for pure methane hydrates, starting
at water depths between 630 and 710 m
(Pecher et al., 2004; Pecher et al., 2005; Faure et
al., 2006; Crutchley et al., 2010; Hlis et al.,
2010). However, they have never been sampled
in Rock Garden, partially due to its rocky
seafloor which makes gravity coring highly
difficult. Since the water depth at Rock Garden
ranges from -579 to -1100 m, pure methane
hydrates are theoretically not stable in the
shallowest areas, as is also indicated by BSR
pinch outs towards the ridge crest (Pecher et al.,
2005; Crutchley et al.,, 2010). Seismic data
indicate the presence of shallow free gas above
the base of the gas-hydrate stability zone
(BGHSZ) (Fig. 5.2.) (Crutchley et al.,, 2010). Two
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such shallow gas occurrences in Rock Garden
are associated with the observation on
echograms of vertical acoustic anomalies rising
from the seafloor into the water column
(Crutchley et al., 2010). These anomalies are
caused by rising gas bubbles and are hereafter
referred to as "flares". These two seep sites,
here called "Faure Site" and "LM-3", are the
main targets of this study (Lewis and Marshall,
1996; Faure et al., 2006; Crutchley et al.,, 2010)
(Fig. 5.2.).

LM-3, referring to "seep site 3" as described
by Lewis and Marshall (1996), is located in the
northern part of Rock Garden (Fig. 5.2.). In 1994,
fishermen observed a flare on a fish-finder
echosounder there and retrieved live bivalves

(Bathymodiolus sp.) and a small piece
v I BSR area,
Hawke
Bay
Pacific
Plate
water depth (m)
Alin ii i?
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Figure 5.1. Location map of the Hikurangi Margin, east of New Zealand's North Island, with acquired
multibeam data (Greinert et al., 2010a) and indication of the area with observed BSRs (black dashed line) and
maijor tectonic features with the white lines indicating the deformation front (Lewis et al., 1998; Henrys et al.,
2003; Barnes et al., 2010). Outline for Fig. 5.2. is also given. Land topography is derived from Shuttle Radar
Topography Mission (SRTM) data. The bathymetry data is courtesy of NIWA.
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Water depth (m)

Faure

Figure 5.2. Multibeam bathymetry of Rock Garden (30 m grid) with indications of the known seep sites, video
tracks (black lines) and acoustic flare locations (white dots) (see Fig. 5.1. for location) (Greinert et al., 2010a).
The possible depth limit for the GHSZ is indicated by the -630 m and -710 m isobaths (Faure et al., 2006). A.
Multibeam bathymetry map of the LM-3 area with indications of ROV (red), TV-G (yellow) and OFOS tracks
(black), flares (white dots) and the track line of the echosounder and seismic recordings (a-a') (black dashed
line). Outline for Fig. 5.6. is also indicated. B. Multibeam bathymetry map of the area around Faure Site with
indications of ROV (red), TV-MUC (yellow) and OFOS video tracks (black), flares (white dots) and the track
lines of the echosounder (b-b') and seismic recording (c-c') (black dashed lines). Outline for Fig. 5.8. is also
indicated.
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5. Hikurangi Seeps: bubbles versus dissolved methane

of carbonate chimney. Subsequent sampling
resulted in the retrieval of chemosynthetic
fauna (empty vestimentiferan tubes,
Calyptogena sp. and Bathymodiolus sp. valves)
as well as the observation of an acoustic flare,
rising 250 m above the seafloor (Lewis and
Marshall, 1996).

Faure Site, referring to the seep site
discovered by Faure et al. (2006), is located in
the western part of Rock Garden (Fig. 5.2.).
During the 2004 TAN0411 survey, an acoustic
flare and a localized geochemical methane
anomaly in the water column were observed at
this site, near the scarp of a submarine landslide
(Pecher et al., 2005; Faure et al., 2006). Pecher
et al. (2005) proposed that the submarine
landslide is caused by gas-hydrate-induced ‘frost
heave’, driven by fluctuations of bottom-water
temperatures and pressures.

In 2006 during the subsequent TAN0607
survey, seismic and single-beam recordings, as
well as water sampling confirmed LM-3 and
Faure site as active seep sites (Fig. 5.2.)
(Crutchley et al., 2010; Faure et al., 2010).

5.3. Methods and data

5.3.1. Single-beam seep detection

Due to the high impedance contrast between
water and free gas, gas bubbles rising in the
water column can be acoustically detected by
means of single-beam echosounder recordings.
They show up as “acoustic flares” on echograms
(Greinert et al.,, 2006; Naudts et al., 2006;
Artemov et al., 2007). The seep locations in this
study, were determined from single-beam
echosounder records acquired during two
cruises with RV TANGAROA (TAN0607 and
TAN0616) in 2006 (Fig. 5.2.). For further
information see Greinert et al. (2010).

5.3.2. Multibeam mapping

The multibeam bathymetry and backscatter
data were acquired during the SO191 expedition
with RV SONNE in January-March 2007 (SIMRAD
EM120; 20 kHz) and during two surveys with RV
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TANGAROA (TAN0607 and TAN0616) in 2006
(SIMRAD EM300; 30 kHz) (Fig. 5.2.). Depending
on the size of the displayed area, the grid sizes
vary between 150 m to 10 m. Backscatter data
processing was done with the FMGeocoder
software from IVS3D. For further information
about the multibeam mapping see Greinert et
al. (2010).

5.3.3. Visual observations

ROV ‘GENESIS’

During the S0191-3 expedition seven dives
with ROV ‘GENESIS’ were carried out to localize,
to observe, to map and to perform
measurements at methane seeps on the
Hikurangi Margin. ROV ‘GENESIS’ is owned and
operated by RCMG-UGENT (Renard Centre of
Marine Geology - Ghent University). The main
focus was Rock Garden, with two dives at LM-3
(Lewis and Marshall, 1996) and four dives in the
vicinity of Faure Site (Faure et al., 2006). The
ROV is a sub-Atlantic CHEROKEE ROV that was
operated in TMS (Tether Management System)
mode. The TMS is a metal frame that contains
the ROV during the descent to the ocean floor
and a cable of 200 m (tether). The ROV was
equipped with a forward-looking color video
camera, a black-and-white video camera and
one backward-looking black-and-white video
camera. For object detection (e.g. bubbles) a
forward-looking ‘Super Seeking Sonar System’
(325 or 675 kHz) was used. Accurate positioning
and navigation of the ROV was achieved through
the use of an USBL (ultra-short baseline)
positioning system, consisting of a ship-
mounted IXSEA GAPS and a ROV-mounted IXSEA
transponder. The OFOP (Ocean Floor
Observation Protocol) software package was
used to navigate the ROV, store ROV parameters
and make preliminary seafloor characterization
in real time (Huetten and Greinert, 2008). OFOP
was also used for post-cruise navigation
processing, video replay and seafloor
characterization. At Faure Site, 1385 m of ROV
video tracks were recorded during 4h18 of
effective survey time. At LM-3, 2213 m of ROV
video tracks were recorded in 3h23’.
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OF0S, TV-MUC and TV-G

In addition to the video records from the ROV,
visual seafloor observations also were acquired
with an OFOS (Ocean Floor Observation System)
video sled, a TV-MUC (TV-guided multi-corer)
and a TV-G (TV-guided grab). The OFOS was
equipped with downward-looking color and
monochrome CCD (charge-coupled device)
video cameras, a 4 megapixel stills camera and a
memory CTD (conductivity-temperature-depth
sensor). The scale of the images, as well as the
height of OFOS above the seafloor, was visually
indicated by an array of three red lasers. The
distance between the two outer lasers is 20 cm.
The TV-MUC and TV-G are sediment sampling
devices that both use a camera for real-time
selection of sampling sites. Positioning and
navigation of OFOS, TV-MUC and TV-G was done
by either a SIMRAD DHT 163 system, or one of
the two IXSEA systems (POSIDONIA or a GAPS),
depending on availability during the cruise. The
OFOP software package was used in a similar
way as for the ROV dives. Mosaics of video
sequences were made with IFREMER’s ADELIE
software package.

5.3.4. Measurements of physical
properties

The ROV also was equipped with a stand-
alone memory FSI CTD, a NKE THP
(THermoProbe) temperature sensor and two
Niskin bottles. The CTD was mounted on the
ROV at ca. 50 cm from the base of the ROV,
while the THP temperature sensor was operated
using the manipulator arm in order to allow
penetration within the sediments. The
temperatures measured with the CTD and the
THP sensors have accuracies of 0.002°C and
0.007°C, respectively. Water samples from the
Niskin bottles were used to obtain dissolved
methane concentrations and 613CCH4 values

(Faure et al., 2010).

5.4. Observations and results

5.4.1. Regional seafloor observations
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5.4.1.1. Northern Rock Garden: LM-3

During OF0S-2 video survey, the northern
extent of Rock Garden was surveyed in NW-SE
direction, hereby crossing the LM-3 site (Figs.
5.2.A. and 5.3.). The seafloor is generally hard
and covered by a thin drape of bioturbated
hemipelagic sediments, alternating with soft-
sediment areas, boulders and rocky outcrops
(Figs. 5.3. and 5.4.). The seafloor on the western
flank of the NE-SW trending ridge is often
covered by deep-water coral rubble (Figs. 5.2.
and 5.4.C.). Trawl marks are visible as linear
features in areas shallower than -900 m water
depth (Fig. 5.3.). LM-3, located on the east side
of the ridge, is a very small area consisting of a
platform-like structure, composed of authigenic
carbonate rocks, within an area of softer
sediments covered by shell fragments
(Calyptogena sp.) (Figs. 5.3. and 5.4.A.-B.)
(Campbell et al.,, 2010). The area around the
platform-like structure is the only area in which
dense fields of shell fragments (Calyptogena sp.)
were observed, sometimes in association with
scattered dead bivalves (Bathymodiolus sp.)
and/or vestimentiferan tubeworms
(Lamellibrachia sp.) (Fig. 5.3.). Live
Bathymodiolus sp. bivalves were only observed
on top of the platform (Figs. 5.3.C. and 5.4.A.).
No bubble-releasing seeps were observed
during OFOS-2 survey.

5.4.1.2. Western Rock Garden: Faure Site
During OFOS-1 and OFOS-1a video surveys,
the western extent of Rock Garden was
surveyed in W-E and NE-SW directions
respectively, thereby crossing Faure Site (Figs.
5.2.B. and 5.5.). The seafloor generally consists
of bioturbated soft sediments alternating with
small buildup, platform-like features or outcrops
(Figs. 5.4D-F and 5.5.). The elevated areas are
rockier with boulders and rocky outcrops, often
in association with coral rubble (Figs. 5.4.F.-H.
and 5.5.). Calyptogena sp. shell fragments are
widespread, but no live clams or mussels were
observed. At Faure Site, the seafloor
morphology is relatively uniform with large
platform-like structures in the western part of
the investigated area. These structures are
associated with vestimentiferan tubeworms
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Figure 5.3. A. Seafloor observations along NW-SE orientated OFOS-2 track over the northern part of Rock Garden,
crossing the LM-3 site (for location see Fig. 5.2.). B. Zoom of the OFOS-2 track over the LM-3 site. C. Video mosaic
created with ADELIE software from the OFOS-2 video sequence over the LM-3 site. Video mosaic shown in C

corresponds to the track shown in B

(Lamellibrachia sp.) and sometimes with great
amounts of shell fragments (Calyptogena sp.)
(Figs. 5.4.E and 5.5.A.). This area forms the
transition to a slide scarp, with rocky outcrops
and occurrences of coral rubble and shell
fragments (Figs. 5.2, 54.H. and 5.5.A)). No
bubbling seeps were observed during OFOS-1
and OFQOS-la surveys.

5.4.2. Local seafloor observations

5.4.21. LM-3

Based on the regional reconnaissance during
OFOS-2 survey, an area was selected for local
seafloor observations during ROV-4 and ROV-5
dives, and subsequent sampling during TV-G-17
survey at LM-3 (Figs. 5.2. and 5.6.). The 10,000
m2 area surveyed with the ROV generally
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consists of bioturbated sandy sediments
covered by shell fragments (Calyptogena sp.)
surrounding the platform-like structure (Figs.
5.6. and 5.7.). The platform has an extent of 100
m2 and consists of large blocks, which form a
pavement-like structure with a distinct positive
relief (Figs. 5.6.B. and 5.7.A.-C.). The cracks in
between the large blocks are filled with live
Bathymodiolus sp. mussels, live Lamellibrachia
sp. tubeworms and some Calyptogena sp. shells.
The live Bathymodiolus sp. mussels only occur
on top of the platform, whereas Calyptogena sp.
shell hashes occur the depressions
surrounding the platform (Figs. 5.6.C.-E. and
5.7.A.-C. and 5.7.E.). Small sponges and soft-
tissue corals also cover the top of the platform
(Figs. 5.6.F. and 5.7.A-C.). The multibeam
bathymetry shows that the platform occurs on
the transition from a flat (ca. 1 %) to a steeper
(ca. 10 %) sloping seafloor (Fig. 5.6.A.). This

in
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Figure 5.4. Stills taken during the OFOS video tracks shown in Figs. 5.2., 5.3. and 5.5. as a characterization of
the seafloor in Rock Garden. A. Authigenic carbonate platform with live Bathymodiolus sp. mussels at LM-3. B.
Calyptogena sp. shell hash with some Bathymodiolus sp. mussels at the LM-3 site. The darker patch referred
to as 'rain drop site' is an area with ampheretid polychaetes (Sommer et al., 2010). C. Coral rubble. D.
Chemoherm and bioturbated soft sediments. E Presumed carbonate platform with Calyptogena sp. shells and
atubeworm from the area west of the Faure Site. F. Semi-indurated outcrops at the Faure Site. G. Boulders
H. Rocky outcrop from the slide scarp west of the Faure Site.
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Figure 5.5. A. Seafloor observations along W-E orientated OFOS-1 track over the western part of Rock
Garden, crossing Faure Site (for location see Fig. 5.2.). B. Seafloor observations along NE-SW orientated
OFOS-la track over the western part of Rock Garden, crossing Faure Site (for location see Fig. 5.2.). The

crossing point of the two tracks is indicated in A and

transition is associated with one of the major
thrust faults in Rock Garden (Fig. 5.2.) (Barnes et
al., 2010). The platform
corresponds to a patch of high-backscatter seen

location also
in the multibeam-backscatter data (Figs. 5.6.B.-
F.). During ROV-4 and TV-G-17 surveys bubble
release was observed at two sites south of this
platform, just at the border of the high-
backscatter area (Figs. 5.6.B.-F. and 5.7.E.-F.).
Between these two active seep sites and close
to a Calyptogena sp. shell hash, a peculiar
spotted micromorphology is present, referred to
as 'rain drop site' (Figs. 5.4.B. and 5.6.C.-F.). The
name 'rain drop site' refers to the characteristic
seafloor appearance of a polychaete bed
(Sommer et al.,, 2010). Sampling shows that the
seafloor sediments from this area are densely
populated by ampheretid polychaetes which

B

125

the
site

form small, crater-like depressions in
seafloor. The bubble-releasing seep
observed during ROV-4 dive is located closest to
the platform, in between Calyptogena sp. shell
hashes, and consists of a single bubble-releasing
outlet (Figs. 5.6. and 5.7.E). The seep site
observed during TV-G-17 survey is located
further away from the platform and consists of 5
different bubble-releasing outlets. Here bubbles
are released from sandy sediments covered by a
small amount of shell fragments (Figs. 5.6. and
5.7.F.). These observations agree with the
general perception that the seafloor further
away from the platform is covered with smaller
amounts of shell fragments (Calyptogena sp.).
At about 100 m from the platform, the seafloor
also changes from soft and sandy to hard and
sediment-starved. Within the soft sandy area,
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Figure 5.6. Seafloor observation maps at the LM-3 site. A. Multibeam bathymetry map with the ROV, OFOS
and TV-G tracks. B. Sediment-type distribution. C. Bathymodiolus sp. distribution within the fauna distribution
D. Calyptogena sp. shell hash distribution within the fauna distribution. E Lamellibrachia sp. distribution
within the fauna distribution. F. Distribution of sponges and soft tissue corals within the fauna distribution. B-

F have multibeam backscatter as background.

several large depressions occur (dm-scale),
which clearly differ from the small holes (cm-
scale) generally attributed to bioturbation (see
difference between Figs. 54.D. and 5.7.D.).
These large depressions are often accompanied
by small hills, giving a hummocky appearance to
the seafloor. No bubble release was observed
from these depressions at LM-3.
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5.4.2.2. Faure Site

Based on Faure et al. (2006) and the single-
beam seep detection performed during the
TANO607 cruise in 2006, the Faure Site was
studied during the ROV-2, ROV-3, ROV-6 and
ROV-7 dives. The first dive (ROV-2) resulted in
the first ever visual observation of bubble-
releasing seeps at the Hikurangi Margin and in



the subsequent ROV, TV-MUC and lander
deployments (Figs. 5.8. and 5.9.). The 20,000 m2
area surveyed with the ROV generally consists of
bioturbated sandy sediments alternating with
strongly eroded outcrops (Figs. 5.8.B. and 5.9.A.-
C.). These outcrops stand a couple of decimeters

bubbl

bubbles
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in relief and are semi-indurated, which made it
impossible to sample them with the ROV's claw,
and to determine their nature (Figs. 5.9.A.-B.).
Shallow subsurface presence of the rock
formations was confirmed by the observations
made during ROV-6, which showed that the

bubbles

venting hole

Figure 5.7. Stills taken from ROV-4, ROV-5 and TV-G-17 deployments at LM-3. A. Side view of the authigenic
carbonate platform surrounded by a Calyptogena sp. hash. B. Top of the carbonate platform with live
Bathymodiolus sp. mussels. C. Side view of the carbonate platform with abundant Lamellibrachia sp.
tubeworms. D. One of the multiple depressions/bioturbations observed at LM-3. E Bubbling seep observed in-
between shell hashes during ROV-4. F. Bubbling seep observed during TV-G-17.
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Figure 5.8. Seafloor observation maps at Faure Site with multibeam bathymetry (A and C) or backscatter (B) as
background. A. Overview of the BIGO-04 and FLUFO-04 lander positions and ROV, OFCS and TV-MUC tracks. B.
Sediment-type distribution. C. Fauna distribution.
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FLUFO-04

bubbles

venting hole

Figure 5.9. Stills taken from ROV deployments at Faure Site. A. Side view of a strongly eroded outcrop. B.
Close-up of the transition between the bioturbated sandy sediments and the outcrop shown in Fig. 5.9A. C.
Bioturbated sandy sediments with depression-hill morphology. D. BIGO-04 lander visited during ROV-6 dive
with in front bubble-releasing seeps. E Alignment of bubble-releasing outlets at a 'rain drop site'. F. Bottom-
water sampling at one of the active seeps seen in Fig. 5.9.E

sediment chambers from both landers were
only able to penetrate 11 cm into the sediment
causing both landers to be tilted (Fig. 5.9.D.)
(Linke et al., 2010). But again no rock samples
could be taken for analysis. The depression-and-
hill morphology, as seen at LM-3, is also very
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common at Faure Site (Figs. 5.9.A.-C.). Shell
fragments (Calyptogena sp.) are not widespread
but are abundant around the active seep sites
(red dots in Fig. 5.8.) and in the area west of this
site (Fig. 5.8.C.). Sessile fauna (corals, sponges)
are abundant just east of the seep sites, at
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locations with boulders or rock debris. During all
three ROV dives, bubble-releasing seeps were
observed at Faure Site. The two main seep
areas, ca. 20 m apart, were characterized by the
occurrence of ampheretid polychaetes (‘rain
drop sites’) and Calyptogena sp. shell fragments
(Figs. 5.8.C. and 5.9.D.-F.). Bubble release occurs
from differently sized depressions which are
often aligned in NW-SE direction; the largest
depression observed, was 50 cm in diameter
and 15 cm deep (Figs. 5.10.C.-D.). Observations
made during ROV-2 and ROV-7 clearly show that
these depressions are formed by the often
violent release of bubbles. These bubbles
entrain sediment particles, which then get
carried away by the water currents, creating the
depressions and a sediment outfall away from
the venting holes (Figs. 5.9.E. and 5.10.C.-D.). No
active seeps were observed during the ROV-3
dive within the area near the top of the slide
scarp where abundant flares were observed on
echosounder recordings obtained during the
TANO616 cruise in 2006 (Fig. 5.2.B.).
Nevertheless, the seafloor in this area is
characterized by the widespread occurrence of
platform-like  structures or outcrops of
presumably carbonate rocks, which are
sometimes covered by Calyptogena sp. shell
fragments and Lamellibrachia sp. tubeworms
(Fig. 5.4.E.).

