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Preface

Overall the project has been going very well andhaee exceeded our targets. This
report begins with a preliminary background geoptatsand geochemical report on
the Dunmanus pockmarks that will form the basistf@r first publication from this
work. Chapter two includes geochemical and georhiatavork that we have carried
out in the Irish Sea. This is similar to researchrently being written up for
publication for the Dunmanus Bay pockmarks. Thiggrawill report on an
unprecedented chemical and microbiological charsettton of the Dunmanus
pockmarks. The data will include:
* A thorough geochemical analysis including gas andent dynaimcs,
* Biomarker analysis down the cores that includegeigironmental data,
» Isotope ratio analysis including both compound sjeand bulk carbon,
* Nuclear Magnetic Resonance (NMR) on organic mattracts and
porewater,
* Quantitative PCR analysis down the cores,
* In the process of acquiring pyrosequencing datandmwves and
* Hydrocarbon degradation studies that look at theegeresponsible for
hydrocarbon decomposition.

Also attached are two papers that have recentlyn bagomitted to “Marine
Chemistry” Sources and transportation of organic matter on Muedin Shelf, NW of
Ireland) and “FEMS Ecology” Microbial diversity at a low-activity pockmark ohet
Malin Shelf, N.W. Ireland and one paper in preparation for “Limnology and
Oceanography” Sources and distribution of organic matter in sedamarine
sediments in the western Irish $eBhis work was supported by the INFOMAR 2012
research funding.



Chapter 1
Geophysical and benthos survey of a small pockmark
field in Dunmanus Bay, Ireland.

Introduction

Fluid flow in the marine subsurface is a known kather poorly understood
and difficult to observe phenomenddadvland and Judd, 1988Pockmarks, usually
sub-circular, shallow depressions, which are belleMo be geo-morphological
indications of fluid seepage (nhamely &HH,S, hydrocarbons, groundwater) through
the seabedKing and MacLean, 19730 are often used to identify sites where fluid
flow is intensified [ink, 1952 Hedberg, 1980 Contribution of these marine
seepages to the food webtigaugham, 198Danto, 200}, nutrient cycles and carbon
cycle in particular llambert and Schmidt, 1993udd, 2003 Judd 200 remains
elusive.

Dunmanus Bay is located in the west of Irelanchiem €ounty Cork, south of
the larger and better known Bantry Bay. The ba¥ ken wide from Sheep’s Head to
Three Castle Head and 25 km long from its moutkdar Mile Water head. It is a
flord-like setting with only one small river, Duspuand several streams draining into
the bay. Water depth in bay does not exceed 20dweathes over 70 m at its mouth
(Figure 1). The area experiences strong influeicea coastal upwelling but tidal
activity is low as Dunmanus Bay is out of the miital flow.

Favourable thermal fronts and adequate nutrient@atrations support high
levels of phytoplankton production in these watemnd seasonal blooms are common
(Raine et al. 1990)Notably, blooms ofGyrodinium aureolum(dinoflagellate
responsible for the so calledet tide$) are frequent in these waters affecting the
aquaculture of the regioddnkinson and Connors, 198Roden et al. 1980, 1981
Benthic fauna of the Dunmanus Bay remains largelstudied however in waters
close to shore and rocky outcrops frequent sightofgsea lettucdJ. lactucg, snails
(N. lapillug), barnacles . balanoides C. montagui, mussles Nlytilus spp.) and
limpets P. vulgate P. aspera have been reporte€foss and Southgate, 1983

The bedrock geology of Dunmanus Bay was not studexdsebut inferred
from the geology of bordering landmasses in the0$8%/ Jukes, 1864andJukes et
al. 1861 and more recently byNaylor, 1975 Naylor and Sevastopulo, 19%hd
MacCarthy, 2007Both Bantry and Dunmanus Bays lie in the Soutm#$er Basin
separated by the Sheeps Head anticline. The nsgdimentation controlling fault in
this area is the Dunmanus Fault (DF) crossing ttigecbay parallel to the landmass
(Figure 1). Two major branchings of this fault ocau the vicinity of the pockmark
field area: the Gortavallig Fault (GVF) and theteetFault (LF). Moreover there are
several minor faults in the northern part of thenB¥xanus syncline separate from the
DF, notably the Rossmore Fault (RF) and the Glagtiotault (GF). Faults are often
associated with fluid migration provided that s@urocks are present and thermal
conditions favour hydrocarbon generation (el§utas et al. 2004 Early
Carboniferous formations abundant in the area aomaplaces organic-rich shales,
so called fmarine bandsand “Alluvium, Peat-bogis present in the Dunmanus and
Bantry areaJukes, 1864andHunt, 1859. The surface sediments in Dunmanus Bay
are predominantly muddy sands with a small grasgimonent.



Surveying efforts of INFOMAR (Integrated Mapping rF@ustainable
Development of Ireland’s Marine Resources) angriésiecessor INSS (Irish National
Seabed Survey) in the past 10 years have revealekinarks and other seepage
related structures in numerous locations in Irishtens, i.e. on the Malin Shelf
(Monteys et al., 20Q8Vionteys et al., 200%nd in the Irish SeaCfoker and Garica
Gil, 2002 Croker et al., 2005 The most recent bathymetric survey of Dunmanus
Bany, SW Ireland revealed another, previously umkmosmall pockmark field
(Monteys et al.,, 2000 In this paper we report findings of this survegsess the
activity and nature of pockmarks and investigateirthinfluence on benthic
communities.
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Figure 1 Area of study.

Materials and methods
Bathymetry

Pockmarks in Dunmanus Bay were identified in 20Qifirdy a multibeam
survey carried out by the RV Celtic Voyager as & pathe INFOMAR program.
Bathymetric data of Dunmanus Bay was acquired iA620uring a Tenix Lidar
survey (shallow water) and on board the RV Celtiplarer (mouth and outer part of
the bay). Although data acquired during these sieypermitted identification of the
pockmark field, low resolution of the data limit&ukight into the morphology of
these features. In April 2009 the RV Celtic Voyagequired very high resolution
data that permitted further insight into morphola@nd distribution of the Dunmanus



Bay pockmarks $zpak et al. 200&nd Monteys et al., 2010Pata were acquired
onboard the R.V. Celtic Explorer and R.V. Celticydger using a Kongsberg-Simrad
EM1002 multibeam echosounder, with an operatioreduency of 93-98 kHz and
pulse length of 0.7 ms and low survey speed (2-8tn Resulting bathymetric
terrain models were gridded at 5x5 m. High resotutbathymetry was crucial in
identifying these relatively small seabed features.

Sub-bottom profiler

Sub-bottom profile data were acquired using a heaveected SES Probe

5000 3.5 kHz transceiver in conjunction with a hatbunted 4°x4° transducer array.
Acquisition parameters, data logging and interpi@tawere carried out using the

CODA Geokit suite. Both Raw Navigation string andade Compensation string are
fed into the Coda DA200 system (from the Seapath).2@n average estimated

acoustic velocity of 1650 m/s was used to calcullagethickness of the sedimentary
units. Acoustic penetration in some areas waserotider of 60 m below seabed with
approximately 0.4 m vertical resolution (I thinksimeeds adjustment).

Water column sampling

Water column samples were collected (Fig. 1) witkkhh bottles mounted on
a SBE 32 Carousel Water sampler (Sea-Bird Eleatsolmc., USA). During descent
the Conductivity, Temperature and Depth (CTD) pesfiwere recorded to identify
oceanographic background conditions and allow s@gvater column in a more
informative manner. Upon retrieval samples weradferred immediately to 125 ml
serum bottles and crimp sealed with gas-tight thHiakyl rubber septum. All water
samples were poisoned with saturated mercuric idddiHgCh) solution to inhibit
microbial activity and stored at 2@ until analysis. Samples were analyzed
according to modified head-space method with galhut as described liyal’chenko
et al., 2004 Briefly samples were boiled in water bath for arhthe day of analysis to
ensure full desorption of methane. Due to the lieak of portable gas
chromatograph (Model 312, PID Analyzers) the methaantent from head-space
was determined on shore after the cruise on Catla Bas chromatograph equipped
HP-PLOT Q capillary column (30 m x 0.32 mm i.d.,|2® film thickness) and flame
ionization detector (GC-FID). The detector tempam@atvas set to 226 and He was
used as carrier gas. Samples were quantified basethe methane gas standard
response as described@al’chenko et al., 2004Viethod robustness was tested with
methane standards across range of concentratiohgielded with precision of + 0.5
nM, n=4 for concentrations <25 nM.

METS sensor

The METS sensor (Franatech GmbH, Germany) was radwon the Sea-Bird
911 CTD (Sea-Bird Electronics Inc., USA) unit. TRED’s water pump feeding
tubes were modified to ensure that both sensolgznthe same representative water
sample. Sensor was calibrated by the manufactwernfethane concentrations
ranging from 2 to 200 nmol/l in temperature rangerf 2 to 26C. The METS type
sensors have relatively slow response time, thexefin equilibration test was
performed to assess minimal time necessary to reaséline signal after saturation.
Lag time varied between 200 and 300 s dependingpturation conditions (350 and



700 nmol/l respectively).Sensor was deployed with €TD and held 5 m above the
seabed until signal stabilized. Between deploymsetsor was kept powered on and
immersed in running surface water to minimize hutyidnd temperature variability.