5.4.2.3. Methane bubble-release rates
Based on ROV video observations, we
estimate the amount of methane released by
bubbles at the different seep sites. At LM-3, the
observation time was too short to approximate
the size and the amount of the released
bubbles. At Faure Site, 39 different bubbling
seeps/outlets could be observed in detail for up
to 20 minutes per observation. These seeps are
arranged in three main seep clusters located in
two seep areas 20 m apart (red dots in Figs.
5.8.B.-C. and 5.10.E.). During ROV-2 dive, bubble
release was observed from 13 outlets in five
depressions over a period of 20'39” (Fig. 5.10.).
During this period, bubble-release rates and
bubble sizes were highly variable over time and
space, with periods of low activity (i.e. 16
bubbles per second for bubbles of 6 mm
diameter), alternating with periods of violent
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outburst (i.e. up to 190 bubbles per second for
bubbles of 9 mm diameter) (Fig. 5.10.). In total,
six outbursts were observed, each starting
violently and diminishing after 43 to 89 seconds
(Fig. 5.10.). Periods between the outbursts
varied from 125 to 159 seconds. During one of
the outbursts seen in the ROV-2 dive (lasting 43
seconds with bubbles of 9 mm diameter), an in
situ flow rate of 2.424 liter per minute was
estimated, corresponding to a mole flow rate of
7.019 mol of methane per minute, for in situ
conditions of 7°C and 67.45 bar (Fig. 5.10.).
During the following period of low activity (6
mm bubble), the flow rate was 0.163 liter per
minute, corresponding to 0.473 mol of methane
per minute. During the ROV-6 dive, the latter
seep cluster at Faure Site was revisited, i.e.
southern seep area near FLUFO-4 (Figs. 5.8. and
5.9.). However, no outbursts were observed
during this dive, only changes in bubble-release
rates and patterns over a period of 16’54” (Figs.
5.10. ROV-6B and ROV-6B’). Within this period,
bubble rates were constant for at least 9'26” at
ca. 5 Hz (two outlets), changing to ca. 22 Hz for
6'14” (three outlets), before returning to 5 Hz
(one outlet). Within the southern seep area a
new seep cluster, consisting of three outlets,
was found 5 m north of the previous cluster
which was bubbling constantly during the 22’'57”
of observation (Figs. 5.8., 5.9.D. and 5.10. ROV-
6A). During ROV-7, more than 23 bubbling seeps
were observed in one seep cluster, which
constituted a new seep area 20 m to the north
of the seep area observed during ROV-2 and
ROV-6 (Fig. 5.10.E.). During a THP sediment-
temperature measurement at a ‘rain drop site’,
no bubbles were observed during 5’'24”.
Hereafter bubble release started and intensified
from one outlet to over 23 outlets with
increasing bubble rates and sizes (Figs. 5.9.E.-F.,
Figs. 5.10. ROV-7A and ROV-7A’). Overall bubble
release from single outlets displayed a variety of
patterns, from constant single-bubble trains
over dual or triple bubble release, to multiple
bubble release during outbursts. The bubble
patterns not only changed during the period of
observation, but could be different for two
outlets in the same cluster, even if the outlets
were only a few centimeters apart.



5. Hikurangi Seeps: bubbles versus dissolved methane

200

ROV dive location  bubble diameter (mm)

ROV-6A
ROV-6B
ROV-6B'
o 1 1 1 1 1 B
0 20 40 60 80 100 120 140
time (s)
ROV-7 = 200
180 3
o
®
160 a
§
140 ¢
®
M20 9
ROV-6 100 i-
ROV-2
ROV-6B Sy §
ROV-8B i
.60 Si
= 40
6 mm
20
ROV-2
.0
140
time (s)

Figure 5.10. A. Bubble-release rates at Faure Site observed during the different ROV dives. The assumed
bubble size is also indicated between brackets. B. Flow rates and mole flow rates estimated for methane
bubbles and based on bubble sizes and release rates given in Fig. 5.10A. Flow rate and mole flow rate (for
methane) based on the bubble sizes and release rates given in A. During ROV-2 dive, bubbles sizes were ca. 9
mm and 6 mm, during the outbursts and the regular periods respectively. C. Still from ROV-2 during an
outburst. D. Still from ROV-2 during a regular period. E Schematic map showing the dive tracks, seep locations
(red dots) and the locations of seep observation.
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Figure 5.11. Bottom-water and sediment temperature measured during ROV-5 at LM-3. Stills A to Fshow the
different locations where sediment temperatures were measured with the ROV-mounted THP sensor. A-A'.
Top of the platform, in a live Bathymodiolus sp. bed. B. Sandy seafloor with Calyptogena sp. shell fragments.
C. Depression with a depth of ca. 20 cm. D. Dark reduced sediment on a hill feature. E Calyptogena sp. shell
hash F. A 'Rain drop site' with ampheretid polychaetes (Sommer et al., 2010). This location was characterized
by a negative sediment-temperature anomaly (see graph Fig. 5.11.).

5.4.3. Thermal measurements

Bottom-water and sediment temperature
measurements were performed with a ROV-
mounted CTD and THP sensor during the ROV-5,
ROV-6 and ROV-7 dives. At Faure Site, during
ROV-6 and ROV-7, temperatures at the seafloor
fluctuated between 6.814°C and 6.909°C and

between 7.170°C and 7.120°C, respectively, for
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water depths of ca. -663 m (ROV depth at the
seafloor). At LM-3, temperatures ranged from
6.437°C to 6.598°C at ca. -915 m water depth
(ROV depth at the seafloor). These temperature
fluctuations were long-term (i.e. 0.5-1.5 hour)
and appeared to be unrelated to the location

and/or movement of the ROV (Fig. 5.11.).
Moreover, there was little or no difference
between the bottom-water temperatures

measured with the CTD and the sediment
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temperatures measured with the THP sensor
(Fig. 5.11.). It was only during ROV-5 dive, at a
‘rain drop site’ at LM-3, that a negative
sediment-temperature anomaly of ca. 0.05°C
was measured in comparison with near-bottom
water temperature recorded with the CTD (Fig.
5.11.). This difference in temperature is much
larger than the CTD’s and THP’s accuracies,
0.002°C and 0.007°C respectively.

5.5. Discussion

5.5.1. Differences in
environment: diffusive
bubble-released methane

seep
versus

Based on our visual observations, Faure Site
and LM-3 seem to portray different seep
environments and distinct past/current seep

activity; nevertheless they also bear some
resemblances. Both seep areas are local
features, where bubble release occurs in

bioturbated sandy sediments covered by dead
Calyptogena sp. shells, and both are associated
with ampheretid polychaetes near the bubble-
releasing locations (Sommer et al., 2010) (Figs.
5.3.-5.11.). The seafloor at the LM-3 strongly
differs from the rocky environment generally
observed in the Northern Rock Garden area,
whereas Faure Site rather blends in with the
Western Rock Garden surroundings (Figs. 5.3.
and 5.5.).

The major differences between both seep
environments are:
the presence of a relatively large (100
m°) platform-like structure composed of
methane-derived carbonate (Campbell
et al, 2010) associated with live
methane-related megafauna
(Bathymodiolus sp. mussels and
Lamellibrachia sp. tubeworms) and
seemingly marginal bubble release at
LM-3 (Figs. 5.3.,5.6. and 5.7.);

a very prominent bubble release, the
absence of live methane-related
megafauna and the presence of semi-
indurated and strongly
bioturbated/eroded outcrops at Faure
Site (Figs. 5.5., 5.8. and 5.9.).
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Based on these observations, we suggest that
the differences observed between the two seep
environments result from different methane
release mechanisms: diffusive at LM-3 and
mainly by bubble release at Faure Site.

The strong diffusive methane supply at LM-3 is
clear from the presence of Bathymodiolus sp.
mussels and Lamellibrachia sp. tubeworms,
which are symbiont-bearing megafauna that
strongly depend on a supply of dissolved
methane or related sulfide (Brooks et al., 1987;
Cary et al., 1988; Van Dover et al., 2003; Olu-Le
Roy et al., 2004; Gay et al., 2006; Thurber et al.,
2010). As this megafauna is located on a
platform-like structure of methane-derived
carbonate, which results from anaerobic
oxidation of dissolved methane (AOM])
(Campbell et al.,, 2010), a long-term, strong,
diffusive input of methane into the seafloor
sediments at LM-3 can be inferred (Hovland et
al., 1985; Paull et al., 1992; Peckmann et al.,,
2001; Greinert et al., 2002a; Orange et al., 2002;
Johnson et al., 2003; Pape et al., 2005; Mazzini
et al.,, 2006; Judd and Hovland, 2007). This
inference is sustained by the very high methane
concentrations of 16542 nM, measured in water
samples collected by the ROV ca. 50 cm above a
field of live Bathymodiolus sp. mussels at the
top of the carbonate platform (Faure et al.,
2010). The concentric arrangement of the
different habitats in this seep site, with high
methane concentration and methane-
depending megafauna surrounded by sulfide-
depending megafauna, is very similar to seep
areas observed in e.g. the Lower Congo Basin
(Fig. 5.6) (Gay et al., 2006).

At Faure Site, visual observations have shown
that bubble release is the dominant, albeit
highly variable, methane-releasing process. The
absence of fresh authigenic carbonate
structures with live, methane-related
megafauna also points to a bubble-release-
controlled fluid system with very limited
diffusive methane venting. The dominance of
the bubble-transport mechanism is further
sustained by high dissolved methane
concentrations (up to 3500 nM) taken at ca. 10
m above the seafloor (Faure et al., 2010). These
are the highest concentrations for all water
samples taken from CTD casts at the Hikurangi
Margin. These high methane concentrations so
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high in the water column can only be achieved
through methane bubble release, as dissolved
methane would most likely be consumed very
effectively in the shallow seafloor sediments and
bottom waters by anaerobic and aerobic
oxidation (Boetius et al., 2000; Boetius and
Suess, 2004; Sommer et al., 2006).

The presence of such a ‘benthic filter’ for the
transfer of dissolved methane from the
sediments and bottom waters to the water
column is very clear at LM-3. It explains the
discrepancy between the very high methane
concentrations of 16542 nM, obtained from
water samples collected by the ROV just above
the seafloor and the ‘low’ methane
concentration of maximum 90 nM, measured in
water samples taken during CTD casts only a few
meters above the seafloor (Faure et al., 2010).
This pattern again indicates that methane
release at LM-3 is mainly diffusive and release of
methane by bubbles is rather insignificant.

The discussed difference in type of methane
release between LM-3 and Faure Site, diffusive-
versus bubble-released methane respectively,
does not seem to influence the presence of
ampheretid polychaetes (‘rain drop sites’) and
suberitid sponges, which are live, seep-related
fauna found at both seep sites (Campbell et al.,
2010; Sommer et al., 2010; Thurber et al., 2010).
The heterotrophic polychaetes mainly depend
on aerobic oxidation of methane (AeOM) and do
not seem to depend on strong AOM. The
ampheretid polychaete beds together with the
suberitid sponges seem to act as ecosystem
engineers, which facilitate the transition from a
soft sediment environment with mainly bubble
release to a hard substrate seep environment
with associated fauna where AOM and diffusive
methane transport prevail (Sommer et al., 2010;
Thurber et al., 2010).

The transport by large amounts of deep-
derived fluids seems negligible at both sites
since the sediment temperatures measurements
were always comparable with the near-bottom
water temperatures. At one ‘rain drop site’ at
LM-3, a negative sediment temperature
anomaly was measured. Colder sediment
temperature in comparison with the near-
bottom water temperature is opposite to what
is expected at seepage sites. The negative
temperature anomaly can be explained as a
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remnant of cold water infiltration induced by
earlier gas bubble release through a process of
recharge, as discussed by Poort et al. (2007).
This could be plausible, since near-bottom water
temperatures were indeed similar or colder in
comparison to the anomalous sediment
temperature measurements, ca. 40 minutes
before the anomalous measurement (Fig. 5.11.).
The fact that this temperature anomaly was
observed at a ‘rain drop site’ (and not in nearby
measurements) suggests a relation with this
specific habitat (Fig. 5.11.) (Sommer et al,
2010). However, no temperature anomalies
were observed at other ‘rain drop sites’ at Faure
Site during ROV-6 and ROV-7. It is unclear
whether the absence of such a negative
sediment-temperature anomaly at the ‘rain
drop sites’ at Faure Site could be related to
differences in  bubble-release rates in
comparison with LM-3.

5.5.2. Temporal variations in bubble-
release activity

Previous studies of bubble-release activity in
seep areas have shown that bubble release is
highly variable, both in space and in time (Table
5.1) (Torres et al., 2002; Leifer and MacDonald,
2003; Greinert et al., 2006; Sauter et al., 2006;
Nikolovska et al., 2008; Greinert et al., 2010b).
Our ROV observations at the Hikurangi Margin
confirm this general observation. During the
three ROV dives at Faure Site, bubble release
from three seep clusters was visually monitored
over a total time of 80’31”. Estimated bubble
rates from single outlets ranged from 5 to 190
bubbles per second with bubble sizes ranging
from 5 mm to over 15 mm. This results in
average flow rates of 0.018 to 2.424 liter of
methane per minute, which corresponds to
mole flow rates of 0.053 to 7.019 mol per
minute at in situ conditions of 7°C and 67.45 bar
(Table 5.1.). These values are comparable to
published data from other seeps around the
world (Table 5.1.), although our bubble-size
estimations were only based on ROV video
footage. Compared to these other sites, the vent
site monitored during ROV-2, ROV-6B and ROV-
6B’ dives at Faure Site can be regarded



Bubble-release rate

Location Seep cluster

(Hz)

Pacific Ocean
Rock Garden
Faure Site

ROV-2 24

Pacific Ocean
Rock Garden
Faure Site

ROV-2 106

Pacific Ocean
Rock Garden
Faure Site

ROV-6A 20

Pacific Ocean
Rock Garden
Faure Site

ROV-6B 5

Pacific Ocean
Rock Garden
Faure Site

ROV-6B' 22

Pacific Ocean
Rock Garden
Faure Site

ROV-7A 32

Pacific Ocean
Rock Garden
Faure Site

ROV-7A' 20

Black Sea,
Dnepr paleo delta
(Greinertet al., 2010b)

shelf 36

Black Sea,
Kobuleti Ridge
(Nikolovska et al., 2008)

Batumi seep Not stated

Gulf of Mexico

) Bush Hill
(Leifer and MacDonald, 2003)

Not stated

Atlantic Ocean
Hakon Mosby Mud Volcano north of center

(Sauter et al., 2006)

(558)

Pacific Ocean
Hydrate Ridge
(Torres et al., 2002)

northern summit Not stated

Table 5.1.
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Bubble size
(mm)

Flow rate per outlet
(I/minute)

Mole flow rate per outlet

(mol/minute) Outlets

6 0.163 0.473 7

9 2.424 7.019

5 0.078 0.227 3

5 0.018 0.053 1

5 0.084 0.242 2

5 0.125 0.361 >23

2.152 6.232 >23

0.033-0.0864 0.03 2709

2-5 0.01-5.5 0.037-20.5

1-20 0.213-1.32 0.453-3.192 2

1-10 (0.64-2.85) 4.8-21.6 3

Not stated (2.616- 13.079)

Overview of average bubble-release rates, flow rates and mole flow rates (CH4) of seeps observed at Rock Garden
(this study) in comparison with published data from seeps around the world. Values in between brackets are
calculated based on provided data and where needed, the SiBu-GUI was used to calculate (mole) flow rates

(Greinert and McGinnis, 2009).

as the most variable one, portraying fluxes that
differ up to two orders of magnitude. The
differences seep sites
elsewhere, as shown in Table 1, are related to

in seep activity for

observations of several seep clusters/sites or are
estimation boundaries. The changing bubble-
release activity seen during ROV-2 dive can be
attributed to different controls over different
time scales, from seconds to days. We suggest,
that the long-term changes in bubble-release
activity, i.e. from periods without outburst (e.g.
ROV-6B and ROV-6B') to periods with outbursts
(ROV-2 dive), are probably related to external
pressure changes (e.g. tides and changes in
current directions) (Boles et al., 2001; Torres et
al.,, 2002; Newman et al., 2008; Linke et al.,

2010). Linke et al. (2010) confirms the
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correlation between flare observations and tides
at the Hikurangi Margin. For the short-term
changes (e.g. alternation between outburst and
low activity as seen during the ROV-2 dive) we

suggest an relationship to internal pressure
changes during the filling of a shallow
subsurface reservoir that creates an

overpressure situation leading to the observed
outbursts (Leifer et al.,, 2004). The outbursts
depressurize the seep system, so the
pressure/reservoir can build/fill up again. The
regularity of the outbursts/bubble release
indicates that over a certain time the seep
system (internal configuration, external pressure
and gas supply) does not change. Changes in
bubble-release rates (ROV-6B to ROV-6B') and
bubble sizes (ROV-7A to ROV-7A') are probably
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caused by changes in gas supply, rather than
pressure changes (Leifer et al., 2004). Based on
our observations, we could not substantiate
whether the three seep clusters observed at
Faure Site belong to one gas reservoir or are two
or three separated systems. Changes in the
outlet geometry, like the observed pockmark
formation, could also affect bubble sizes and
release rates, but this could not be confirmed or
disproved by our observations. Whether the
depression-and-hill morphology, as seen at both
Faure Site and LM-3, results in all cases from
bubble release is doubtful (Figs. 5.7.D. and
5.9.C.). In most cases, they are probably
burrows made by crabs or fish (Gerino et al.,
1995).

5.5.3. An integrative seep model

The different aspects of Faure Site and LM-3
probably results from different methane release
mechanisms; bubbles versus diffusive fluid flow
respectively (see 5.5.1.). To explain what causes
these differences in gas release, we propose an
integrative model, taking into account the water
depth, the depth of the BGHSZ and the observed
seafloor features (morphology, fauna,
authigenic carbonates, bubble release, etc.) (Fig.
5.12.).