Sediment sampling

Sediment samples were collected with use of box gragity corers. Upon
retrieval samples were transferred to Argon puiglede box and redox potential E
measurement was taken with the use of temperatum@ensated push-in Pt electrode
with Ag/AgCI reference junction (SCHOTT). Electrogas routinely checked for
sulfide poisoning and tested for reproducibilitytieeen measurement series with
saturated quinhydrone pH buffer solutions (pH = dn@ 7.0, with expectedE, =
172+4 mV). Sediment cores (10 nfor interstitial gas analysis were collected with
cut-off syringes and transferred to head-spaces\d@all processed similarly to water
samples. Pore water sulphate and chloride condemsawere determined on shore
by ion chromatography according to standard metlogyo

Benthos survey

Day Grab sampler (0.19nwas used to collect benthos samples. Five replica
samples were taken per site (Fig. 1) A Perspex waetaken from each sample for
on shore meiofaunal assemblage analysis, remag@nple was sieved on a 1 mm
mesh sieve and retained macrofaunal assemblagepreasrved in 10% buffered
formalin solution. All meiofaunal and macrofaunasemblages were sorted under a
microscope into four main groups: Polychaeta, Ml Crustacea and Others which
consisted of echinoderms, nematodes, nemerteaigsyriems and other lesser phyla.
The taxa were identified to a species level whessible. Additionally granulometric
analysis was performed on dried sediment from d&&ctthos station. Approximately
100 g of sediment was sieved through series of Wenth graded sieved/cMahon
et al., 199% Chlorophyll a concentrations were derived from fluorescence
measurements recorded during all CTD casts. Floereg sensor was calibrated for
Chlorophylla concentrations ranging from 0.04 to 200 pgl/l.

Univariate and multivariate statistical analysesrevearried out on the
combined replicate station-by-station faunal ddthe following diversity indices
were calculated: Margalef's species richness ind&x (Margalef, 1958 Pielou’s
Evenness index (J)P{elou, 197Y and Shannon-Wiener diversity index (HRjdlou,
1977. The PRIMER ® programmeC(arke and Warwick, 20Q1was used to carry
out multivariate analyses. All species/abundanda @ere fourth root transformed
and used to prepare a Bray-Curtis similarity mainXPRIMER ®. The fourth root
transformation was used in order to down-weigh iimportance of the highly
abundant species and to allow the mid-range ared sgecies to play a part in the
similarity calculation. The Bray-Curtis similaritgnatrix was subjected to a non-
metric multi-dimensional scaling (MDS) algorithmdaaluster analysiskfuskal and
Wish, 1978.

Sediment profile images were taken in five repbsaat the same locations as
benthic samples with Sediment Profile Imagery caméBPl; AQUAFACT
International Services Ltd., Ireland). SPI camep&smit in situ images of the
undisturbed sediment water interface to be obtawleidh is impossible to obtaiex
situ mainly due to sediment disruption and compactionng sampling with use of
conventional apparatusS¢merfieled and Clarke, 1997SPI cameras mounted on a



frame are slowly lowered on to the seabed to mimensiediment disruption and then
hydraulic or gravity based system is triggered fribim vessel to insert the prism into
the seabed.

Results and discussion

Hydrology and seabed bulk parameters. (this paragraph will be restructured or
incorporated into paragraphs below)

Thermo and haloclines were well defined on an ayedepth of 11 m (data
not shown) The average surface water temperatusel @&°C and 10.2C below the
thermocline and 9.8 at near bottom. Dunmanus Bay with only few stregmore
marine than estuarine environment with little frgakter influence. The salinity
reaches average open ocean values and generéthwsahe thermocline fronts with
surface water reaching salinity of 34.92 psu insirea to 35.05 psu below the
pycnocline and 35.08 psu in near bottom watersedif of weak coastal upwelling
could be observed in the water column but genetalé} activity is low as Dunmanus
Bay is out of the main tidal flonQross and Southgate, 198Bniform water column
structure was expected as the survey area is @ugogimately 2 km long but also
because significant variability in the water colummaracteristics can also affect
benthos community structur€lgrke and Green, 1988

Chlorophyll a (Chl a) concentrations were similar in all stations araied
between 3.33 - 2.33 pg/l. Calmaximum was present on average depth of 17 m. The
concentration of phytoplankton started to incrgase after the pycnocline, with the
lower boundary located around 30 m. A slight dezlin concentrations (R0.41,
n=9) can be observed across the transect. Thegesvaie consistent with previously
reported for sister Bantry BayG(ibble et al., 2007 as there is no plankton data
published on Dunmanus Bay.

Sediment in all stations was similar across ak silasses a comprised mainly
of sands with small percentage of gravel and witniBcant but not dominant
silt/clay component (Table 1). Percentage of graeeled from 6 to 19.2% and more
gravel was found in the stations located in theinitig of rock outcroppings
suggesting erosional origin rather than typicalpdtones. Sands were almost evenly
distributed across their size classes (mean 118%0) with the finer facies being
slightly more abundant (11-31%). Silt and clay cosgd of approximately a third
(mean 32.8%, n=10) of the total volume of the seaimWith the sedimentary matrix
being relatively uniform across all stations graire changes should have negligible
effect on the benthos community structutéafke and Green, 1988

Grain size (um)
Site | >2000 >1000 >500 >250 >125 >63 <63 GraveBand Silt/Clay

17 14.9 13 104 8.9 8.9 112 32.7 149 52.4 32.7
18 7.4 9.9 9.7 8.1 92 171 386 7.4 54 38.6
41 192 10.2 10.2 94 9 156 26.4 19.2 544 26.4
19 6.3 123 141 11.7 108 125 323 6.3 614 32.3
20 12.3 9.8 8.7 7.9 69 157 3 12.3 49 36
21 151 10.9 9.1 7.6 9.3 14 33.8 151 50.9 33.8
22 6 121 124 11 108 136 341 6 599 34.1
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39 5.3 6.9 39 5.1 6.9 121 247 5.3 70 24.7
16 2.2 5.5 5.8 47 143 311 364 22 614 36.4
40 154 12.8 9.7 8.4 93 116 32.8 154 51.8 32.8

Table 2
Pockmark distribution and mor phology

Dunmanus Bay pockmark field contains 125 sub-caicpbckmarks. Majority
of these pockmarks range from 0.2 to 0.7m in depid have average diameter
between 8 and 10m (Table 2). There is also a gofugery small (1-3m) and very
shallow (<0.2m) satellite pockmarks scattered actbe field. Majority of pockmarks
occur in parallel clusters and only few individwatlits are observed outside of these
pockmark groups. Larger units are often merged ifogncomposite pockmarks
however their individual sub-circular units are aiby distinguishable. The field
shows clear NE-SW orientation limited by two roakeyops.

Estimated Dimensions [m] Depth [m]
Estimated | pockmark
Pockmark | No of | total area density

group units [km?] [units/knf] Max Min | Average| Max| Min

I 14 15 5 9 0.2 0.6

Il 14 17 5 10 0.2 0.6

1] 20 11 6 8 0.2 0.7

v 22 10 4 7 0.3 0.6

\Y 7 13 5 8 0.2 0.6
Ungrouped 19 11 5 9 0.2 0.6
Satellite 25 <0.2 0.6

Pockmar k formation

Pockmarks are seabed features associated with dikpailsion through the
seabed. The fluid involved in the formation of mogtrine pockmarks, discovered in
areas not adjacent to landmass and therefore defaighotential aquifer influence, is
hydrocarbon gas Jgdd and Hovland, 2007 Nevertheless exceptions to this
generalisation have been reported. In areas oflttreda Escarpment which is a part
of the Florida Platform freshwater seeps occumdeaths exceeding 3000 rRqull et
al. 1984. Another example is Black Ridge located ca. 280 d&ffshore at 600 m
depth Judd and Hovland, 20D 7However in general estuarine, lacustrine andteda
settings groundwater escape is a viable mechani$mposkmark formation.
Pockmarks formed by this mechanisms have been ywdpbrted (e.gChristodoulou
et al. 2003 Judd and Hovland, 200.7Since Dunmanus Bay pockmarks are located
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just 650 m away from the landmass freshwater elquils a potential and probable
formation mechanism of these features.