The strong bubble release and the observed
seep environment at Faure Site is a result of
water depth (-659 m) and the related shallow
subsurface depth of the BGHSZ/BSR (<35 m)
(Fig. 5.2.c-c’). High gas concentrations present
below the shallow BGHSZ allow gas (free and
dissolved) to migrate towards the seafloor
surface rather easily, resulting in the observed
gas venting (Fig. 5.2.c-¢’ and 5.12.). Crutchley et
al. (2010) suggests that gas migrates along
relatively permeable sedimentary layers (Fig.
5.12.). Free gas is assumed to be able to migrate
in the GHSZ along gas-hydrate-coated veins that
prevent additional hydrate formation due to
limitation of water availability (Pecher et al.,,
2010). The migration of warmer or saline fluids
will also favor free gas transport within the
GHSZ (Ginsburg and Soloviev, 1997; Wood et al.,
2002; Liu and Flemings, 2006). However, our
observations and measurements (CTD and THP)
do not point to migration of warmer or saline
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fluids to the seafloor. Furthermore, salt layers in
the subsurface of Rock Garden are unlikely.

LM-3 is located at a greater depth of -908 m.
Together with the prevailing temperature, this
situation results in a deeper subsurface depth of
the BGHSZ/BSR of ca. 300 m (Fig. 5.2. a-a’ and
5.12.) (Crutchley et al., 2010). Therefore a
seemingly direct supply of free gas from
beneath the BGHSZ towards the seafloor, as
suggested for Faure Site, is significantly less
likely. The free gas close to the seafloor was
seismically detected in the GHSZ and is imaged
as being ‘spread out’ . This pattern points to a
lesser and not so intense focusing of the gas-
charged fluids, and thus results in a more
diffusive methane release at the seabed
associated with authigenic carbonates, seep-
related fauna and modest bubble release at LM-
3. The modest bubble release at LM-3 does not
counter this proposed model. The enhanced
precipitation of methane-derived carbonates
associated with AOM leads to both self-sealing

of the LM-3 seep site and to methane
accumulation underneath. When gas
concentrations increase and reach

supersaturation, bubbles can form and be
released into the water column (Boudreau et al.,
2001). The methane-driven carbonate
cementation at the seafloor causes relocation of
the actual bubble-releasing sites (Hovland, 2002;
Naudts et al., 2008). This is indicated by the
observed locations of the bubble release from
sandy sediments away from the carbonate
platform, just at the border of the high-
backscatter area (Fig. 5.6.). The self-sealing
process is not complete, since a live methane-
related megafauna is still present on the
carbonate platform, and high methane
concentrations were measured just above this
site. Nevertheless, the self-sealing is already at
an advanced stage, explaining the absence of
live Calyptogena sp. The large amount of
disarticulated Calyptogena sp. shells and the
formation of the extensive carbonate platform
(100 m?), however, do indicate that dissolved
methane supply was high in the past and AOM
was important during an early stage of the self-
sealing process. We conclude that the seep site
at LM-3, which is mainly diffusive at present, is
relatively old in comparison with the seep site at
Faure Site.
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A. Faure Site

{659 m water depth) riss. [CHj
migration
along layers.
carbonate
platform
ampheretid
dissolved gas 1 polychaetes
) ) ) Lamellibrachia sp.
1o free gas fff tubeworms
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Figure 5.12. Proposed seep model for Faure Site and LM-3 to explain the differences in methane-releasing
mechanism (bubble versus diffusive) and resulting seep environments based on difference in depth,
subsurface depth of the BGHSZ/BSR and observed seafloor features.
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The “evolution” of Faure Site seems to be
more complicated and therefore implies more
speculation in our interpretation. At present,
bubble release is certainly the main, but
probably a relatively recent, methane-releasing
mechanism (see 5.5.1). The presence of
disarticulated Calyptogena sp. shells indicates
that diffusive methane supply was more
important in the past. This is also indicated by
the presence of possible methane-derived
carbonates and dead seep fauna in the area
west of Faure Site, near the scarp of the
submarine landslide (Figs. 5.2., 5.4.E. and
5.5.A.). We speculate that this change in
methane-release mechanism can be explained
in the context of the tectonic uplift of Rock
Garden as the result of a subducting seamount
(Pecher et al., 2005; Barnes et al., 2010; Ellis et
al., 2010). The uplift of Rock Garden modified
the depth of the GHSZ resulting in 1) a shallower
BGHSZ and 2) more focused methane fluxes and
3) enhanced seafloor destabilization (Ellis et al.,
2010). The latter is reflected in the large
submarine landslide near Faure Site (Fig. 5.2.)
(Pecher et al., 2005; Faure et al.,, 2006). The
associated occurrence of submarine landslides,
shallow gas and seeps, whether or not in
relation with gas hydrates, is a common feature
at continental margins worldwide (Orange and
Breen, 1992; Orange et al., 1997; Bouriak et al.,
2000; Eichhubl et al., 2000; Biinz et al., 2005;
Naudts et al., 2006). The close relation between
seeps and scarps of submarine landslides can be
explained by steepened pore-pressure gradients
adjacent to scarps due to sudden erosion
associated with slumping, and the resulting
focusing of fluids towards the scarp areas
(Orange et al.,, 1997; Naudts et al., 2006). The
combination of tectonic uplift implying a
shallower BGHSZ with a submarine landslide
might have caused the change in methane
release mechanism at Faure Site, from more
diffusive in the past to bubble-release
dominated at present.

5.6. Conclusions

ROV observations at Rock Garden allowed the
first ever visual observation of bubble-releasing
seeps at the Hikurangi Margin, and this at two
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sites; Faure Site and LM-3. The two seep areas
portray different seep environments resulting
from different types of methane release; mainly
by bubble release at Faure Site and by diffusive
release at LM-3. At Faure Site, bubble sizes (5-15
mm) and bubble-release rates (5-190 Hz) varied
within minutes to hours, leading to variations in
average mole flow rates per outlet of 0.018-
7.019 mol of methane per minute. This is
comparable with published data from bubble-
releasing seeps around the world. Ampheretid
polychaetes and suberitid sponges were the
only live methane-related fauna observed at
Faure Site. These organisms are ecosystem
engineers facilitating the transition from a soft
sediment environment with mainly bubble
release to a hard substrate seep environment
with associated fauna where AOM and diffusive
methane transport prevail (Sommer et al., 2010;
Thurber et al., 2010).

At LM-3, seep activity was confirmed by the
occurrence  of a large methane-derived
carbonate platform (100 m?) covered with live
seep-related mega fauna (Bathymodiolus sp.
mussels and Lamellibrachia sp. tubeworms).
Bubble release at LM-3 was rather modest, but
was also associated with similar ecosystem-
engineering fauna as observed at Faure Site.
Based on the integration of all observations, a
conceptual seep model is proposed that explains
the differences in methane-releasing
mechanisms and resulting seep environments
based on differences in the depth of the BGHSZ
and the different tectonic histories of the seep
areas.
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CHAPTER 6

Stratigraphic and structural controls on the
location of active methane seeps on Posolsky
Bank, Lake Baikal

Lieven Naudts, Oleg Khlystov, Nick Granin, Alexander Chensky, Jeffrey Poort, Marc De Batist

Abstract

The distribution and origin of shallow gas seeps occurring at the crest of the Posolsky Bank in Lake
Baikal have been studied based on the integration of detailed seismic, multibeam and hydro-acoustic
water-column investigations. In total 65 acoustic flares, indicating gas-bubble release at the lake floor
(seepage), have been detected within the 630 km?” area of the Posolsky Bank. All seeps are located on
the Posolsky Fault scarp near the crest of the Posolsky Bank or on similar locations in water depths of
-43 m to -332 m. Lake Baikal is the only fresh-water basin in the world where gas hydrates have been
inferred from BSRs on seismic data and have been sampled. Our seismic data also portray BSRs
occurring up to water depths of -300 m, which is much shallower than the previously reported -500 m
water depth. Calculations for hydrate stability, heat flow and topographic effect based on the BSR
occurrence and multibeam bathymetry allowed the determination of a methane-ethane gas mixture
and heat-flow values wherefore gas hydrates could be stable in the lake sediments at the given
ambient conditions. None of the seeps associated with the Posolsky Bank have been detected within
this newly established gas-hydrate stability zone. Our observations and data integration suggest that
the seeps at the crest of Posolsky Bank occur where gas-bearing strata are cut off by the Posolsky
Fault. These gas-bearing layers could be traced down the Posolsky Bank to below the base of the gas-
hydrate stability zone (BGHSZ), suggesting that the detected seeps on the crest of the Posolsky Bank
are mainly fed by gas coming from below the BGHSZ.

Keywords
Methane seeps; flares; seismic reflection data; multibeam; gas-hydrate stability; Posolsky Bank; Lake
Baikal
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6. Baikal seeps

6.1. Introduction

Active methane seeps occur worldwide in the
marine environment especially at continental
margins, and often in association with gas
hydrates (Judd, 2003; Judd and Hovland, 2007).
Scientific interest in the relationship between
gas hydrates and methane seeps is mostly
motivated by the understanding that gas
hydrates can act either as: i) buffers, sealing off
the upward migration of methane and
preventing gas-bubble release in the water
column (Naudts et al.,, 2006; Haacke et al.,,
2007); ii) sources for methane fluid flow within
the sediment and seepage into the water
column (Suess et al.,, 1999; Reeburgh et al,,
2006) and iii) sinks for methane present in the
gas-hydrate stability zone (GHSZ) (Henriet and
Mienert, 1998). While gas hydrates are
widespread in the marine environment, their
presence has up to now been demonstrated in
only one fresh-water lacustrine setting, i.e. Lake
Baikal (Golmshtok et al, 2000). In this
tectonically active rift lake, gas hydrates are
present in the deeper subsurface and as near-
bottom accumulations in mud-volcano-like
structures (Klerkx et al., 2006). The gas hydrates
in the deeper subsurface have been proposed as
the main source of the methane that is being
released at the mud volcano structures and that
crosses the GHSZ along active faults (De Batist et
al., 2002; Van Rensbergen et al., 2002; Vanneste
et al., 2002). Apart from the methane release at
the mud volcanoes in the deep parts of Lake
Baikal (i.e. within the GHSZ), seepage also occurs
outside of the GHSZ (Granin and Granina, 2002;
Granin et al., in press). The sources and controls
on these shallow seeps are, however, still poorly
understood. This study focuses on one of these
shallow seepage areas outside the GHSZ (i.e. on
the Posolsky Bank) and tries to explain the
source and distribution of shallow methane-
bubble release.

6.2. Study area

Lake Baikal, located in South-Central Siberia, is
the deepest lake in the world (1637 m) (Galaziy,
1993; Naudts et al.,, submitted) (Fig. 6.1.). It
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contains 20% of the worlds fresh liquid surface
water (23000 km®) (Galaziy, 1993). The lake
occupies 3 basins within the Baikal Rift Zone
(BRZ): the North Baikal Basin (NBB), the Central
Baikal Basin (CBB) and the South Baikal Basin

(SBB) (Fig. 6.1.). These three basins are
separated by two structural highs: the
Academician Ridge Accommodation Zone

(ARAZ), between the NBB and the CBB, and the
Selenga Delta Accommodation Zone (SDAZ)
between the CBB and the SBB. Up to now, Lake
Baikal is the only fresh-water basin in the world
in which gas hydrates have been both inferred
and sampled. Hydrates are present both as
“deep hydrates” which occur in the subsurface
at relatively large sediments depths, and as
“shallow hydrates”, which occur near the lake
floor. The presence of the deep hydrates was
inferred based on the observation of distinct
bottom-simulating reflections (BSRs) on multi-
channel reflection seismic recordings
(Hutchinson et al., 1991; Golmshtok et al., 1997)
(Fig. 6.1.). BSRs have been observed in an area
that exceeds 4000 km* covering the slope of the
Selenga River Delta and adjacent CBB and SBB
lake floors in water depths exceeding -500 m
(Fig. 6.1.) (Golmshtok et al., 2000; Vanneste et
al., 2001; De Batist et al., 2002). In the SBB,
hydrates were retrieved at -121 and -161 m
subbottom depth during the Baikal Drilling
Project (BDP-97) (Williams et al., 2001) (Fig.
6.1.). Geochemical analyses showed that the gas
hydrates consist of microbial methane ((Sl?’CCH4

between -58 and -68 %o) (Kuzmin et al., 1998;
Kuzmin et al., 2000). Since 2000, shallow gas
hydrates have been retrieved from several mud
volcanoes in the SBB and CBB (Klerkx et al.,
2003; Matveeva et al., 2003; Kalmychkov et al.,
2006; Khlystov, 2006; Kida et al., 2006; Klerkx et
al., 2006; Krylov et al.,, 2008a; Krylov et al.,
2008b; Hachikubo et al., 2009; Poort et al,,
submitted) (Fig. 6.1.). The discovery of these
gas-hydrate-bearing mud volcanoes was based
on the observations of anomalous shallow BSRs
which dome up towards the lake floor, instead
of simulating the lake bottom (Vanneste et al.,
2001; De Batist et al., 2002; Van Rensbergen et
al., 2002; Vanneste et al., 2002). The mud
volcanoes and shallow BSRs have been
attributed to the destabilization of gas hydrates
at the base of the gas hydrate stability zone



(BGHSZ) by tectonically driven geothermal fluid
pulses near large faults (De Batist et al.,, 2002;
Van Rensbergen et al.,, 2002; Vanneste et al,
2002; Klerkx et al., 2006). The shallow seeps,
outside the GHSZ, occur typically in coastal areas
and in the vicinity of river deltas and canyons.

6. Baikal Seeps

historical records reporting on areas with absent
ice cover in winter ('ice streamthroughs’),
abundant dead fish and observation of bubbles
at the lake surface (Granin and Granina, 2002).
The two most prolific seep areas are offshore
the town of Babushkhin on the southeastern

These shallow seeps were already described in shore of the SBB and around the crest of the

Irkutsk
fz L -
seeps
mud volcanoes
ice streamthroughs
Khama pge flj

Figure 6.1. Location map of the study area in Lake Baikal with indications for regional faults, Baikal Basins,
mountain ranges, rivers and area with observed bottom-simulating reflections (BSRs) (Golmshtok et al., 2000).
The location of seeps (red stars), mud volcanoes (black triangles), ice streamthroughs (yellow dots) and the
BDP-97 drill hole is also indicated (Granin and Granina, 2002; Klerkx et al., 2006; Schmid et al., 2007). The
location on Planet Earth, the view directions for Figs. 6.2.A. & 6.2.B. and outline for Fig. 6.3. are also indicated.
The map is constructed by compiling SRTM-derived topography data with bathymetry data from Lake Baikal
(INTAS Project 99-1669 Team, 2002) and multibeam bathymetry data (Naudts et al., submitted).
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Figure 6.2. 3D views of Lake Baikal and Posolsky Bank with indication for the most prominent features. The view
directions (A and B) are indicated on Fig. 6.1. The images are constructed by compiling SRTM-derived
topography data with bathymetry data from Lake Baikal (INTAS Project 99-1669 Team, 2002) and multibeam

bathymetry data (Naudts et al., submitted).

Posolsky Bank in the northeastern part of the
SBB (Granin et al., in press). The distribution and
source of the seeps on the crest of the Posolsky
Bank are the focus of this paper. The Posolsky
Bank is a tilted fault block within the Selenga
Delta within the Selenga Delta Accommodation
Zone (Figs. 6.1. and 6.2.) (Scholz and
Hutchinson, 2000; Bezrukova et al., 2005;
Charlet et al., 2005). The crest of the Posolsky
Bank reaches water depths of less than -50 m
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(Naudts et al., submitted). The southern slope is
very steep and coincides with the Posolsky
border fault, i.e. the northern boundary fault of
the SBB, while the northern slope is more
gradually dipping (Figs. 6.2. and 6.3.). The
sedimentary build-up of the Posolsky Bank
mainly consists of fine hemipelagic sediments
and spread sand lenses and laminae as shown
by BDP-99 (Bezrukova et al., 2005).



6.3. Methods and data

6.3.1. Single-beam echosounding and
seep detection

Due to the high impedance contrast between
water and free gas, gas bubbles rising in the
water column (seeps) can be acoustically
detected by means of single-beam echosounder
recordings. Rising bubbles show up as "acoustic
flares" on echograms (Fig. 6.4.) (Greinert et al.,
2006; Naudts et al., 2006; Artemov et al., 2007).
Single-beam seep detection was performed
from 2004 to 2008 with a FURUNO-1000 or a
FURUNO-1100 echosounders (28 kHz) installed

/!
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on RV. Vereshchagin or RV. Titov. The hydro-
acoustic water-column data was continuously
digitally recorded wusing a digitizing system
developed in-house by the Limnological Institute
in Irkutsk (LIN) (Granin et al., in press). During
theses cruises, a total length of 666 km of
echosounder tracks was recorded within the 630
km2 Posolsky Bank area, which resulted in the
detection of 65 active flare locations (Figs. 6.3.,
6.4. and 6.5.). Since a flare can comprise one
single bubble stream or can be a conjugation of
different bubble streams or seeps within the
footprint of the echosounder, the real amount
of seeps, i.e. bubble-releasing locations on the
lake floor is unknown.

‘ockmark-
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%g a seepe 1 hydrates
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Figure 6.3. Multibeam bathymetry map of the Posolsky Bank overlain by bathymetric contours, detected seep
locations (red dots), acquired sparker and echosounder profiles (respectively red and yellow dashed lines) and
main faults (black dashed lines) (see Fig. 6.1. for location). Location of BDP-99 drill hole is also indicated
together with depth contour of -370 m which forms the theoretical boundary of the GHSZ for pure methane

hydrate (blue area) (Sloan, 1998).
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time

Figure 6.4. Echogram from the central seep area on the scarp of the Posolsky Bank (for location see Fig. 6.8.)
where rising bubbles are hydro-acoustically detected as ,flares". The other backscatter signals in the water

column probably correspond to fish.

6.3.2. Multibeam bathymetry

Multibeam swath bathymetry was acquired in
the summer of 2009 with RCMG's mobile 50 kHz
SeaBeam 1050 multibeam system during atwo-
month-long survey with RV. Titov (Naudts et al.,
submitted). In total 12600 km of multibeam
echosounder tracks were sailed covering 15000
km2 including the Posolsky Bank area (Figs. 6.1.-
6.3.). The system was operated with 120° swath,
transmitting and receiving 108 beams of 3° by 3°
beam angle and was motion-compensatend by
an IXSEA OCTANS 3000 sensor from IFM-
GEOMAR. Sound-velocity profiles were acquired
via CTD casts and the sound velocity at the
transducers was continuously measured by an
online sound-velocity probe. Data acquisition
was managed with Hydrostar Online and data-
processing was carried out with HDPEdit and
HDPPost software from L-3 ELAC Nautik GMBH.
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All grids shown in this paper have a cell size of
30 m.

6.3.3. Seismic subbottom data

The high-resolution seismic data were
collected with RCMG's multi-electrode
CENTIPEDE-sparker as a source (energy: 500 J)
and a SIG single-channel streamer with 10
hydrophones as a receiver. The analog signal
was bandpass-filtered (200-2000 Hz) and
recorded on a Triton Elies Delph-2 system. The
theoretical vertical resolution is 1 m and the
maximum penetration is 200-300 ms two-way
travel time (TWTT). Apart from the frequency
filtering no other processing was carried out on
the seismic data. Interpretation of the data was
carried out with the Kingdom Suite software
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Figure 6.5. Pictures of gas bubbles being trapped underneath and within the frozen lake surface above seep
sites at Posolsky Bank (pictures courtesy of N. Granin). The lower-right picture shows gas bubbles reaching the
lake surface at a seep site close to the Selenga Delta (picture courtesy of V. Kapitanov).

package from SMT. During the 1997 (SELE-
profiles) and 2000 (CONT-profiles) cruises, 175
km of sparker data were recorded in the
Posolsky Bank area (Fig. 6.3.).