There was no evidence of salinity changes simitarthat reported by
Christodoulou et al. 2008nd others that would imply active flow of fresh@rainto
the water column. The salinity in the last 10 mtleé water column shows a gentle
increasing trend in all stations to reach an awereglue of 35.07 psu\(e can
produce a Figure here if neejetdnfortunately the CTD carousel due to weather
conditions had to be kept approximately 5 m abneseabed to compensate for the
swell induced rocking of the vessel and protectitistrument from contacting the
seabed. Interestingly the salinity decrease regdseChristodoulou et al. 200®&as
observed in the 3 m water layer above the seab@dthanwater column above was not
affected. It is therefore possible that moderagstwater flow was not recorded in the
above mentioned experimental conditions. Detailedew surveying of these
pockmarks with a fly-by camera during a recentaede cruise (2011 CE11 017) did
not reveal any visible freshwater flow. This fingimowever does not necessarily
eliminate the possibility of freshwater expulsiohigh might occur periodically. The
western coast of Ireland is known for high preeapan and the Dunmanus Bay area
is one of the two locations in the entire counthe(other being west of Connaught)
where annual mean rainfall exceeds 2800 mm/yeat BWteann, 1961-1990 annual
mean,www.met.ie/climate/rainfall.agpMoreover there is little vegetation that could
assimilate at least a portion of the rainfall, @edmeable rocks such as limestone and
sandstone are the dominant rock type in the ategl¢r, 1979. According toBurnett
et al. 2003these are the main factors along with groundwatestraction and
topography that control the likelihood of a grourader discharge in a coastal setting.
Given the above it could be expected that peridigicparticularly after heavy
rainfall, the amount of freshwater in unconfinediiéeys will increase. This can result
in a pressure gradient that can potentially resulpore fluid displacement and/or
freshwater expulsionJ(dd and Hovland, 2007 This hypothesis is however not
supported by the pore fluid data from the colledediment core, although profiles
show some interesting features (Figure 2). Conagatr of chloride in the entire core
shows typical seawater values with no evidencepfame water freshening which
would be expected if ground water was migratingodigh the seabed. Similarly,
reduction of sulphate is observed without any eweeof freshwater dilution. The
sulphate profiles show an initial decrease and titearound 1.5 mbsf the trend is
reversed possibly by re-oxidation of sulphite. Arghdecrease would be expected in
the case of intrusion and for a diffusive/advecseenario a linear or concave profile
would be expectedSchulz and Zabel, 20p5Therefore we find no evidence of pore
water freshening of both water column and the sedimand we conclude that
freshwater expulsion is not a likely mechanism tfoe formation of Dunmanus Bay
pockmarks.

Since freshwater is rather unlikely the fluid invedl in the formation of these
features alternatively hydrocarbon gas can be resble. The sub bottom data
contain multiple signals that are commonly intetpdeas associated with shallow gas
and gas venting into the water column (Figure 3)midrous and extensive areas of
acoustic turbidity (AT) as well as hyperbolic reflers (HR) in the water column in
the vicinity of the AT are visible (middle paneBT is a strong indicator of shallow
gas accumulation, similarly as observed in the M&helf Gzpak et al, 2001 The
AT appears to be extended over a relatively widsaand yet also confined to a
particular sedimentary facies as there is clea$s lturbidity above and below the
main feature. Moreover acoustic blanking (AB) tybig observed below the gas front

12
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Figure 2. Porefluid profilesfrom the collected sediment cor es.

is virtually absent in this setting. Only one visibamplitude decrease is
observed below one of the pockmarks that could degilzed to weak AB (Figure,
bottom panel). Although it is not as apparent ashie Malin Shelf area however
weakening and partial discontinuity of the bedraelector below this feature is
clearly visible. In this area gas appears to beemdispersed and more evenly
distributed in the sediment. Moreover the AT isslgsofound than in the area to the
north-west which might be related to grain sizdriigtion and compaction of the
sediment, however the latter is of a less impogacmmposed almost exclusively of
young, non-consolidated sediments. These two pdessneontrol the porosity of the
sediment and indirectly size of the pore spacelavai for the gas to occupy. As
discussed previously the weaker AT signal might metessarily mean that there is
less gas in the sediment as signal attenuatioglased to bubble diameter rather than
concentration. Therefore it is impossible to irfas concentrations from seismic data
alone and ground-truthing is necessary. An impofieeture of these seismic profiles
is the lack of AB signals below the prominent AEarThis suggests that gas might
be generated in this lateral facies rather thanegefiom faults in the bedrock, except
for the location discussed above where a deepecesa@annot be ruled out. Assuming
that gas is continuously vented from a deeper souramely bedrock fault, signals
such as AB or AT connecting with the bedrock arddoexpected. However this is
only true for a continuous gas supply scenarioioder gas migration caused by
successive cycles of seal failure-renewal couldl l&i a viable scenario particularly
given the vicinity of Gortavallig and Dunmanus Raullmportantly the Gortavallig
Fault crosses directly underneath the area wherak weB and discontinuity of
bedrock reflector were observed. The acoustic $8gnahe water column (HR) can

13
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Figure 3. Sub bottom data

easily be mixed up with fish swim bladders. Shape @igration patterns are
two means of distinguishing between the twodd and Hovland, 20D7Fish shoals
according toJudd et al. 199'are more diffuse and horizontally extended whereas
seeping gas will have more columnar, verticallyeegted characteristics. The shape
of hyperbolic reflectors observed in pinger datag\fe 3) is both horizontally and
vertically extended and thus ambiguous and diffital interpret. However MBES
data also contains very narrow and exclusivelyie@rtsignals that are most likely
caused by ascending bubbles. (Figure 4). Thesalsigio not appear to be artefacts
since they occur in multiple places (not all of Bwignatures detected are shown on
Figure in different areas and more importantlyshene verticals signals are observed
in different lines in the same seabed area (egurgi3, middle panel). We therefore
propose that venting mechanism based on succesgiles of seal failure-renewal.
There was no evidence of water freshening in thedrthe CTD cast as well as in
the sediment core pore water chloride data thezefi@sh water expulsion is not a
viable formation mechanism of these pockmarks.

Pockmark activity

Detection of active venting can be troublesome wting to current pockmark
formation models (e.gCathles et al. 20)Gand field dataJudd and Hovland, 20D.7
Periodic gas expulsion, particularly after inité@lent pockmark formation, is typical
for most pockmarks and they are considered settwigse moderate fluid migration
is dominant. Nevertheless active venting has begorted.Newman et al. 2008
demonstrated methane concentrations reaching 10hmddéckmarks along the US
mid-Atlantic shelf breakChristodoulou et al. 200Bported both freshwater and gas
related active pockmarks systems in the PatrasCamohth gulfs, Greece. In both of
these studies the METS sens@a(cia and Masson, 2004vas used to measure
methane concentrations in the water column aboderathe vicinity of pockmarks.
We have employed the same instrument in Dunmanys Ba
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Figure4. MBES data

Methane concentrations recorded by the METS sealemg the SE to NW
transect ranged from 5.1 to 14.2 nM (Table 2). t8lg higher values were
consistently recorded in the western part of thekpwark field however overall
variability of the data is low and the highest cemitations only slightly exceed
typical marine water methane valuét(mes et al. 2000

Cast Lat | Long | CH4[nM]
CV0923 03| 51.55817 -9.71867 14.2
CVv0923 01| 51.55700 -9.71667 12.1
CV0923 02| 51.55767 -9.71567 13.1
CVv0923 15| 51.55967 -9.71517 10.2
CV0923 08| 51.55938 -9.71383 9.5
CVv0923 14| 51.55633 -9.71150 8.6
CV0923 3 1| 51.56183] -9.7103 5.7
CVv0923 11| 51.55983 -9.70850 10.2
CV0923 12| 51.56138 -9.70783 6.5
CV0923 3 2 51.55950, -9.7070 5.1

Table 2

Methane concentrations in the water column abowe Hlunmanus Bay
pockmark were typical for open ocean valué®lfnes et al., 2000 Although
acoustic evidence of gas plumes in the water coluvas acquired this was not
reflected in the methane concentrations. Discratepses collected across the water
column show similar concentrations which rangeanfrt.2 to 22.9 nM in the photic
zone (3-5 m) and were dropping with depth wherg tlamged from 2.2 to 6.4 nM.
Although it was disappointing to find such low meatle concentrations despite
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acoustic evidence of seepage this is not uncommen m areas where shallow gas
accumulation and venting is more vigorolando et al. 199Teported methane
concentrations from a large active pockmark inNleeth Sea and only in two of six
stations these concentrations exceeded 25 nMlimhthem methane was below 15
nM. They found higher concentrations exceeding BOamly in areas where an echo
sounder showed gas bubbles in the water column.widier column methane data
indicates that we were unable to capture any opthmes recorded previously. The
data suggest discreet and periodic seepage thdates@ more targeted approach with
use of instruments that are not confined to localiot can cover a larger area and are
quick to deploy to the active area. With the absesican SUV we could not verify
the concentrations throughout entire water colurtth the METS sensor as gathering
remote data with the use of CTD would require vinyg deployments time and
therefore increase the risk of equipment loss duedather conditions. The bottom
water methane concentrations recorded by METS samste slightly higher than
these from head-space method but overall are id ggoeement with the head-space
data. Gradual decrease in concentrations was #hen@/-E transect. In the first three
stations (03, 01 and 02) highest £ébncentrations were recorded (14.2, 12.2 and
13.3 nM respectively) followed by drop to very loxalues ranging from 5.1 to 6.6
nM (stations 3_2 and 13 respectively). The conegioin of methane in the sediment
cores (ie Figure 2) shows a general increasingdtreith depth. The values range
from < 1.0uM to 6 uM in the deeper sections. Higher hydrocarbops(@ostly C2)
were present in trace amounts therefore the gasearonsidered dry and lack of
higher homologs implies microbial origifFgber and Stahl, 1984loodgate and
Judd, 1992 In a normal setting where shallow gas is absenthame generation is
only possible after sulphate has been depletednagithane is not present in the
sediment above the sulphate depletion deptilz and Zabel., 20P5The sulphate
is far from depleted yet methane presence wasdedan the sediment. This suggests
that the methane is migrating upward from the Agaaobserved in the sub bottom
profile. The in-situ generation of methane in tleeliment analysed is not possible
since the optimal conditions for microbial methagogsis were not met. Moreover
the conditions in the sediment must be anaerolmcesall methanogens are strict
anaerobes and contain typically more than 0.5%rgémic carbon available to the
microbes.The redox potential measurements suggest that tcmmglin the sediment
are indeed anoxic (Figure 2) although sedimentwaagully reduced (black). This is
an interesting finding given that low redox potaht(< 150mV) marking the
beginning of anoxic zone is usually, however netagls, coupled with depletion of
sulphate which we do not observe. Neverthelessigivat sulphate is not depleted the
microbial generation of methane, if it occurs mstake place deeper.