6.4. Observations and results

6.4.1. Lake-floor morphology

The Posolsky Bank, an uplifted basement block
that is covered by a reduced sedimentary cover,
can morphologically be seen as the southern
extent of the Selenga Delta into the SBB (Figs.
6.1. and 6.2.). The Posolsky Bank is bounded by
two major faults, the Peschanaya Fault in the
north and the Posolsky Fault in the south, which
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strongly affect the lake-floor morphology (Figs.
6.2., 6.3. and 6.5.) (Scholz and Hutchinson,
2000). The top of the Posolsky Bank is flat and
slopes gently to the NW (ca. 1° - 2°) from a
minimum water depth of -36 m. At ca. -370 m
water depth there is a strong change in slope to
ca. 5°-15°; below this depth the lake bed is
strongly incised. The incised morphology with
ridges and gullies defining several canyon
systems can also be seen on the steep western
and southern slopes to water depths of -1100 to
-1200 m (Figs. 6.3. and 6.5.). These incised flanks
are often associated with scarps of small
sublacustrine  landslides  (Fig. 6.3.). The
northeastern side of the Posolsky Bank is not
incised and forms, via a fault scarp, the
transition to the Selenga Delta (Fig. 6.2. and
6.3.).
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gas hydrate
zone

gas hydrate
\' zone

water depth (m)

Figure 6.6. 3D view of multibeam bathymetry overlain by bathymetric contours and seep locations, plotted as
red dots or shown as 3D flares in combination with sparker profile SELE029 (for location see Fig. 6.3.). Seeps
occur at the crest of the Posolsky Bank upslope of the GHSZ, delineated by the -370 m blue contour line. No
seeps have been detected near the Posolsky Bank within the GHSZ On the seismic profile, strong acoustic
attenuation in combination with dispersed enhanced reflections can be seen along one reflection. This
reflection is interpreted as the TGBL. Seeps occur where the TGBL is cut off by the Posolsky Fault. The graph in
the lower right corner shows the seep distribution versus depth with a clear seep cluster at -40 to -100 m water
depth and no seeps in water depths greater than -340 m.

6.4.2. Stratigraphieframework

The sedimentary cover of the Posolsky Bank is
well-stratified with a bedding that is generally
parallel to the lake-floor morphology, except in
the vicinity of faults (Figs. 6.6. and 6.7.) (Charlet
et al, 2005). Seismic profiles SELE029 and
CONTO031 clearly show the presence of a well-
stratified sediment package that thickens away
from the crest of the Posolsky Bank towards the
NW under the influence of the activity of the
Posolsky Fault System. This set of continuous
parallel high-amplitude reflections can be found
throughout the Selenga area and represents the
deposition of fine-grained hemipelagic muds
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which reaches a maximum thickness of ca. 100
m and represents 650 ka (Fig. 6.6. and 6.7.)
(Colman et al.,, 2003; Bezrukova et al., 2005).
Below this package with high-amplitude
reflections, almost no reflections can be
observed on SELE029 and CONTO031. This sharp
transition corresponds to a radical change in
sedimentation  environment with coarser
sediments deposited during the glacial period
preceding the quiet hemipelagic sedimentation

of the last 650 ka (Colman et al., 2003;
Bezrukova et al.,, 2005). This boundary and
change in sedimentation environment

corresponds to the start of increased subsidence
in the SBB and Selenga area (Scholz and
Hutchinson, 2000; Colman et al., 2003).
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Figure 6.7. Seismic sparker profiles CONT031 (AB) and SELE023 (CD) where the TGBL can be traced from the
seeps at the crest of the Posolsky Bank to below the BGHSZ. The BGHSZ shows up as a series of enhanced
reflections. The location of BDP-99 well is also indicated. For locations of both profiles see Fig. 6.3.
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6.4.3. Gas seep distribution

Up to 65 flares, each possibly consisting of
several individual seeps, were hydro-acoustically
detected within the 630 km” area around the
Posolsky Bank in the NE part of the SBB. The
seeps occur at -43 to -332 m water depth, with
54 % at water depths shallower than -100 m and
97 % at water depths shallower than -265 m
(Fig. 6.6.). In many cases flares, visible on
echograms, reached the lake surface; this was
confirmed by the observations of bubbles at the
lake surface (Figs. 6.4. and 6.5.). Integration of
seep locations, multibeam bathymetry and
seismic profiles shows that the majority of the
seeps occur at the fault scarp in front of the
crest of the Posolsky Bank where the
sedimentary strata are cut off by the Posolsky
Fault (Figs. 6.3., 6.6. and 6.7.). The seeps in the
northeastern part of the study area are not
directly related to the Posolsky Bank; they do,
however, occur at similar locations, i.e. near a
crest and at a fault scarp (Fig. 6.3.). Apart from
the flares, an almost perfect circular pockmark,
with a diameter of 160 m and a depth of 14 m
can be observed in this area at -100 m water
depth (Fig. 6.3.). The pockmark, indicative for
fluid release at the lake floor, occurs at the
conjunction of two fault scarps.

6.4.4. Indications for shallow gas and
gas-hydrate occurrence

Apart from the release of free gas into the
water column, as indicated by the hydro-
acoustically detected flares, the presence of
shallow gas and fluid-flow structures in the
subsurface can also be inferred from seismic
reflection data. Shallow gas strongly influences
the mechanical and acoustic properties of the
sediment (increased sound attenuation, acoustic
energy scattering, affecting sound velocity, etc.).
Therefore geo-acoustic methods, like reflection
profiling, are significantly affected by the
presence of shallow gas and are thus very well
suited for the detection of free gas in the
sediments. Even small concentrations of free gas
present in the sediment pore space (0.5% gas by
volume) already generate a variety of shallow-
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gas signatures (e.g. enhanced reflections,
acoustic turbidity and acoustic blanking, etc)
(Judd and Hovland, 2007; Naudts et al., 2009).
Our sparker data demonstrate several types of
enhanced and blanked reflections, which could
or could not be indicative for the presence of
shallow gas. Distinct alternations of high- and
low-amplitude reflections in the upper well-
stratified package are manifested on all profiles
(Fig. 6.6. and 6.7.). This seismic response is,
however, most likely not related to shallow gas
but rather to temporal changes in the
sedimentation environment and to variations in
the physical properties of the associated
sediments (Charlet et al., 2005). Possible gas-
enhanced high-amplitude reflections associated
with acoustic blanking occur near the crest of
the Posolsky Bank and at the northwestern edge
of the Posolsky Bank (Figs. 6.6. and 6.7.). At the
crest of the Posolsky Bank, these enhanced
reflections occur exclusively beneath the seep
locations, indicating a clear relation with shallow
gas. The enhanced reflections at the
northwestern part of the Posolsky Bank
generally occur over a short distance and are
overlain by low-amplitude (blanked) reflections
(Fig. 6.7.). This kind of seismic signature is well-
known from a similar sparker dataset acquired
in the deep part of the SBB. The transition line
between both acoustic responses cross-cuts the
stratigraphy and mimics the Ilake floor
morphology and therefore is interpreted as a
BSR (Vanneste et al., 2001; De Batist et al., 2002;
Vanneste et al., 2002). This BSR is not a local
feature but is present on all seismic profiles
recorded at northwestern edge of the Posolsky
Bank in water depths exceeding -290 m and at a
subsurface depth of ca. 60 m (Fig. 6.7. and 6.8.).
Generally it is assumed that the characteristic
seismic signatures of BSRs are the result of
relative dense hydrate-bearing layers with
higher acoustic velocity overlying gassy
sediments with low acoustic velocity. The
presence of gas hydrates within the Posolsky
Bank sediments is not only indirectly indicated
by the geophysical data, hydrates have also
been sampled at the lake floor at -500 m water
depth, during a dive with the MIR-2 submersible
at the Posolsky Fault scarp in the summer of
2009 (Oleg Khlystov, personal communication).
Gas hydrates were retrieved at a small slide



scarp 250 m below one of the major seep sites
on the crest of the Posolsky Bank (Fig. 6.3.). The
location with hydrates was also characterized by
the presence of big bacterial mats indicating
active fluid flow.

6.5. Discussion

6.5.1. Gas-hydrate stability, heat

flow and topographic effect

The occurrence of BSRs from -290 m water
depth at a subsurface depth of 60 m discussed
in previous section does not correspond to
earlier BSR observations in Lake Baikal starting
at water depths of -500 to -580 m and at 50-100
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m beneath the lake floor (Golmshtok et al,
2000; Vanneste et al., 2001).In most cases, the
BSR corresponds to the lower, P-T controlled
boundary of the GHSZ, also known as the
BGHSZ. The stability limit for pure methane
hydrates in Lake Baikal occurs at -370 m water
depth (Sloan, 1998), when calculated using a
present-day bottom water temperature of 3.5°C
and a salinity of 0.76 %o (Golmshtok et al.,
2000). So the newly observed BSRs occur well
outside of the GHSZ for pure methane hydrate
and occur in shallower water than the
previously observed BSRs. This indicates that the
inferred hydrates, assuming that the observed
BSRs are indeed associated with hydrates, can
only be hydrate gas
composition consist of a mixture of methane

stable if the local

Figure 6.8. 3D view of multibeam bathymetry overlain with bathymetric contours and with seep locations

plotted as red dots or shown on an echogram in combination with three sparker profiles. The top of the gas-
bearing layer (TGBL) is shown as depth color-coded surface. This surface starts from or above the seeps
positions at the scarp of the Posolsky Bank and can be traced down the Posolsky Bank to below the BSR or

BGHSZ.
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and higher hydrocarbons. Furthermore, the
large subsurface depth of the observed BSRs at
the limit of the GHSZ indicates that the local
thermal conditions also strongly differ from the
regional background values.

Based on hydrate stability calculations, a gas
mixture of ca. 96 % methane and 4 % ethane
would allow to shift the limit of the GHSZ to a
water depth of -290 m (Sloan, 1998). There are
several indications that such gas mixture indeed
does occur at the Posolsky Bank. First of all,
higher ethane have been
measured in gas bubbles sampled from the
Posolsky Bank gas seeps and at other gas seeps
in Lake Baikal (Kalmychkov et al.,, 2006).
Furthermore, the sharp depth limit of the seep
distribution indicates that gas hydrates are
probably present at the Posolsky Bank and that

concentrations

105’45’

105°48'

these hydrates act as a buffer preventing
seepage in the GHSZ as was observed in other
regions (Naudts et al., 2006; Westbrook et al.,,
2009). The depth limit for the majority of the
seeps (97%) is -265 m water depth. When using
the -265 m water depth as the limit of the GHSZ,
a gas mixture of 94-95% methane and 5-6%
ethane is needed to allow hydrates to be stable
for the given ambient conditions. The latter is of
course only an indirect indication that higher
ethane concentrations probably do occur at the
Posolsky Bank.

BSRs have never been observed to intersect
the lake floor/seafloor at the limit of the GHSZ.
This is partially related to the local geothermal
gradient and associated heat flow. This is also
the case for the BSRs observed at the Posolsky
Bank, which occur at a subsurface depth of 60 m

topographic correction (%)

10551’ 10554°'

Figure 6.9. Bathymetric contour map of the Posolsky Bank area, showing the modeled topographic correction
on background regional heat flow caused by the relief of the Posolsky Bank.
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at the limit of the GHSZ (Figs. 6.7. and 6.8.). To
obtain such a subsurface depth of the BSRs and
thus the BGHSZ at the limit of the GHSZ, a local
heat-flow value of 32-34 mW/m? is required.
Heat-flow measurements for the Posolsky Bank
are absent, but measured heat-flow values in
Lake Baikal vary between 40 + 6 and 195 + 25
mW/m?, with a mean value of 71 + 21 mW/m?
(Golubev et al., 1993; Vanneste et al.,, 2002;
Poort and Klerkx, 2004). These heat flow values
are clearly too high to allow a subsurface depth
of 60 m for the observed BSRs at the limit of the
GHSZ. However, local topographic variations can
lead to changes in the conductive background
heat flow (Poort et al., 2007). Topographic relief
will attenuate heat flow in topographic highs
and enhance it topographic lows. Therefore, the
influence of the Posolsky Bank relief on the
regional heat flow has been modeled using the
procedure and code for topographic correction
described in Balling et al (1981) and adjusted for
digital terrain models by F. Lucazeau (personal
communication). The model uses a background
thermal gradient of 50 mKm™ and a uniform
thermal conductivity of 1.11 Wm™K™. For the
upper meters of sediments, this model predicts
a thermal gradient that differs up to 20 % in
comparison with the background thermal
gradient as a result of the topography of the
Posolsky Bank (see Fig. 6.9.). When assuming a
feasible background thermal gradient of 40
mKm™ and considering the modeling results, the
pronounced topographic relief of the Posolsky
Bank can lead to a reduction of the local heat
flow to the needed heat flow values of 32-34
mW/m?2.

These results indicate that the observed BSR
probably does correspond to the BGHZS and
that hydrates possibly do occur at the observed
60 m subbottom depth at -290 m water depth.

6.5.2. Fluid flow and

distribution model

seep

The observations and results discussed in the
previous sections show that gas is being
released at the Posolsky Fault scarp near the
crest of the Posolsky Bank and that gas hydrates
and shallow free gas are present in the
subsurface of the NW edge of the Posolsky Bank
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(Figs. 6.6., 6.7. and 6.8.). In addition gas
hydrates have been sampled at the fault scarp
at a depth of -500 m (Oleg Khlystov, personal
communication). The occurrence of seeps on
the Posolsky Fault scarp could indicate that the
fault system acts as a fluid conduit resulting in
seepage. On the other hand, seismic data show
that there is a stratigraphic connection between
the seep locations and the free gas trapped
underneath the BSRs indicating that fluid flow
occurs along the tilted strata of the Posolsky
Bank (Figs. 6.6. and 6.7.). Another alternative
could be that the released gas comes from a
shallow and local source near the seep
locations. But this option is rather unlikely
because of the presence of higher hydrocarbons
in the released gas indicating at least an
admixture of fluids from a deep source
(Kalmychkov et al., 2006).

The first option with the fault acting as a fluid
conduit for the seeps on the Posolsky Bank is
also rather unlikely. Most compelling evidence is
provided by the distribution of the gas seeps.
The seeps occur only at the upper part of the
Posolsky Fault scarp; the deepest seep is
observed at -332 m water depth, whereas 97 %
of the seeps occur in water depths shallower
than -265 m and even 54 % of the seeps occur in
water depths shallower than -100 m (Fig. 6.6.).
Since the Posolsky Fault system is a combination
of several faults forming a combined fault scarp
of over 600 m, it is rather unlike that such an
open system is able to act as a conduit for fluids
that only allows the majority of the methane to
be released at less than -100 m water depth
(Figs. 6.6. and 6.7.). If the Posolsky Fault did act
as a conduit, the seep distribution would have
been completely different with seepage being
more widespread over the fault scarp at all
water depths. One could argue that gas hydrates
act as a buffer and prevent gas release in the
GHSZ as was already postulated in this study and
by others (Naudts et al., 2006; Westbrook et al.,
2009). But in this case, most of the methane
migrating along the fault would be either
trapped within the present gas hydrates or
would be released just outside of the GHSZ, as
was observed for the seeps in West Spitsbergen
(Westbrook et al., 2009). In the case of the
Posolsky Bank this would lead to a seep
distribution with mainly seeps occurring at
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Figure 6.10. Proposed seep model for the Posolsky Bank gas seeps.

water depths of ca. 300-350 m, depending on
the present gas composition and ambient
conditions  affecting gas-hydrate stability.
However the observed seep distribution shown
in figure 6.6. demonstrates the opposite with
mainly seeps being released in water depths
shallower than -100 m. So we can safely
postulate that the fault system probably doesn't
act as a fluid conduit for the seeps detected
within the study area.

The second option wherein the seeps on the
Posolsky Fault scarp are fed by fluid migration
along the tilted strata of the Posolsky Bank can
only be wvalid if the stratigraphie and
sedimentary buildup of the Posolsky Bank allows
such a migration pathway. The seismic data
does indeed indicate the presence of such a
possible migration pathway which connects the
seeps at the scarp with the free gas present
below the BSRs (Figs. 6.6., 6.7. and 6.8.). On the
seismic data the top this possible gas-bearing
layer (TGBL) shows up as the transition from the
upper seismic unit consisting of continuous
parallel high-amplitude reflections to the lower
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seismic unit with an almost transparent seismic
facies (Figs. 6.6., 6.7. and 6.8.). Based on the
eight sparker profiles available on the Posolsky
Bank, the TGBL could be mapped as an almost
continuous surface throughout the subsurface
of the Posolsky Bank (Figs. 6.8.). The transition
represented by the TGBL corresponds to a
change sedimentary characteristics with
hemipelagic fine grained sediments overlaying
coarser sediments (Colman et al, 2003;
Bezrukova et al., 2005). The core data from the
BDP-99 drill core provides some extra indication
that the sediment layer underneath the TGBL is
indeed suitable as a fluid conduit (BDP-99
locations is indicated on Figs. 6.3. and 6.7.)
(Bezrukova et al., 2005). The core data shows
that below the TGBL at a depth interval between
94-109 m there are much coarser sediments
than in the overlying and underlying sediments
as indicated by the clay and silt percentages and
the gamma log (Bezrukova et al., 2005). This
interval is also characterized by the widespread
occurrence of granules and pebbles. The upper
meter of this interval even consist of more than

in
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50 % sand (Bezrukova et al., 2005). The grain
size distribution in the sediment package below
the TGBL, together with its confinement in
between much fine finer sedimentary units,
makes the sediment package below the TGBL
extremely well-suited as a fluid migration
pathway. This is also the first sedimentary unit
in the BDP-99 core, starting from top, with plant
and wood fragments indicating that this layer
possibly also contributes as a source for the
released methane (Bezrukova et al., 2005).

Based on the seismic stratigraphy and the
BDP-99 well data we postulate that the seeps on
the Posolsky Fault scarp near the crest of the
Posolsky Bank are supplied by gas that migrated
along relatively permeable sedimentary strata
which are cut off by the Posolsky Fault system
(Fig. 6.10.). This gas is partially sourced by the
free gas present underneath the BSRs/BGHSZ at
the NW edge of the Posolsky Bank. The seismic
data show that the free gas present below the
BGHSZ is not completely trapped by the gas
hydrates; the geometry and permeability of the
sedimentary build up of the Posolsky Bank
enables the gas to migrate upwards along the
sedimentary strata (Figs. 6.7., 6.8. and 6.10.).
Even the gas hydrates and seeps present at
larger depths along the Posolsky Fault scarp are
probably supplied by gas migration through the
tilted sediment layers that make up the Posolsky
Bank.

6.6. Conclusions

Integration of the seep distribution, the
seismic stratigraphy, well data and gas-hydrate
stability analysis suggest that the shallow gas
seeps near the crest of the Posolsky Bank are
partially supplied by gas from below the base of
the gas-hydrate stability zone. Gas-hydrate-
cemented strata act as a seal and together with
the geometry and stratigraphy of the Posolsky
Bank, gas is focused upwards via permeable
stratigraphic pathways. Gas is eventually
released in the water column, where these
pathways are cut off by faults. This setting
differs from the deep-water Baikal seeps and
mud volcanoes, which are believed to be related
to destabilizing gas hydrates under the influence
of a tectonically-controlled geothermal fluid
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pulse along adjacent faults.
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CHAPTER 7

Final discussion

The previous chapters have shown that bubble-releasing seeps occur at different oceanographic
and plate-tectonic settings, at different seafloor morphologies, at different water depths, in or
outside of the gas-hydrate stability zone. Furthermore, bubble-releasing seeps are often associated
with various kinds of chemosynthetic communities and authigenic methane-derived carbonates.
Within this chapter an integration and comparison is made of the obtained results and of published
data from other seep sites around the world which occur in similar or different geological settings.
The comparison and integration allows a better understanding of the controls and the manifestations

associated with bubble-releasing seeps.

7.1. Global occurrence of bubble-
releasing seeps

Before comparing and integrating the
obtained results, an overview is given of bubble-
releasing seeps around the world to better
assess the similarities and differences between
seep sites with regard to their locations, their
geological controls and associated subsurface
and seafloor manifestations (table 7.1.). Since
bubble-releasing seeps form the main subject of
this study, only those locations with proven

bubble release are listed, be it by visual
observations of gas bubbles or by observations
of acoustic flares. Locations which are

exclusively characterized by indicators of fluid
flow or seepage activity, like bacterial mats,
chemosynthetic megafauna, MDACs, shallow
gas features, etc., are not added to this list. The
locations with gas-bubble release are indicated
on figure 7.1. The overview given in table 7.1.
points out that seep locations occur worldwide
in a variety of geological environments at
various water depths ranging from coastal areas
into the deep ocean basins, where they occur up
to water depths of several kilometers. Despite
this wide variety of seep locations, the amount
of known sites with bubble release is relatively
small. But this is probably biased by the
restricted ability to find these very small
locations at the seafloor. The publication years
of the references given in table 7.1. are an
indication of how recent and emergent our
knowledge is regarding the distribution of
bubble-releasing seeps, their controls, and the
influence they have on the environment. It is
only since the last decade that a more
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widespread availability of e.g. ROVs, adapted
acoustical methods, etc. allows us to pinpoint
bubble-release locations at the seafloor and
adequately study seeps and their associated
features. This study wants to better understand
the geological controls that influence the seep
distribution, the seep activity and their
associated manifestations.

7.2. Subsurface controls on the
distribution of bubble-releasing
seeps

Within this section, the main subject of this
study is discussed; what are the geological
subsurface controls on the distribution of
bubble-releasing seeps and on what scale do
these controls act. The obtained results are also
compared to data from other published seep
sites (table 7.1.).

7.2.1. Fluid sources

The fluids released at seeps can have several
sources and compositions, however methane is
the most common gas released at the seafloor.
Methane present in the ocean or lake sediments
can have several different origins: microbial,
thermogenic, geothermal-volcanic or abiogenic
(Judd and Hovland, 2007).

Methane produced in the upper 1000 m
below the seafloor is often referred to as
shallow gas. It mainly consists of methane which
is microbially formed by methanogenesis of
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«f Location
«fTectonic setting

v' Batumi seep area,
Black Sea
'S passive margin

'S Blake Ridge,
Atlantic Ocean
'S passive margin

v' Congo Basin,
Atlantic Ocean
'S passive margin

'S Dvurechenskiy Mud
Volcano area,
Black Sea
'S passive margin

v' Gulf of Mexico
'S passive margin

v' Hakon Mosby Mud
Volcano, Barents Sea
'S passive margin

V' Hikurangi accretionary
margin, Pacific Ocean
'S active convergent
margin

'S Hydrate Ridge,
accretionary margin,
Pacific Ocean
‘S active convergent

margin

S Lake Baikal,
v' Rift lake,
mud volcanoes

v' Makran accretionary
margin
V'active convergent
margin

v' Mercator and Darwin
Mud Volcano, Gulf of
Cadiz, Atlantic Ocean

v'compressional setting

v' Fluid source
V'Fluid pathway
V' Fluid type

Water depth

Features related to seepage

Within gas-hydrate stability zone

600-890 m v'organic-rich shales
v'faults, diapirs
V' microbial/thermogenic
>2000 m v'contourites, gas hydrates
v'faults, salt diapirs
S microbial

3200 m v'turbiditic fan, gas hydrates
v'faults, salt diapirs, erosional
surfaces, buried chimneys
V' Microbial/thermogenic
2055 m v'organic-rich shales
S faults, diapirs, buried chimneys
V' microbial/thermogenic

300-3000 m v'carbonate source rocks
v'faults, salt diapirs

v'thermogenic/oil/brines

1270 m S preglacial biosiliceous oozes
v fault, pseudo-mud chamber

V' microbial/thermogenic

640-1500 m S accreted marine sediments
v'faults, stratigraphie conduits

S microbial

600-840 m v'accreted marine sediments,
gas hydrates
v'faults

V' microbial/thermogenic

500-1500 m V' biosiliceous oozes, gas hydrates
v'faults, buried chimneys

v' microbial/thermogenic/oil

450-2500 m accreted marine turbidites
v'faults, mud diapirs

microbial/thermogenic

388-1100 m marine shales and marls
v'faults, mud diapirs

S microbial/thermogenic/brines
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gas bubbles, acoustic flares,
sampled hydrates, seismic
anomalies

gas bubbles, acoustic flares,
pockmarks, sampled

hydrates, seismic anomalies,
chemosynthetic fauna

gas bubbles, pockmarks,
sampled hydrates, seismic
anomalies, chemosynthetic
fauna

gas bubbles, acoustic flares,
sampled hydrates, enhanced
heat flow, seismic anomalies

gas bubbles, acoustic flares,
sampled hydrates, seismic
anomalies, authigenic
carbonates, chemosynthetic
fauna

gas bubbles, sampled
hydrates, enhanced heat
flow, seismic anomalies,

chemosynthetic fauna

gas bubbles, acoustic flares,

sampled hydrates, enhanced

heat flow, seismic anomalies,
authigenic carbonate,
chemosynthetic fauna

gas bubbles, acoustic flares,
sampled hydrates, seismic
anomalies, authigenic
carbonate, chemosynthetic
fauna

gas bubbles, acoustic flares,

sampled hydrates, enhanced

heat flow, seismic anomalies,
authigenic carbonate

gas bubbles, acoustic flares,
sampled hydrates, tube

worms, seismic anomalies,
authigenic carbonate,
chemosynthetic fauna

gas, bubbles, seismic
anomalies, enhanced heat
flow, authigenic carbonate
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'S Nile deep sea fan mud 550-2100
volcanoes,
Mediterranean Sea

S deep sea fan

S northern Cascadia 1200-1400 m
margin, Pacific Ocean

S active convergent

margin, accretionary

prism

S Sea of Marmara 600-1200 m
S inland sea, pull apart

basins

S Sea of Okhotsk 400-1000 m

S back-arc basin

S Adriatic Sea 80-250 m

S foreland basin

S Arabian Gulf 5-50 m

S rift system

S Bering Sea <200 m

S active convergent margin

S Bulgarian shelf, Black Sea 0-20 m

S passive margin

S Danube canyon, 70-400 m
Black Sea
S passive margin
S Dnepr paleo-delta, Don 66-825 m
paleo-delta, Black Sea

S passive margin

S Eckernférde Bay, 10-15m
Baltic Sea

S inland bay

S deltaic sediments
S faults, salt diapirs
S microbial/thermogenic/oil/brines

‘Saccreted marine sediments,
hydrates
S faults
S microbial

S deltaic sediments
S faults, sandy turbidites
S microbial/thermogenic/brines

V" highly organic-rich sediments
S faults
S microbial/thermogenic/oil

gas bubbles, acoustic flares,
sampled hydrates, tube
worms, enhanced heat flow,
seismic anomalies,
authigenic carbonate,
chemosynthetic fauna

gas bubbles, acoustic flares,
sampled hydrates, enhanced
heat flow, seismic
anomalies, authigenic
carbonate, chemosynthetic
fauna

gas bubbles, acoustic flares,
sampled hydrates, tube

worms, seismic anomalies,
authigenic carbonate,
chemosynthetic fauna

acoustic flares, sampled
hydrates, seismic anomalies,

authigenic carbonated,

chemosynthetic fauna

Outside of gas-hydrate stability zone

S Holocene-Pliocene sediments
S faults, clay diapirism
S microbial/thermogenic

S leaking hydrocarbon reservoirs
S erosional surface
S thermogenic/oil

S peaty mud
S storm-related liquefaction,
diffusion
S microbial/thermogenic

S deltaic sediments, sapropels
S faults
S microbial

A deltaic sediments
A faults
S microbial

S deltaic sediments
S stratigraphie conduits in
association with seals formed by
fine-grained and hydrated-bearing
sediments
S microbial

S organic rich mud

S glacial outwash sands, diffusion
S microbial/fresh-water seepage
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acoustic flares, pockmarks
seismic anomalies,
authigenic carbonate

gas bubbles, acoustic flares,
pockmarks, seismic
anomalies

acoustic flares, pockmarks,
seismic anomalies

gas bubbles, acoustic flares,
seismic anomalies

gas bubbles, acoustic flares,
seismic anomalies

gas bubbles, acoustic flares,
pockmarks, seismic
anomalies, authigenic
carbonates, chemosynthetic
fauna

acoustic flares, pockmarks,
seismic anomalies,
chemosynthetic fauna
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(Judd and Hovland,
2007)

(Dimitrov, 2002)

(Egorov et al., 1998;
Popescu et al., 2004)

this study, (Michaelis et
al., 2002; Naudts et al.,
2006; Naudts et al.,
2008; Naudts et al.,
2009)

(Wever et al., 1998; Judd
and Hovland, 2007)
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S Eel River Basin,
Pacific Ocean
S fore-arc basin

S Gulf of Cadiz,
Atlantic Ocean
S compressional setting

S Lake Baikal
S rift lake

S Irish Sea
S inland sea

'C North Sea
S sag margin

S Rias Baixas,
Atlantic Ocean
'C passive margin

S Santa Barbara Channel,
Pacific Ocean
S fore-arc basin

'S Skagerrak, Kattegat,
Norwegian Sea
'C passive margin

'CSouth China Sea
S mud volcanoes

S Stockholm Archipelago,
Baltic Sea
S Inland bay

S Timor and Arafura Sea,
Eastern Indian Ocean
'C passive margin

S West Spitsbergen
continental margin,
Barents Sea
'C passive margin

S Yellow Sea
S Inverted extensional
basin

Table 7.1.

<550 m

300-400 m

20-340

66-85 m

<100-250 m

10-55 m

20-70 m

55-360 m,

10-12 m

<100 m

6-16 m

40-500 m

150-400 m

80-100 m

'Cdeltaic sediments
'‘Cfaults, mud diapirs, structural
anticlines
S microbial/thermogenic

'Cdeltaic sediments
v"faults, Stratigraphie conduits
S microbial

'Cdeltaic sediments, biosiliceous
oozes
v"faults, Stratigraphie conduits
S microbial/thermogenic

S coal-bearing rocks, lignites, silts
'Cfaults, salt diapirs outcropping
source rock
S microbial/thermogenic

S leaking hydrocarbon reservoirs
S salt diapirs, glacial sediments
S microbial/thermogenic

'Cdeltaic sediments
S stratigraphie conduits
'S microbial

'S leaking hydrocarbon reservoirs
S faults, structural anticlines
S thermogenic/oil

S leaking hydrocarbon reservoirs,
(post-)glacial sediments
S faults, clay diapirism,
stratigraphie conduits
S microbial/thermogenic

S leaking hydrocarbon reservoirs
S mud diapirs, buried chimneys
microbial/thermogenic/oil

subducted sediments
S faults, Stratigraphie conduit
microbial/ thermogenic

leaking hydrocarbon reservoirs,
Holocene mud
S faults
microbial/thermogenic/oil

S partially from gas hydrates
stratigraphie conduit in
association with seals formed by
hydrate-bearing sediments

S microbial

S deltaic sediments, leaking
hydrocarbon reservoirs
mud diapirs, buried chimneys

S microbial

gas bubbles, acoustic flares,
pockmarks, seismic
anomalies, authigenic
carbonates, chemosynthetic

acoustic flares, pockmarks,
seismic anomalies

gas bubbles, acoustic flares,
pockmarks, seismic
anomalies

Acoustic flares, authigenic
carbonate, seismic
anomalies

gas bubbles, acoustic flares,
pockmarks, seismic
anomalies, authigenic

carbonates, chemosynthetic

faun

gas bubbles, pockmarks,
seismic anomalies

gas bubbles, acoustic flares,
seismic anomalies

acoustic flares, pockmarks,
seismic anomalies,
authigenic carbonates,
chemosynthetic fauna

gas bubbles, acoustic flares,

pockmarks, seismic
anomalies

gas bubbles, pockmarks

acoustic flares, pockmarks,
authigenic carbonate,
seismic anomalies

acoustic flares

acoustic flares, pockmarks,
seismic anomalies

(Orange et al., 2002;
Orphan etal., 2004)

(Baraza and Ercilla, 1996)

this study, (Granin and
Granina, 2002; Granin et
al., in press; Naudts et al.,
submitted)

(Judd et al., 2007)

(Niemann et al., 2005;
Hovland, 2007; Judd and
Hovland, 2007)

(Garcia-Gil et al., 2002;
Iglesias and Garcia-Gil,
2007)

(Clark et al., 2003; Leifer
et al., 2006a)

(Dando et al., 1994; Rise
et al., 1999; Judd and
Hovland, 2007)

(Judd and Hovland, 2007)

(Judd and Hovland, 2007)

(Rollet etal., 2006; Rollet
et al., 2009; Logan et al.,
2010)

(Westbrook et al., 2009)

(Jeong et al., 2004; Judd
and Hovland, 2007)

Overview of all known bubble-releasing seep sites in the world with indication of water depth, tectonic setting
and associated features.
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organic material. This organic material is
supplied by river runoff or by sedimentation of
plankton, present in the water column.
Microbial methane consists mainly of the light
carbon isotope 12C and has therefore very low
61aca+ values, commonly between -ss%o and -
(Whiticar,

commonly takes

110%o0 1999). Methanogenesis
places by CO02reduction,
common in marine environments, or by acetate-
common freshwater
environments (Whiticar, 1999). When organic
matter gets buried deep enough to within the
oil window, e.g. from 2000 m below surface,
where high pressures and temperatures prevail,
thermogenic methane (dry gas) can be formed
by catagenesis, often in association with crude

oil (Ci5t), condensate (C6C19 and wet gas (C2

fermentation, in

C5). Thermogenic methane commonly has
e13cc4 values between -25%0 and -ss%o
(Whiticar, 1999). Catagenesis sources the gas

and oil fields produced on many continental
margins worldwide. In most cases the source
rocks are different from the reservoir rocks; the
escape of petroleum from source rocks is called
primary migration, and the migration into the
reservoirs rocks is referred to as secondary
migration. As for the source rocks, the reservoir

rocks are also unable to contain and seal off all

Arctic Ocean

Atlantic
Ocean

Pacific
Ocean

7. Final discussion

hydrocarbon fluids and thus allow further fluid
migration towards the seafloor (tertiary
migration). In this way the methane seeping into
the water column can be mixture of microbial
and thermogenic methane with admixtures of
higher hydrocarbons. As shown,
tertiary migration seems to be an important
source for bubble-releasing seeps worldwide.
Abiogenic methane originates from degassing of
the earth's mantle, whereas geothermal-
volcanic methane is formed by the thermal
breakdown of organic hydrocarbons under the
influence of volcanic activity (Judd and Hovland,
2007; Etiope, 2009). The importance of the two
latter methane sources is still under debate.

Generally, 99% of the gas emitted at bubble-

in table 7.1.

releasing seeps is methane, mainly of a
microbial or a microbial-thermogenic origin with
small admixtures of higher hydrocarbons

(ethane, propane, etc.).

The compositions of the gases released at our
study sites are in good agreement with what is
observed at other bubble-releasing seeps
worldwide. None of the seep sites occur above
producible petroleum-bearing sediments, only
in the Dnepr paleo-delta seeps occurs in a
region with several nearby gas and oil fields (Fig.
2.1.).

tic Ocean
Pacific
Ocean
Indian
Ocean

Antarctic Ocean

Figure 7.1. The locations of our study areas (indicated by white stars) within the worldwide distribution of
bubble-releasing seeps (red dots) and gas seepage indicators (bacterial mats, authigenic carbonates, ice
streamthroughs, etc.) (yellow dots). Where seeps as well as the seep indicators are present; they are indicated

by red dots (after Judd and Hovland, 2007).
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For the Dnepr paleo-delta (Black Sea), gas
samples were taken with the submersible JAGO
in October 2004 (as part of the EC-funded
METROL project) at the -92 m seep site, directly
at the seafloor. The initial gas composition of
the bubbles was almost pure methane (80 to 90
%) of presumed microbial origin as indicated by
the 613CCH4 values (-62%o to -68%o) (McGinnis et

al., 2006). A similar observation was made for
the -200 m seep site, as indicated by the 613CCH4

values (-62%o and -68%.) (Michaelis et al., 2002).
Within these areas, gas-bearing layers have
been seismically mapped up to a depth of 30 m
below the seafloor. Thus gas generation in
sediment layers occurs at least at 30 m
subsurface depth (Fig. 3.9.). Measurements of
the natural radiocarbon content of the methane
(14CCH4) show that most of it derives from

radiocarbon-free sources (5.0240.4 pMC, 24 ka)
(Kessler et al., 2006). The released methane is
thus assumed to represent a mixture of
methane generated in organic-rich deltaic
sediments deposited during various sealevel
lowstands along the Dnepr paleo-delta and
upward migrating radiocarbon-free methane
from deeper strata. The most recent sealevel
lowstands occurred at 9-10 ka **C B.P (lvanova
et al., 2007). For the -600 m seep site, heat-flow
measurements and helium isotopes indicate a
deeper source, originating from 200-300 m
subsurface depth with a crustal helium overprint
(Poort et al., 2007; Holzner et al., 2008).

At the Hikurangi Margin (SW Pacific), water
samples taken at Faure Site and LM-3 obtained
during ROV dives have (Sl?’CCH4 values between -

66 %o and -67 %o, indicative of a microbial
methane source (Faure et al.,, 2010). These
values are very similar to the ones measured at
e.g. Hydrate Ridge, another example of an
accretionary margin with bubble-releasing seeps
within the GHSZ (Heeschen et al., 2005). For
both Faure Site and LM-3 no higher
hydrocarbons were detected (Faure et al,
2010). Barnes et al. (2010) suggest that the
substrate of exposed Cretaceous and Paleogene
rocks or an eroded cover sequence of Miocene-
Pliocene age acts as sources for the observed
seeps and possible gas hydrates at the Rock
Garden area. There is no indication that gas
hydrates in the Rock Garden area are sources
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for the observed seepage. It rather seems that
conduits through the GHSZ source the seeps
from below the GHSZ (Crutchley et al.,, 2010;
Crutchley et al., in press).

At the Posolsky Bank (Lake Baikal), gas
samples from seeps were analyzed by
Kalmychkov et al. (2006). They obtained a
613CCH4 value of -66.6%., with a C,/C,, ratio of
118, indicating a microbial-thermogenic origin
for the released gasses. Organic matter in Lake
Baikal comes from the input of the Selenga River
and from primary production of phytoplankton
(Vykhristyuk, 1980). Based on the seismic data,
the gas-bearing layer feeding the seeps could be
traced to below the BGHSZ. This indicates,
together with the shallow depth occurrence of
the seeps, that these seeps are not directly fed
by the hydrates (Fig. 6.7.). The microbial-
thermogenic  origin  also  supports this
assumption. The real thermogenic source could
however not be determined. Sediment thickness
in the SBB reaches up to 7.5 km and could
therefore  favor  thermogenic methane
production.