Dunmanus Bay pockmarks are clearly features crdageghs expulsion. The
acoustic data confirms presence of shallow, latgaal accumulation and bubbles in
the water column however the water column samgdidgnot provide solid evidence
that these bubbles are methane gas. Judging frempdtkmark size and the acoustic
signals in the subsurface, gas venting may be ratelér nature. The pockmarks are
relatively small and they are accompanied by saaitesmall satellite features.
Hovland et al. 201Gsuggested that small satellite unit-pockmarks esgmt most
recent and most active local seepage locationshdnet concentrations across the
water column measured from discrete samples (Figught panel) as well as by
METS sensor show no evidence of drastically elelateethane concentrations
typically observed in sites where vigorous ventiiges place.
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Pockmar ks and benthic communities

The variety and abundance of marine life associatgld seepages can be
astounding across all trophic levels. Dynamic, gec venting systems are known to
support unique ecosystemKidl, 2010. There is evidence that pockmarks on a
smaller scale can support local communities howekier debate on that matters
continuous. To examine if local communities fromnhanus Bay are affected by
these features a benthic survey was conductedtioegrockmark area (Figure 1).

The benthic infauna taxonomic identification reeehh total of 122 species,
comprising 8865 individuals, ascribed to 12 phytasent in the surface sediments.
The most abundant organisms were ascribed to paéyeh (57 species), crustaceans
(25 speices), molluscsc (13 species) and echina@nspecies). Eight phyla were
grouped as others; this group consisted of cnidgriplathyhelminthes, nemerteans,
nematodes, priapulids, sipunculids, oligochaeted phoronids. Species numbers
ranged from 23 to 77 (station 21 and 16 respeglivelumbers of individuals ranged
from 382 to 1878 (station 20 and 19 respectivelyle 5 most abundant species were
Leptopentacta elongatdCucumariidae, Duben and Koremmphiura filiformis
(Amphiuridae, Muller), Tubificoides amplivasatuAnnelida, Erséus)Scalibregma
inflatum (Annelida, Rathke) anMagelona alleni(Annelida, Wilson) and accounted
for over 80% of individuals. Highest species ricksavas found in the control site
and ranged from 3.47 to 11.16 (station 21 and Bpeeively). Evenness index
ranged from 0.35 to 0.61 (station 21 and 20 respaygj. Diversity ranged from 1.6
to 3.66 (station 21 and 16 respectively). Detailath are given in Table.

Classification and cluster analysis was perfornmeefind “natural groupings’
of samples, i.e. samples within a group that areersonilar to each other, than they
are similar to samples in different groups (FigbjeA highest similarity of 73.9 %
was observed between stations 18 and 19. In thaiens 53 species were found
with three species accounting for 90% of the whassemblage: sea cucumber
Leptopentacta elongatd52.7%), polychaeteScalibregma inflatum(31.9%) and
polychaeteDiplocirrus glaucus(5.4%). These species accounted for 28% similarity
within this group. Because of the dominance ofttiree species these stations had
low richness (5.21 — 5.57), evenness (0.37) anelrsiity (1.96 - 2.01). Stations 17 and
41 grouped at a similarity level of 71.2 %. Thetsigns contained 57 species with
four species accounting for 78.5% of total asseg®larittlestarAmphiura filiformis
(25.8%), sea cucumbekLeptopentacta elongatg24%), polychaeteDiplocirrus
glaucus(14.7%) and polychaetgcalibregma inflatun14%). These four species also
accounted for 28% of similarity in this group. Téh@minance of these species was not
as significant as in other stations as shown blgdrigliversity indices (Table 4).