The previous paragraphs have shown that the
released gas in the study areas has different
sources and different compositions, albeit minor
differences (Fig. 7.2.). The difference in source
sediment and the nature of the associated fluids
is strongly related to the present and past
sedimentary environments of the seep areas.
The tectonic setting partially determines the
sedimentary environment but is rather a minor
and indirect factor in relation to the fluid source
and composition. Even though the three studied
areas have the potential and established prove
of thermogenic hydrocarbon production, none
of the observed seeps have a clear thermogenic
source, but rather a primarily microbial origin
with merely a minor admixture of higher
hydrocarbons. This conclusion can be made for a
lot of the seep sites summarized in table 7.1.
Regarding the overwhelming abundance of
bubble-releasing seeps in the Dnepr paleo-delta
(Black Sea), semi-enclosed (anoxic) basins with a
high input of organic material can provide an
enormous source for seepage (chapter 2-4).
Other possible interesting anoxic basins to study
seeps sites could be the anoxic Cariaco and
Gotland Basins. Despite both having strong
indications for shallow gas, no bubble-releasing
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seeps have been observed until now (Piker et
al., 1998; Wakeham et al., 2004).

7.2.2. Fluid migration modes, triggers
and rates

First of all, it has to be stated that the ‘normal’

advective and diffusive flow of fluids,
respectively related to pressure differences
(Darcy’s Law) or concentration differences

(Fick’s Law of diffusion), occurs everywhere and
is a rather slow process (mm/yr) (Berndt, 2005;
Judd and Hovland, 2007). This is related to the
low solubility of gases (e.g. methane: 35 mg/I)
and to the low permeability of normal marine
sediments (10® - 10° m?) (Judd and Hovland,
2007). It is only where fluid flow is focused, e.g.
through permeable sandy layers (permeability:
10 - 10° m?) or through cracks (permeability:
10" - 10® m?), that advective fluid flow rates
become much higher provided an excess of
pressure at the depth. In this case the ‘cubic
law’ and Poiseuille’s Law come into play (Judd
and Hovland, 2007). The occurrence of focused
fluid flow can be witnessed, since it ‘visibly’
affects the geosphere, biosphere, hydrosphere
and atmosphere. The studied release of bubbles
into the water column, and the associated free
gas migration through the sediment, is an
ultimate example of focused fluid flow.

Focused fluid flow, which is often a result of
compaction, is strongly depended on the
sedimentation rate, the lithology and the
stratigraphy (Berndt, 2005). Focused fluid flow
will, for example, not occur in continuous sandy
deposits because of its high permeability and
hydraulic  conductivity = which leads to
heterogeneous fluid flow. It is only where fluid
flow is impeded by low-permeability
stratigraphic horizons (e.g. clayey sediments
with a permeability of 10" - 10" m? gas
hydrates with a permeability 10™ - 10™ m?) or
by structural features (e.g. faults) that focused
fluid can occur (Judd and Hovland, 2007).

In general, focused fluid migration through
sediments has mainly two possible driving forces
that can act separately or in combination;
overpressure and buoyancy. Overpressure is
generated at depth in location where pore
pressure rises above hydrostatic pressure and
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approaches lithostatic pressure due to the
increased compression and decreased
permeability of sedimentary layers as a result of
high sedimentation rates and/or tectonic
loading (Judd and Hovland, 2007). In general,
tectonic stress reaches values between 10-100
MPa, whereas hydrostatic pressure has a value
of 10 MPa/km and lithostatic pressure reaches
values of 20-30 MPa/km. These values indicate
that tectonic stress can have a major impact on
focused fluid flow and lead to overpressure
situation in relatively shallow sediments, i.e.
upper kilometers (Judd and Hovland, 2007).
Therefore typical indications for overpressure
and sediment underconsolidation, e.g.
formations of subsurface diapirs or seabed mud
volcanoes, can be found in tectonically active
regions (Judd and Hovland, 2007, and
references therein). Overpressure also occurs
without the presence of tectonic loading, but
due to sediment loading or in relation to gas
hydrates (see section 7.2.3.).

Another important driving force for fluid
migration is buoyancy, which acts where the
concentration of gas dissolved in pore waters
exceeds its solubility and free-gas bubbles form.
The formation of free gas lowers the bulk
density of a sediment body and can lead to a
density inversion. In this way, buoyancy can lead
to migration of sediments (whether or not
initiated by overpressure) or instigates
migration of pore waters containing microscopic
bubbles even without the mobilization of
sediments or makes bubbles rise through the
sediments without the mobilization of
sediments or pore waters.

The most effect way of gas to migrate through
the sediments occurs in association with
sediment mobilization. Whenever sediment
mobilizations doesn’t occur, the migration of gas
through sediments is most effective by the
movement of bubbles through the sediment
pore spaces (Saunders et al., 1999). Depending
on the grain size of the host sediment and the
composition of the gas, bubble diameters can be
too large in comparison with the pore spaces to
facilitate bubble movement. Unless an
overpressure situation is created, the gas can
only migrate through the sediment by diffusive
flow out of the bubble into the pore water.
Where the space between the sediment grains
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allows it, bubbles can form again. In this manner
a chain of bubbles gets established that allows
movement of gas through the sediments (Judd
and Hovland, 2007).

For our studied seep areas, seismic data show
a clear linkage between the presence of free gas
in the subsurface and the release of bubbles
into the water column, generally without clear
indications for overpressure (e.g. subsurface
deformation, strong thermal anomalies, mud
volcanism, etc.). This suggests a mainly
buoyancy-driven free gas migration in the upper
sedimentary layers (Figs. 2.4., and 6.7.). At some
locations however, buoyancy-driven fluid flow
seems to occur in association with or is initiated
by overpressure. Possible indication for
overpressure forcing in our study areas are: i)
the occurrences of submarine landslides near
Faure Site (Hikurangi Margin) (Fig. 5.2.) and in
the Dnepr paleo-delta at the -600 m seep site
(Black Sea) (Figs. 3.5. and 3.11.); ii) the focused
migration of free gas through the GHSZ at Faure
Site and LM-3 (Hikurangi Margin) (Fig. 5.2.) (see
section 7.2.3.) (Crutchley et al., 2010; Crutchley
et al, in press); iii) breaching of the
impermeable sediment cover on sedimentary
ridges in the Dnepr paleo-delta (Fig. 3.10) (see
section 7.2.4.). The presence of overpressure in
an accretionary margin, like the Hikurangi
Margin is often due to tectonic loading (Judd
and Hovland, 2007). The Hikurangi accretionary
prism is not an exception with overpressure
reaching near-lithostatic pressure at about 2 km
depth in near-shore and on-shore oil wells
(Sibson and Rowland, 2003). The accretion and
subduction cause significant dewatering, which
is linked to the seep sites observed onshore and
offshore (Lewis and Marshall, 1996; Barnes et
al., 2010).

While buoyancy and overpressure are the
main driving forces of fluid flow, in some cases
additional triggers, such as earthquakes, can
lead to enhanced fluid flow. This can lead to the
release of bubbles at the seafloor due to
enhanced fluid pressure, due to the reactivation
of faults or by causing submarine landslides
(Hovland et al., 2002; Kuscu et al.,, 2005; Judd
and Hovland, 2007; Géli et al., 2008). Other
environmental changes, like pressure changes
by tides, by current changes or by storm waves
are also known to regulate fluid flow and seep

170

activity (see chapter 5) (Boles et al.,, 2001;
Hovland et al.,, 2002; Torres et al., 2002; Judd
and Hovland, 2007).

Lake Baikal and the Hikurangi Margin are
seismically very active regions, nevertheless no
direct relation between earthquakes and
seepage has been established during our
observations. But this doesn’t rule out that
seepage and fluid flow are always unrelated to
earthquakes in these areas. For the seeps off
New Zealand, there are strong indications that
the seep activity is related to tides (Linke et al.,
2010). In Lake Baikal and in the Black Sea there
are no strong tidal variations, and thus seep
activity can’t be related to tides in these areas.
In the Black Sea, strong current changes were
observed by ADCP measurements, but no
relation with seep activity was established
(CRIMEA Project Team, 2006).

The fluid rates at which fluids can move
through the sediments can strongly differ,
depending on the observed fluid-flow system
(i.e. with or without mobilization of sediments)
and on the activity during the time of
observation. Mud volcanoes, for example, are
often characterized by repetitive fluid-flow
activity with high flow rates. They are also
associated with high thermal gradients which
affect the stability of gas hydrates and results in
enhanced fluid flow and in the release of
bubbles into the water column (table 7.1.) (see
section 7.2.3.). Fluid-flow rates of up to 4
m/year have been measured just below the
seabed at the Hakon Mosby mud volcano,
whereas at the Dvurechenskiy mud volcano fluid
rates were less significant at 0.25 m/year at the
center of the mud volcano (Aloisi et al., 2004;
Feseker et al., 2008). The release of bubbles has
been observed at both mud volcanoes, and
seems to be independent of the release of other
fluids, all or not associated with sediment
movement or mud expulsions (table 7.1.)
(Greinert et al., 2006; Sauter et al., 2006). The
flux rates given here clearly represent a rather
dormant period in the activity of the mud
volcano without very active mud expulsions.
Fluid rates related to the movement of free gas
through the sediments have been measured for
e.g. Hydrate Ridge, where rates varied between
0 to 10 m/year (Tryon et al., 2002).

For our study areas no subsurface fluid flow
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rates were measured. Based on the relation
between subsurface fluid flow rates and bubble-
release rates in other areas, the bubble-release
rates determined in our study areas can be used
as an indication for the local fluid flow rates
(table 5.1.). For the Hakon Mosby mud volcano
for example, bubble release leads to methane
flow rates of 4.8-21.6 mol/minute. At Hydrate
Ridge flow rates were estimated to vary
between 2.6-13 mol/minute. In our study areas,
visual observations indicated methane flow
rates of 0.2-7 mol/minute for Faure Site,
whereas in the Dnepr paleo-delta flow rates of
only 0.03 mol/minute were measured. This
shows that at Faure Site, subsurface fluid flow
rates are probably in the same order as at
Hydrate Ridge. This indicates that at similar
tectonic and sedimentary settings, comparable
fluid flow systems with similar driving forces
occur. In this case, an accretionary prism where
probably overpressure is the main driving force
allowing fluid flow though the GHSZ and bubble-
release at the seafloor. Methane flow rates in
the Dnepr paleo-delta point toward much lower
subsurface fluid flow rates. This could indicate
that the different tectonic and sedimentary
environment of the Dnepr paleo-delta is
associated with a different kind of fluid flow
system with different driving forces. Buoyancy is
probably the main driving force in the Dnepr
paleo-delta, leading to lower fluid flow rates and
more widespread occurrence of seeps (i.e.
thousands) (Fig. 7.2.). Whereas, on the
Hikurangi Margin, fluid flow rates are high and
the number of seep sites is limited (i.e. dozens),
as a result of enhanced focused fluid flow (Fig.
7.2.). The later is probably related to the
presence of hydrates and the associated
overpressure; hydrates limit the widespread
occurrence of seeps and overpressure only leads
to seepage where fluid flow is highly focused
and passage through the GHSZ is possible.

For the Posolsky Bank, no fluid flow rates or
bubble-release rates are known. But visual
observations of bubbles reaching the lake
surface and the relatively high amount of seeps
occurring in a small and well-defined area
indicate that fluid flow is probably relatively
high (Fig. 6.5.). Fluid flow rates at the Posolsky
Bank are probably higher than in the Dnepr
paleo-delta and lower than in the Hikurangi
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Margin. This again shows that tectonic and
sedimentary settings are associated with a
particular fluid flow system that leads to
different fluid flow focusing and fluid flow rates
(Fig. 7.2.).

This section shows that fluid migration modes,
rates and triggers differ in the different study
areas and are strongly related to the geological
setting of the studied area (Fig. 7.2.). The
sedimentary environment and stratigraphic
buildup of the study areas plays a major role,
not only by providing adequate fluid sources
(see section 7.2.1.), but also by providing
stratigraphic conduits and seals that focus fluid
flow. Conduits and seals can also be provided by
structural features like faults, etc. (table 7.1.),
but for our study areas stratigraphic conduits
and seals are the most common (see section
7.2.3.-7.2.4.). With regard to the driving forces
for focused fluid flow, buoyancy seems to be
omnipresent in the shallow subsurface of all our
study areas. But buoyancy-driven fluid flow
sometimes  occurs in  association  with
overpressure leading to more enhanced focused
fluid flow. Overpressure in our study areas is
mainly related to stratigraphic seals, e.g.
impermeable fine-grained or hydrate-bearing
sediments, as was stated for buoyancy. This is
also the case for an active tectonic environment
as the Hikurangi Margin (see section 7.2.3.)
(Crutchley et al., in press). This indicates that
overpressure at gas-hydrate-bearing
accretionary margins is not only related to
tectonic loading with associated dewatering, but
is also related to the sedimentary environment
and associated stratigraphic buildup. The variety
of driving forces, the complexity of the
stratigraphy and the seismic activity makes
accretionary prisms very interesting geological
settings to study seeps with regard to driving
forces and to fluid flow triggers. On the other
hand, the amount of seeps detected in the
Dnepr paleo-delta (Black Sea) is far greater than
the amount of seeps detected on the Hikurangi
Margin or any other accretionary prism, again
pointing to the Black Sea as a unique seep
environment. Concerning migrations rates,
tectonically active compressional systems
associated with strong overpressure indicated
by active mud volcanism and -diapirism are
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QOePr Pa,e’-cfe/fa

Figure 7.2. Overview of the fluid sources, the fluid types, the fluid pathways, the fluid flow rates and the
numbers of seeps for the three study areas, shown relatively to each other as indicated by the arrows. The
figure shows that the Hikurangi accretionary margin and the Dnepr paleo-delta are the two end-members for

most fluid flow characteristics.

probably most interesting study areas.

In conclusion, the differences between our
study areas indicate that fluid flow and bubble-
release primarily dependent on the
sedimentary and stratigraphie environment.
However, as was stated for fluid sources, the
sedimentary environment and stratigraphie
buildup is partially determined by the tectonic
setting that therefore also influences the fluid
migration mode and rates. That the tectonic

is
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setting does play a role is also indicated by the
absence of seeps in the GHSZ of the Dnepr
paleo-delta and the presence of seeps in the
GHSZ of the Hikurangi Margin (see section
7.2.3.). Overpressure generated below the
GHSZ, solely by the presence of gas hydrates,
doesn't lead to fluid flow through the GHSZ as
can be witnessed in the Dnepr paleo-delta. It is
only where the tectonic setting enhances the
overpressure due to tectonic loading and an
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excess of fluids that fluid flow through the GHSZ
occurs. The latter is demonstrated in the
Hikurangi Margin and many other accretionary
convergent margins (see section 7.2.3.).

7.2.3. Fluid migration within the gas-
hydrate stability zone

With regard to the water depth, a division is
made between seeps occurring within and seeps
occurring outside of the theoretical gas-hydrate
stability zone. The overview given in table 7.1.
clearly shows that gas hydrates have been
sampled at all seep sites occurring within the
gas-hydrate stability zone, independent of the
geological or tectonic setting. A large amount of
these seeps occur at mud volcanoes in a
compressional  tectonic  setting, or at
accretionary prisms at active convergent
margins, or in areas with diapiric sediment or
salt movement. Often these deep seep sites
correspond to locations with enhanced heat
flow, indicating an upward flow of warmer fluids
and/or sediments that affect the stability of
hydrates present in the sediment. Deep bubble-
releasing seeps can be sourced by these
destabilized hydrates or by free gas that is able
to migrate through the GHSZ at certain
locations. This can also be the case for areas
where saline fluids migrate towards the seabed.

Migration of free gas through the GHSZ is also
witnessed at locations where gas hydrates
should be thermodynamically stable given the
temperature, the pressure and the presence of
pore water with normal salinities, e.g. the Gulf
of Mexico, the Cascadia Margin, Blake Ridge,
Congo Basin, the Hikurangi Margin (Brooks et
al., 1994; Tryon et al., 1999; Taylor et al., 2000;
Gorman et al., 2002; Wood et al., 2002; Gay et
al., 2007; Crutchley et al., 2010). Several
mechanisms are proposed for the migration of
free gas through the GHSZ. Torres et al. (2004)
suggested that free gas can move freely through
the GHSZ as long as the bubble pressure exceeds
the overburden stress caused by the sediment
load, resulting only in massive hydrate
formation close to the seafloor as is observed at
Hydrate Ridge and in the Congo Basin (Sahling et
al., 2008). Flemings et al. (2003) suggest for
Blake Ridge that rather the formation of massive
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hydrate layers at greater subsurface depth leads
to overpressure generated by the build-up of
free gas reservoirs beneath a low-permeable
gas-hydrate cemented sediment layer. If the gas
pressure of the gas reservoir exceeds the
pressure exerted by the sediments above, a
temporal conduit can be made allowing
migrations of free gas through the GHSZ and the
release of gas bubble into the water column. A
high gas flux associated with rapid hydrate
formation can lead to a depletion of pore water
resulting in a high salinity of the residual pore
waters or the formation of hydrate-coated veins
that prevent interaction with the surrounding
pore waters (Clennell et al.,, 1999; Flemings et
al., 2003; Pecher et al., 2010). In both cases,
further formation of hydrates may be impeded
and this would allow the migration of free gas
through the GHSZ. Alternatively, Ginsburg and
Soloviev (1997) suggested that a diffusion
barrier caused by a hydrate film at the gas-water
interface may allow the free gas to migrate
through the GHSZ.

Our study provides some interesting insights
regarding the influence gas hydrate have on the
migration of free gas through the GHSZ and on
the associated distribution of seeps. Probably
the most revealing observation is the almost
complete absence of seeps in the GHSZ of the
Dnepr paleo-delta, even though seismic data
clearly indicated the presence of free gas in the
sediments (Figs. 2.8. and 3.8.). The seismic data
also show BSRs that indicate the presence of
hydrates and free gas in the subsurface. Seismic
inversion revealed that there is 38£10% hydrate
in the pore space at BSR depth, where the
porosity is 57% (Zillmer et al., 2005). For the
Dnepr paleo-delta it seems to be clear that gas
hydrates present in the sediments act as a
buffer for upward migrating free gas and
prevent the release of gas bubbles at the
seafloor. Bubble-releasing seeps are only
observed within the GHSZ of the Dnepr paleo-
delta where the activity of a mud volcano allows
to surpass this effective hydrate buffer
(Kruglyakova et al., 2004). This almost complete
absence of seeps within the GHSZ also suggests
that the above proposed mechanisms for free
gas migration through the GHSZ are not present
or are unsuccessful in the Dnepr paleo-delta. For
example, overpressure-related seepage that is
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not related to mud volcanism, as is seen on
many accretionary margins, doesn’t seem to be
effective in the Dnepr paleo-delta. This is true
for the whole Black Sea, where bubble-releasing
seeps occur exclusively outside of the GHSZ and
only above mud volcanoes inside the GHSZ (Fig.
1.7.). The only exception is the Batumi seep area
offshore Georgia, where seeps occur at gas
hydrate-bearing circular structures associated
with authigenic carbonates indicating focused
fluid flow but without the presence of any mud
extrusions or positive relief. Seepage at the
Batumi seep area seems to be related to
underlying mud diapirs which can however
sometimes be precursors of mud volcanism
(Klaucke et al., 2006).

Notwithstanding the different, geological and
tectonic settings of the Black Sea and Lake
Baikal, the seep distribution and the role of
hydrates seems to be very similar. As for the
Black Sea, bubble-releasing seeps in Lake
Baikal’s GHSZ are almost exclusively found at
mud volcanoes, in spite of the widespread
occurrence of active faults within the Baikal
Basins (Figs. 1.7. and 1.11.) (Granin et al., in
press). Within the Posolsky Bank study area free
gas is observed on seismic recordings within the
GHSZ and hydrates have been sampled by a
submersible at the southwestern fault scarp of
the Posolsky Bank (Figs. 6.3. and 6.7.). The
absence of seeps in the GHSZ of the Posolsky
study area and in Lake Baikal (excluding mud
volcanoes) indicates that gas hydrates act as a
seal for the upward migration of free gas and
the release of free gas in the water column, as
was observed in the Black Sea. The only
differences between the Dnepr paleo-delta and
the Posolsky Bank study area is that the seeps at
the Posolsky Bank are partially sourced by gas
coming from below the BGHSZ. Whereas in the
Dnepr paleo-delta there are no indications that
gas from below the BGHSZ is migrating along the
sediment layers and is being released outside of
the GHSZ (Figs. 2.8. and 3.8.). The geometry and
the layering of the Posolsky Bank are probably a
unique example allowing gas escape from below
the BGHSZ without having to pass through the
GHSZ. The only other known example are the
seeps studied along the West Spitsbergen
continental margin (Westbrook et al., 2009).

The only study area with a clear observation
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of fluid migration through the GHSZ that results
in the release of bubbles into the water column
is Rock Garden (LM-3 and Faure Site) (Fig. 5.2.).
Numerous authors suggest that overpressure at
the BGHSZ caused by rising bubbles or gas
pockets allows the migration of fluids through
the GHSZ at the Rock Garden seep sites (Pecher
et al.,, 2005; Faure et al., 2006; Barnes et al.,,
2010; Crutchley et al., 2010; Crutchley et al., in
press). Our study doesn’t provide any data that
sustains or contradicts these suggestions. But as
was postulated in section 7.2.2., the
overpressure generated at Rock Garden, and
probably at a lot of hydrate-bearing accretionary
prisms, is associated with the tectonic setting in
combination with the sedimentary and
stratigraphic buildup (i.e. presence of hydrates).
Furthermore, Crutchley et al. (2010) show that
for Faure Site migration through the GHSZ
occurs along tilted permeable layers whereas at
LM-3 faults control the fluid flow through the
GHSZ (Fig. 5.12.). Our data and interpretation
show that the difference in depth of LM-3 (-908
m) and Faure Site (-659 m) and the associated
thickness of the underlying GHSZ (respectively
300 m and 35 m) has a strong influence on the
bubble release and the seep environment
(carbonates, fauna, etc.) at both seep sites.
Crutchley et al. (in press) explains how a
shallower BGHSZ is more strongly influenced by
overpressure caused by underlying gas pockets
allowing temporal migration of free gas through
the GHSZ. The latter clearly shows up as strong
differences in bubble release at LM-3 and Faure
Site, as well as in the present seep fauna and
authigenic carbonates (Fig. 5.12.). Overpressure
can also have caused the submarine landslide at
the Faure Site, changing and focusing fluid
migration pathways towards the present
bubble-releasing sites as was observed at the
Dnepr paleo-delta and other seep sites in the
world (Orange and Breen, 1992; Eichhubl et al.,
2000; Kuscu et al., 2005).

This study has shown that gas hydrates play
an important role in controlling the activity of
bubble-releasing seeps, their distribution and
associated manifestations on a basin-wide scale
(Dnepr paleo-delta) and on smaller scales
(Hikurangi Margin). The study of the seeps in the
Dnepr paleo-delta clearly showed that gas
hydrates can be regarded as buffers for upward
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rising fluids, preventing bubble release at the
seafloor. This was often suggested but never
shown on such a scale. The Lake Baikal study
also indicated gas hydrates as buffers, but the
unique geometry and build-up of the Posolsky
Bank allowed gas to escape from below the
BGHSZ without migrating trough the GHSZ.
Whereas at the Hikurangi Margin the
overpressure  typically associated with
accretionary prisms allowed the migration of
free gas through the GHSZ. In none of the
studied areas gas hydrates have been inferred
as direct sources for the released methane.

7.2.4. Fluid migration outside of the
gas-hydrate stability zone

Fluid migration outside of the gas-hydrate
stability zone, i.e. shallower water depths or
greater subsurface depths, can be controlled by
various types of conduits or seals which are also
present in the GHSZ, but are often obscured by
the presence of gas hydrates. Most important
factors controlling fluid flow are overlying
sediments layers (permeability, porosity,
continuity, heterogeneity, etc.), the stratigraphic
buildup of sedimentary strata, mud diapirs and
the presence of (active) faults (see section
7.2.5.) (Judd and Hovland, 2007).

For the Dnepr paleo-delta, migration of gas in
the upper 200 m is mainly controlled by
stratigraphic and sedimentary factors, as
revealed by the behavior of the gas front visible
on high-resolution seismic reflection data (Figs.
3.6., 3.7. and 3.10.-3.12.). Along-strata and
across-strata free gas migration seems to be
important in the cut-and-fill delta deposits on
the shelf and in stacked channel-levees on the
continental slope. Near the seabed the
occurrence of an overall-present fine-grained
impermeable sediment cover, with a thickness
up to 25 m, focuses fluids upslope to the
margins of e.g. canyons or submarine landslides,
where the cover is thinner or absent. These are
the locations where free gas is released in the
water column (Figs. 3.6. and 3.10-3.12.). On the
shelf, filled paleo-channels and authigenic
carbonates control and alter fluid migration
pathways and lead to well-defined seep
distributions on meter to kilometer scales (Figs.
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3.6.,, 4.4. and 4.11.). At morphological highs,
such as sediment ridges, gas generally
accumulates near the top of the ridge, where
overpressure or density inversion leads to
breaching of the overlying stratigraphic cover
and to bubble release (Figs. 3.10. and 3.12.). The
available seismic data provides no evidence for
the existence of faults which could act as
conduits for upward fluid migration in the
shallow subsurface of the Dnepr paleo-delta.
However where faults were observed they were
not related to bubble-releasing seeps. This does
not rule out that deeper structures may be
present. Structural pathways may be provided
by: the large West-Crimean fault, diapiric
structures on the slope, a normal fault along the
shelf edge, and possible faults buried under
channel-levee systems perpendicular to the
slope at 300 m to 600 m below the seafloor
(Lidmann et al., 2004). Only for the -600 m seep
site, helium isotopes indicate that the released
gasses are possibly influenced by fluid advection
from depth, possibly along deep-rooted faults
(Fig. 3.13.) (Holzner et al.,, 2008). At this site,
seismic data however indicates that the focusing
and release of free gas at the seafloor is
probably related and controlled by the
underlying channel-levee systems (Fig. 3.7.), in a
similar way as was observed in the Congo Basin
(Gay et al., 2007). At the margin of the gas-
hydrate stability zone, gas-hydrate recycling
caused by paleoclimate-related temperature
and pressure changes may also be a source for
gas seeps although no direct evidence for this
was observed (Poort et al., 2005). Gas-hydrate
destabilization could however have lead to
sliding of submarine sediments, resulting in new
release paths for gas seepage (Fig. 3.11.).

As was already indicated in section 7.2.3., the
controls on seepage in the Posolsky Bank study
area are very similar to the ones in the Dnepr
paleo-delta, i.e. stratigraphic and sedimentary
controls (Figs. 6.7. and 6.10.). However across-
strata migration seems to be almost absent at
the Posolsky Bank where mainly focusing along
the tilted sedimentary strata occurs. This
focusing is probably a result of the angle and
continuity of the layers and the presence of an
overlying continuous fine-grained sediment
layer that acts a seal (Fig. 6.10.). Gas release into
the water column occurs where the gas-bearing
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strata get cut off by a large fault, and not by
erosional features like canyons or submarine
landslides as observed in the Dnepr paleo-delta
(Figs. 3.13. and 6.10.). The co-occurrence of the
Posolsky Fault and the seeps could suggest that
the fault acts as a conduit for fluid flow and
seepage. However integration of the data
counters this suggestion. Remarkable is the
similarity of the controls on fluid flow and seep
distribution between the Dnepr paleo-delta and
the Posolsky Bank, notwithstanding the
complete different geological setting (paleo-
delta vs. tilted fault block) and the difference in
tectonic activity between both settings.

On the Hikurangi Margin fluid migration below
the GHSZ is mostly controlled by NW-dipping
layers at LM-3 and by a permeability contrast at
the BGHSZ at Faure Site (Crutchley et al., 2010).
This implies that there is a difference in control
of fluid migration for both seep sites, below as
well as above the BGHSZ (see section 7.2.3.).

7.2.5. Faults versus sediments; which
is the primary conduit/seal related to
bubble-releasing seeps?

The previous two sections have shown that
there are a lot of different controls on fluid
migration in the shallow subsurface that lead to
bubble release at the seafloor. However, these
different controls are often not consistent with
what could be expected from the geological and
tectonic setting. Often it is a combination of
sedimentary- and fault-controlled fluid flow
even within a same area or at different
subsurface depths below a certain seep site. For
the Rock Garden seep sites on the Hikurangi
Margin (Faure Site and LM-3), Crutchley et al
(2010) showed that fluid migration can differ
depending on the observed subsurface interval
allowing sedimentary strata and faults to act as
conduits for a same seep site (Fig. 5.12.). Gay et
al.(2007) came to similar conclusions for the
Congo Fan. At LM-3, for example, fluid flow
below the GHSZ is stratigraphic-controlled by
NW-dipping layers, whereas in the GHSZ fluid
flow occurs along faults and by across-strata
migration near the seafloor. The formation of
MDACs and the activity of (seep) fauna near the
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seafloor at LM-3 act as an additional control on
fluid flow and seep distribution (see section
7.3.1. and 7.3.2.). This change of migration
mechanism is not fixed with depth or related to
a certain driving force. Crutchley et al. (2010)
show that the control of fluid flow below Faure
Site is mainly stratigraphic-controlled, in as well
as below the GHSZ. The type of fluid flow
control is rather dependent on the local
stratigraphic and structural setting below a seep
site, even within a same study area. The
example above indicates that it is very hard to
predict whether sedimentary- or fault-
controlled fluid flow occurs at a certain
geological or tectonic setting, or at a certain
depth interval

For our study areas, an integration was made
of high-resolution seismic data with detailed and
high amounts of seep-location data and other
relevant datasets in order to understand the
subsurface controls and the distribution of
seeps. Variations in grain-size distribution and
the consequent changes in permeability of the
sediments in the upper hundreds of meters, all
or not influenced by the presence of gas
hydrates, seems to be the major control on fluid
migration, on seep distribution and on seep
activity, and this on meter to basin scale. This
differs strongly from the general view that faults
act as the primary conduit at most cold seep
sites (Judd and Hovland, 2007; and references
therein). We can’t argue about the deep
subsurface controls in our study areas since we
don’t always have the deep low-resolution
seismic data. At the seafloor, often alignments
of seeps were observed on different scales (Figs.
3.6, 3.10., 3.11,, 4.1. and 5.9.). Without the
integration of different high-resolution datasets
these alignments could have been interpreted
as related to underlying faults, although they are
related to stratigraphic and sedimentary
controls. It is clear that there is not a
straightforward answer to the question raised in
the title of this section; however our study
indicates that stratigraphic and sedimentary
factors in the shallow subsurface are probably
very important for the distribution of bubble-
releasing seeps (Fig. 7.3.). This conclusion can be
extended to numerous other seep areas, since it
is based on the study of seeps in three
completely different geological settings.
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7.3. Seafloor manifestations
associated with bubble-releasing
seeps

Bubble-releasing seeps are often associated
with a multitude of seafloor manifestations
which can be recognized even when seeps are
not actively emitting bubbles into the water
column. The three main types are:
chemosynthetic communities, methane-derived
authigenic carbonates and fluid-flow related
seafloor morphologies. The presence of these
seep indicators implies focused fluid flow and
seepage but therefore not always seepage with
bubble release. Only acoustic or visual
observations can determine whether certain
seep indicators are indeed associated with
bubble-releasing seeps. The composition of
fluids released can alter the biological and
MDAC manifestations at a seeps site, seafloor
morphology is however independent of the fluid
composition.

7.3.1. Chemosynthetic communities

Chemosynthetic communities are probably
the most striking and thus the most
recognizable seepage indicators since they occur
very localized and often strongly differ from
other seafloor communities. Chemosynthetic
communities thrive on diffusively released
methane and sulfide which are available at seep
sites and thus not directly on the methane that
is present in bubbles. These communities are
believed to be the base of complete
chemosynthetic food web where higher non-
chemosynthetic organism feed on
chemosynthetic lower organisms (Judd and
Hovland, 2007). Microbes are the foundation for
chemosynthetic communities. They live in the
sediments or are present as endosymbionts in
seep megafauna. The main microbial groups
involved are sulfate-reducing bacteria (SRB) and
methanotrophic archaea that utilize methane
and sulfate dissolved in the pore waters. This
process is known as the anaerobic oxidation of
methane (AOM) which results in the release of
hydrogen sulfide and bicarbonate (Boetius et al.,
2000). AOM and the associated chemosynthetic

177

communities utilize most of the methane
available at seep sites and can therefore be seen
as an effective benthic filter (Boetius and Suess,
2004; Sommer et al., 2006). It is only where this
seabed utilization of methane can’t account for
the entire methane flux or where fluid migration
is highly focused that bubble release can occur.

In the Dnepr paleo-delta, two different
chemosynthetic communities were observed:
white bacterial mats at the -100 m seep site and
black-pink bacterial mats covering up to 4-
meter-high carbonate buildups at the -200 m
seep site (Figs. 4.7. and 4.8.) (Michaelis et al.,
2002; Blumenberg et al., 2004; Kruger et al.,
2008). Whereas the bacterial-covered buildups
are clearly associated with bubble release, the
bacterial mats in the -100 m seep site show an
inverse proportional relationship between the
extent of the bacterial mats and the distribution
and activity of the bubble-releasing seeps (see
chapter 4). At the -100 m seep sites, methane-
derived authigenic carbonates block fluid flow
and bubble release whereas at the -200 m seep
site the buildups are prolongations of the fluid-
flow pathways. The occurrence of these two
types of chemosynthetic communities and the
chimney-like buildups is strongly related to the
water depth and presence of anoxic water
masses below -145 m in the Black Sea.

At the Hikurangi Margin, no bacterial mats
were found at Faure Site and LM-3. They were,
however, found at other seep sites at the
Hikurangi Margin (Greinert et al., 2010a). As
discussed in chapter 5, the difference in seep
fauna observed at Faure Site and LM-3 is related
to the difference in fluid release mode. At Faure
Site, methane emission occurs mainly by
bubble-release and only living ampheretid
polychaetes were found. At LM-3 where
methane is mainly released diffusively, living
Bathymodiolus sp mussels and Lamellibrachia
sp. tubeworms were observed on top of a
carbonate platform. As for Faure Site, living
ampheretid polychaetes were found near the
bubble-releasing seeps at LM-3. These
polychaetes are regarded as ecosystem
engineers that facilitate the transition from a
soft sediment environment with mainly bubble
release to a hard substrate seep environment
with associated fauna where AOM and diffusive
methane transport prevail (Sommer et al., 2010;
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Thurber et al.,, 2010). At both sites, high
abundances of shells from dead Calyptogena sp.
were found. We explained the difference in
methane release and seep environment
(chemosynthetic  fauna and authigenic
carbonates) by the depth of the underlying
hydrate occurrence and the different tectonic
histories of both sites (chapter 5).

At the Posolsky Bank, large bacterial mats
where found near the hydrate site on the
Posolsky Fault scarp during submersible
observations (Oleg Khlystov, personal
communication). Besides this, chemosynthetic
fauna in Lake Baikal is mainly limited to
microbial communities which can be found at
gas-hydrate-bearing mud volcanoes, oil seeps
and hydrothermal vents (Shubenkova et al.,,
2005; Namsaraev et al.,, 2006; Pavlova et al.,
2008).

In the different study areas we observed a
variety of chemosynthetic communities in
completely different environments (anoxic,
freshwater and sea water) and at different
water depths ranging from -84 m to -908 m. For
the Dnepr paleo-delta and Hikurangi margin,
seep fauna’s were indicative for locating the
bubble-release sites even though bubble-release
was more important where seep fauna was less
abundant (see section 7.3.2.). For both study
areas the water depth is an important factor
controlling fluid flow, bubble release and the
type of associated chemosynthetic fauna.

7.3.2. Methane-derived authigenic
carbonates

Methane-derived carbonates (MDACs) are in
most cases a result of AOM and are often
formed by cemented seafloor sediments.
Common carbonate minerals in these cements
are high-magnesium calcite, aragonite and
dolomite formed by Ca and/or Mg and the
bicarbonate resulting from AOM present in the
pore waters or bottom waters. Since they result
from AOM, the carbonates are “C-depleted with
613CCH4 values generally ranging from -60 to -20

%o (von Rad et al., 1996; Peckmann et al., 2001;
Greinert et al., 2002a; Luff et al., 2005; Judd and
Hovland, 2007). Other well-known MDACs are
barites (Torres et al.,, 1996; Greinert et al.,
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2002b). MDACs occur in several forms
(chimneys, plates, crusts, etc.). Their presence in
the fossil record indicates that seepage and
AOM were already important in earlier
geological times (Luth et al., 1999; Diaz-del-Rio
et al., 2003; De Boever et al., 2006a; Judd and
Hovland, 2007; Campbell et al., 2008).

In the Dnepr-paleo delta several MDACs are
present at water depths ranging from -86 to -
700 m. The carbonates occur often in
association with bacterial mats and are “C-
depleted with 613CCH4 values generally ranging

from -25.5 to -41.%o (Fig. 4.7.) (Luth et al., 1999;
Peckmann et al., 2001; Michaelis et al., 2002;
Gulin et al., 2003; Reitner et al., 2005; CRIMEA
Project Team, 2006). At the -100 m seep site,
the MDACs are plate-like or form small buildups
that are often covered by sediments (Fig. 4.7.).
These MDACs control the locations of bubble-
releasing seeps by clogging up, and eventually
sealing, fluid pathways (chapter 4). This self-
sealing process of seeps was previously
suggested by Hovland (2002) for seeps in the
North Sea. At the deeper seep sites, MDACs are
present as chimney-like buildups which focus
bubble release. These carbonate buildups are
unique in the world due to anoxic water column
of the Black Sea below -145 m water depth.
Carbonate chimneys are normally formed within
the anoxic environment present in the
sediments and not within the water column
(Diaz-del-Rio et al., 2003; De Boever et al,
2006b). Peckmann et al. (2001) dated the
carbonates from the -200 m seep site and
concluded that the chimneys are made up from
methane with an age of 19 ka BP. The real upper
age limit of the microbial tower-like structures is
given by the limnic-marine transition of the
Black Sea and the subsequent development of a
permanent anoxic water body about 8 ka BP ago
(Pape et al., 2008). The presence of the MDACs
indicates that seepage is long-lived at the Dnepr

paleo-delta.
At the Hikurangi Margin, MDACs are present
as a relatively large carbonate platform

associated with live seep mega fauna at LM-3
and several smaller platforms without live seep
megafauna near Faure Site. Carbonates from
LM-3 had a 613CCH4 value of -36.49 %o indicating

the AOM-related formation of the MDACs
(Campbell et al., 2010). As was observed in the
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Dnepr paleo-delta, the carbonate platform at
LM-3 focuses and relocates bubble-releasing
seeps to an area just next to the area affected
by massive carbonate precipitation. Near the
bubble-releasing seeps of Faure Site, however,
no MDACs were observed. This is remarkable for
the Hikurangi Margin where most seep sites are
associated with large carbonate structures,
suggesting a longtime seepage history at this
accretionary prism (Greinert et al., 2010a). The
absence of MDACs indicates that seepage at
Faure Site is rather recent, probably related to
the presence of a submarine landslide.

At the Posolsky Bank, no sampling of
carbonates was undertaken or observed.
However, small MDACs do occur in Lake Baikal,
notwithstanding the sulfate-poor freshwater
environment. MDACs (siderites) have been
sampled at several mud volcanoes where they
occur in association with gas hydrates and are
formed due to aceticlastic methanogenesis
(Krylov et al., 2008a; Krylov et al., 2008b).

MDACs have been observed in the same water
depth range as the chemosynthetic
communities (-84 m to -908 m). Besides the

visual observations, MDACs can be easily
localized based on backscatter data from
multibeam and side-scan sonar recordings

making them strong seep indicators (chapter 4)
(Greinert et al., 2010a). MDACs control the
location and activity of bubble-releasing seeps,
and therefore their presence doesn’t always
indicate active seepage. Vast occurrences of
MDACs do, however, indicate that seepage
is/was active over longer periods. Highly focused
fluid flow can however also inhibit AOM and the
formation of MDACs and chemosynthetic
communities.

7.3.3. Seafloor morphology

In some cases bubble-releasing seeps occur at
typical seafloor morphologies. The most
common are seafloor depressions known as
pockmarks or cone-shaped seafloor highs
related to mud volcanism. Pockmarks are
believed to be formed by blow-outs due to
overpressure generated by gas trapped
underneath an impermeable cohesive sealing
layer. Mud volcanoes are formed by
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overpressured fluid and mud rising from great
depths that extrude at the seafloor. (Judd and
Hovland, 2007). Notwithstanding that both
morphologies are very characteristic they are
not always associated with bubble release.
Acoustic and visual observations are needed to
confirm if these features are actively bubbling.
In the Dnepr paleo-delta, bubble-releasing seeps
occur at several seafloor morphologies:
pockmarks, sedimentary ridges, scarps of
submarine landslides and canyons (Figs. 3.5.-3.6.
and 3.10.-3.12.). Probably only the pockmarks
are a direct result of fluid flow and seepage.
Whether they are formed by blow-outs is rather
doubtful. Perhaps they are formed by the
entrainment of sediment grains by bubbles over
long time spans. The presence of MDACs in the
deep pockmarks indicates such a longtime
seepage. Visual observations at Faure Site
clearly show that bubbles are capable of forming
seafloor depressions by entrainment of
sediment grains (Fig. 5.10.). The submarine
landslides present in the Dnepr paleo-delta and
near Faure Site are probably also related to fluid
flow and/or seepage (Figs. 3.11. and 5.2.)
(Pecher et al., 2005; Crutchley et al., in press).
Whether in both cases bubble release was the
cause or is rather the result of the mass
movement is unclear. In the Dnepr paleo-delta,
canyons are typically associated with bubble
release. As for the submarine landslides, erosion
of an impermeable cover exposes gas-bearing
layers and leads to seepage. The formation and
location of a canyon can be strongly controlled
by fluid flow and seepage (Popescu et al., 2004).
Furthermore, the alignment of seeps on the
crests of sedimentary ridges is very common in
the Dnepr paleo-delta, but such alignments are
hardly observed anywhere else (Figs. 3.10. and
3.12.). This is maybe due to our detailed
echosounder coverage and resulting seeps
distribution. The presence of an impermeable
top layer and the tendency of fluids to migrate
towards the highest location in permeable
reservoirs is probably the cause of this
alignment. Whether overpressure helped to
breach the cover layer at the crest of the ridges
or whether the presence of MDACs have
enhanced the ridge morphology is not clear.

As mentioned in the previous paragraph the
seeps at Faure Site are associated with a
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Dnepr paleo-delta

VHBS

* passive continental margin

* seepsoccuroutsideGHSZ

* seeps are fed by methane from outside the GHSZ

* seep distribution is controlled by sedimentary,
morphological and stratigraphical factors

* authigenic carbonates and bacterial mats

Hikurangi Margin Posolsky Bank

A. Faure Site

tilted fault block in rift lake
B. LM-3 * seepsoccuroutside GHSZ
©» —— umoto (CHI * seeps are fed by methane from underneath theGHSZ
m seep distribution and mode is controlled by the
stratigraphy and geometry in relation to the GHSZ
« sampled hydrates and bacterial mats on the fault
scarp inthe GHSZ

* active continental margin/accretionary prism

* seepsoccurinside GHSZ

* seeps are fed by methane from underneath the GHSZ

* seep distribution and mode is controlled by the water depth and
related subsurface depth ofthe BGHSZ

* authigenic carbonates and seep mega fauna

Figure 7.3. Overview of the models explaining fluid flow, the distribution of seeps and the associated
seafloor/lake floor manifestations for the different study areas.
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submarine landslide and with very small
pockmarks formed by bubble release. At LM-3,
no small-scale change in seafloor morphology is
present at the seep site except for the presence
of the carbonate platform. On a larger scale,
seepage at Rock Garden and at the Hikurangi
Margin is located on the crests of thrust-faulted
ridges on the mid slope of the accretionary
prism (Barnes et al., 2010).

At the Posolsky Bank, seeps occur where a
major fault cuts off gas-bearing strata, whereas
for the Dnepr paleo-delta and Faure site
erosional features expose gas-bearing layers.
Fault scarps seem to be the main seep location
in the Posolsky Bank study area. One local
pockmark was also observed at a fault scarp;
however no bubble release was observed (Fig.
6.3.).

The previous has shown that seeps tend to
occur at certain seafloor morphologies, but
those seafloor morphologies are not always
associated or caused by fluid flow or bubble
release. Pockmarks are probably the most
indicative for present or past seepage activity.
However, in our study areas, the amount of
pockmarks is rather small. Whether this is due
to sediment type or fluid-flow activity is unclear.
Locations where subsurface layers are exposed
due to erosion or fault activity are particularly
interesting to be associated with bubble-
releasing seeps.

7.4. Fate of methane released at
bubble-releasing seeps

Although it was not one of the main goals of
this study, the fate of the methane released at
bubble-releasing seeps is one of the key
questions behind the conducted seep research
and can therefore not be omitted from this
discussion. Within the CRIMEA project (Black
Sea), the main goal was to study and quantify
the transfer of methane to the atmosphere
emitted from bubble-releasing seeps. Several
publications resulting from this project
explained the mechanism controlling the release
of methane from the seafloor, into the water
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column and potentially into the atmosphere
(Durisch-Kaiser et al., 2005; Schmale et al., 2005;
Greinert et al., 2006; Kourtidis et al., 2006;
McGinnis et al., 2006; Schubert et al., 2006;
Greinert, 2008; Greinert and McGinnis, 2009;
Greinert et al., 2010b; Schmale et al., 2010). The
main conclusion is that bubble-releasing seeps
are only active over short periods, e.g. Faure
Site (see table 5.1.), and are only effective in
transferring methane into the atmosphere in
shallow water depths (< 100 m). Even in these
shallow water depths the resulting flux is rather
limited. It is only where a widespread massive
constant release of gas bubbles occurs, e.g. from
destabilizing gas hydrates or from mud
volcanoes, that bubble plumes can form and
enable the release of significant volumes of
methane into the atmosphere and influence
regional atmospheric methane concentrations.
In case of the mud volcanoes the duration of
such outbursts is rather limited in time and thus
less significant. Our observations at Faure Site
also showed that bubble release is very
transient and is controlled by different factors
on different time scales (see section 5.5.2.). It
seems that only very shallow and very active
seeps, e.g. Coil Oil Point seeps, significantly
contribute to atmospheric methane (Leifer et
al., 2006b). Solomon et al. (2009) indicated
however that deep oily seeps or seeps releasing
large bubbles can have an important influence
on atmospheric methane concentrations. It is
clear that much more research needs to be
conducted to understand the release of
methane from bubble-releasing seeps. One of
the main target study areas should be the
shallow Arctic Shelf, where rapidly warming
bottom waters are potentially affecting gas-
hydrate stability and cause the thawing of
permafrost. The release of the possible vast
amounts of methane stored in the sediments
and the shallow water depth could lead to
enormous fluxes of methane into the
atmosphere and could affect atmospheric
methane concentrations and global climate in
the near future (Shakhova and Semiletov, 2007;
Greinert et al., 2010b).
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CHAPTER 8

Conclusions

Based on the study of bubble-releasing
methane seeps at three different geological and
plate-tectonic settings, this study provides a
broader insight in the geological factors
controlling the distribution of methane seeps
and the processes associated with them. Gas
seepage was studied by making an integration
of hydro-acoustic investigations (single- and

multibeam echosounding, side scan sonar,
seismics), seafloor  observations (ROV,
submersible, TV-sled) and grainsize-,

geochemical- and geothermal analyses. The
three study areas were: the Dnepr paleo delta
on a passive continental margin in the Black Sea;
the Hikurangi Margin, an active continental
margin in SW Pacific Ocean; and the Posolsky
Bank, a tilted fault block, in the Lake Baikal rift.

On a regional or basin-wide scale, the
occurrence of gas hydrates seems to play a very
important role in determining the distribution of
and the processes associated with bubble-
releasing seeps. In the Dnepr-paleo delta and in
Posolsky Bank area almost no seeps were
detected within the gas-hydrate stability zone
(GHSZ), indicating that gas hydrates, where
stable, can act as an effective seal and prevent
upward migrating methane gas to be released as
bubbles into the water column. Whereas on the
Hikurangi Margin seepage mainly occurs in the
GHSZ in relation with overpressure and large-
scale fracture zones, associated with the
sedimentary and plate-tectonic setting of this
accretionary prism. The depth of the base of the
GHSZ, related to the water depth, and the
tectonic history of the two seep sites studied on
Hikurangi Margin (Faure Site and LM-3) strongly
influence the methane-releasing mechanism
and the resulting seep environments. At LM-3,
methane is mainly released diffusively allowing
authigenic carbonate formation and sustaining
seep-related mega fauna, whereas at Faure Site,
methane is mainly released as bubbles and the
presence of authigenic carbonates and seep
fauna is limited. The released methane, at the
Hikurangi Margin or at the other study areas,
doesn’t seem to be sourced by destabilizing gas
hydrates.
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In addition to gas hydrates, the presence of
fine-grained  low-permeability  stratigraphic
horizons, present at various subsurface depths,
is also very important in focusing or preventing
shallow gas migration and gas-bubble release on
various spatial scales. The latter was clearly
visible in the Dnepr paleo-delta and on the
Posolsky Bank where the occurrence of free gas
in the subsurface is controlled by the occurrence
of certain stratigraphic horizons. It is only where
these horizons were absent or had a negligible
thickness that fluid flow towards the seafloor or
lakebed is possible and that bubble-releasing
seeps were observed. These locations are often
characterized by erosional features associated
with typical seafloor/lake floor morphologies
such as canyons, sedimentary ridges, submarine
landslides, pockmarks or fault scarps, which
alter fluid-flow pathways and enhanced bubble
release. In general, seepage in our study areas is
associated with morphologically or
stratigraphically controlled fluid flow in the
shallow subsurface, rather than fluid flow driven
by regional or local faulting. However, seismic
data from the Hikurangi margin indicated that
controls on fluid migration can differ depending
on the observed subsurface interval allowing
sedimentary and fault controlled fluid flow at
one seep site.

On small spatial scales, the activity of seep
fauna and the formation of methane-derived
authigenic carbonates, both related to the
anaerobic oxidation of methane, play an
important role in the distribution and activity of
seeps. In the Dnepr paleo delta and in LM-3, the
formation of authigenic carbonates in the
subsurface has led to (self-)sealing of fluid flow
pathways by carbonate clogging, followed by a
relocation of the fluid pathways and gas seep
locations around these carbonate-cemented
impermeable areas. For the Dnepr paleo-delta,
the established relation between seep density

and the degree of authigenic carbonate
precipitation indicates that methane flux
calculations can be performed using

backscatter-based estimations of seep densities.
The presence of seep fauna, e.g. ampheretid
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polychaetes and bacterial mats, also influences
seep activity and distribution as was observed
on the Hikurangi Margin and in the Dnepr paleo-
delta. These fauna facilitate the transition from
a soft sediment environment with mainly bubble
release to a hard substrate seep environment
with associated seep megafauna where AOM
and diffusive methane transport prevail.

In addition to these local controls on seep
distribution and activity, bubble release was
very variable over periods of minutes to hours,
as indicated by seafloor observations in the
Dnepr paleo-delta and at Faure Site. These
variations are attributed to external changes
(e.g. tides, current changes, etc.) or internal
changes related to the fluid-flow/seep system
(e.g. gas supply).

As a final conclusion, this study has shown
that integration of high-resolution datasets are
needed, in addition to low-resolution datasets,
to understand the distribution and
manifestations of bubble-releasing methane
seeps and the associated fluid-flow systems.

Future perspectives

Besides the obtained results and conclusions,
this study raises some questions that could
guide future research activities related to
bubble-releasing methane seeps.

First of all, it is important to know the basics
of subsurface fluid flow to understand the
resulting release of gas and its associated
seafloor manifestations. This study gave strong
indications about controls of fluid flow in the
shallow subsurface, but a more quantitative
approach based on the integration of analog
sandbox modeling, numerical modeling and data
from fossil seep structures can help to better
understand the present-day seep and fluid-flow
systems. Such integrations would help to better
interpret data from present-day seeps gathered
by remote sensing, e.g. seismic data. Seep areas
should be better imaged using ROVs, AUVs and
high-resolution acoustic methods to better
understand and know the extent of associated
sea-floor manifestations. A better
understanding of fluid flow and seepage would
allow better risk assessments for offshore
operations, e.g. pockmark formation near
pipelines, etc.
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This study and other studies often have
problems indicating the main source of the
released fluids. Again a better integration of
different kinds of geophysical data (e.g. high-
and low-resolution seismic data, heat flow data,
etc.) and geochemical data should provide
better insights in the origin of the fluids and the
influence these fluids have on seep-related
seafloor manifestations. For the exploration of
new hydrocarbon resources based on seep
occurrence, a correct constraint of the fluid-flow
source is highly necessary.

Despite the research done during the CRIMEA
project and other projects, it is still unclear how
important methane seeps are as sources of
atmospheric methane and what their influence
is on global climate. As shown by Greinert et al.
(2010), an integration of spatial and temporal
datasets is needed and results in good methane
flux estimates. Similar research strategies should
be used in other known and yet unknown seep
areas occurring at different geological settings
and this over larger areas and during longer
observations periods. To achieve global
estimates of methane release from the seafloor
and oceans, it is essential to make correct
assessment of the activity and the amount of
seeps present at the seafloor. New multibeam
systems that provide water column imaging can
help to find new seep provinces, not only in
pioneer areas like the Arctic or Antarctic but also
in basins known for seepage. The Black Sea, for
example, has probably the highest amount of
detected seeps in the world. But this is only
based on a handful of seep provinces. Seepage
is most certainly much more widespread. It is
clear that in addition to very local and detailed
studies focusing on known seep sites, there is
also big need to do more extended surveying to
find new seep areas to better understand all
processes involved.

Furthermore, it is important to better
understand the role gas hydrates play as a
source for methane release and atmospheric
methane. How does global warming and
associated rising temperature of bottom waters
affect gas-hydrate stability and on what time
scales? Does abundant gas release resulting
from destabilized gas hydrates alter fluid-flow
pathways? Does this lead to the observed
widespread occurrences of submarine landslides



8. Conclusions

in gas-hydrate and seep areas? Again better
constraints of the natural environment by
integration of new techniques like 3D seismics,
controlled source electromagnetic
measurements, etc. should help answering
these questions.

This study, as well as previous studies, has
shown that integration of different datasets and
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the collaboration of geoscientist with different
backgrounds are needed to enhance our
knowledge of bubble-releasing seeps and the
influence they have on the geosphere,
biosphere, hydrosphere and atmosphere.
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APPENDIX B — LIST OF RESEARCH EXPEDITIONS

01.01.2010 - 02.03.2010

15.06.2009 - 15.08.2009

13.03.2009

02.08.2008 - 11.08.2008

01.03.2008 - 30.03.2008

26.01.2008 - 08.02.2008

11.01.2007 — 23.03.2007

03.07.2006 — 06.07.2006

24.03.2006

17.09.2005 - 23.09.2005

22.06.2005 - 24.06.2005

28.02.2005 - 04.03.2005

01.10.2004 - 06.10.2004

ROV expedition in Antarctica
R.V.1.B. Nathaniel B. Palmer (10-01)
Punta Arenas (CHL) — Punta Arenas (CHL)

Multibeam and submersible expedition on Lake Baikal
R.V. TITOV/MIR-2
Listvyanka (RUS) — Listvyanka (RUS)

Multibeam and seismic expedition on Belgian Continental Shelf R.V.
BELGICA (2009/04)
Zeebrugge (BEL) — Zeebrugge (BEL)

Heat flow and coring expedition on Lake Baikal
R.V. VERESHCHAGIN
Listvyanka (RUS) — Listvyanka (RUS)

Heat flow and coring ice-expedition on Lake Baikal
Listvyanka (RUS) — Listvyanka (RUS)

Multibeam expedition on Lake Geneva
R.V. LA LICORNE
Versoix (CH) — Versoix (CH)

ROV, heatflow and coring expedition on Hikurangi Margin
R.V. SONNE (191/3)
Napier (NZ) — Auckland (NZ)

Seismic expedition on Belgian Continental Shelf
R.V. BELGICA (2006/14)
Zeebrugge (BEL) — Zeebrugge (BEL)

Multibeam and seismic expedition on Belgian Continental Shelf R.V.
R.V. BELGICA (2006/05B)
Zeebrugge (BEL) — Zeebrugge (BEL)

Heat flow and coring expedition on Lake Baikal
R.V. VERESHCHAGIN
Listvyanka (RUS) — Listvyanka (RUS)

Multibeam expedition on Belgian Continental Shelf
R.V. BELGICA (2005/15)
Zeebrugge (BEL) — Zeebrugge (BEL)

Seismic expedition on Belgian Continental Shelf
R.V. BELGICA (2005/04B)
Zeebrugge (BEL) — Zeebrugge (BEL)

Bathymetry and coring expedition on Lake Baikal

R.V. VERESHCHAGIN
Listvyanka (RUS) — Listvyanka (RUS)
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List of research expeditions

25.05.2004 — 23.06.2004 Multibean, heat flow and coring expedition on Black Sea
R.V. Vodyanitskiy (60)
Istanbul (TUR) — Istanbul (TUR)

25.05.2003 — 23.06.2003 Seismic, multibean, heat flow and coring expedition on Black Sea

R.V. Vodyanitskiy (58)
Istanbul (TUR) — Istanbul (TUR)
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