Station | Species | Individuals | Richness | Evenness | Diversity
16 77 908 11.16 0.58 3.66
17 46 632 6.98 0.57 3.14
18 39 1462 5.21 0.37 1.96
19 43 1878 5.57 0.37 2.01
20 34 382 5.55 0.61 3.09
21 23 568 3.47 0.35 1.60
22 43 786 6.30 0.36 1.94
39 35 929 4.98 0.42 2.17
40 32 741 4.69 0.40 2.02
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41 | 41 | 579 | 629 | 060| 319
Table 4

All four of these stations grouped at a similafigyel of 70.33%. The next
most similar stations were 20 and 22 grouping sitralarity level of 69.1 %. A total
of 51 species were found in these stations of wticke accounted for 80.4% of the
whole assemblage: sea cucumibegptopentacta elongatg53.3%), polychaete
Scalibregma inflatunf21.9%) and polychaet®@iplocirrus glaucug5.2%). Because of
low numbers of individuals station 20 had the hgjlevenness and moderate richness
and diversity. Station 22 on the other had moderateness and low evenness and
diversity. All six of these stations grouped atiraikarity level of 66.4 %. Station 39
grouped with these stations at a similarity levie65.4 %. In this station 35 species
were observed with three accounting for 88.9% & thhole assemblage: sea
cucumber_eptopentacta elongat@6.9%), polychaet8calibregma inflatuni34.6%)
and polychaet®iplocirrus glaucus(7.4%). Dominance of three species was reflected
in low diversity indices. Next station 40 joindtetpreviously discussed stations with
59.9 % similarity. A total of 32 species with thrggecies accounting for 87.6% of the
whole assemblage: polychaet8calibregma inflatum (58.7%), sea cucumber
Leptopentacta elongaté25%), and polychaet®iplocirrus glaucus(3.9%). This
station was characterized by low richness, evenaedsdiversity. Station 21 had a
55.5% similarity with previous stations. A total 8 species were observed in this
station and three species accounted for 89% ofviohahls: sea cucumber
Leptopentacta elongatd74.5%), polychaeteScalibregma inflatum(11.4%) and
oligochaeteTubificoides amplivasatu@.2%). This station was characterized by low
richness, evenness and diversity. Finally statibrhad a 47.4 % similarity with 77
species of which four accounted for 75% of all vidisals: polychaet&calibregma
inflatum (27.9%), sea cucumbkeptopentacta elongatfd6.2%), brittlestaAmphiura
filiformis (25.8%) and polychaet®iplocirrus glaucus (15%). In this station the
highest species number was observed which reswitechigh richness and diversity.
These delineations were also preserved in the Mb@ysis (stress value <0.05).
Control station 16 grouped separately from the rostetions. Stations 18, 19, 17, 41,
20 and 22 formed a central group with stationsZ&®and 21 at varying distances
from the central group (Figure 6).

Images taken from the sediment water interface with SPI camera show
numerous burrows, mainly vertical but lateral ds® gresent, and in places infauna
can be spotted (Figure 7). The substrate on thgemaomprises mainly of very fine
sand with a few patches of coarser sand. Progres$inatural geochemical zonation
is visible in most images in a form of colour changlowever in most images the
transition is not sharp (i.e image 19) and markaetth @wbundant dark streaks. This
might be indicative of bioturbation and/or bioimigpn given the high count of
actively burrowing species. The images are in gagdeement with the redox
potential profiles taken on undisturbed box cokstg not shown). The oxygenated
sediment (with typical values > +200 mV) was foundbe present only in the very
top layer of the sediment. This layer compriseglodtodetrital drift and loose sands
therefore measurement of redox potential in suchilm@and unconsolidated substrate
was not possible in most cases. This is a naturdinig as the penetration of oxygen
in marine sediments usually does not exceed a fevard in areas with high organic
input from the water column (high productivity)dan be as low as a few mm or be
absent $chulz and zZabel, 20p5The post oxic zone (with typical values from 016
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Figure5. Classification and cluster analysis

+200 mV) depth ranged from a shallow 4 cm to mbantl5 cm in most stations.
Anoxic conditions (typically < -200 mV) were detedtonly in one station.

Benthic communities in the Dunmanus Bay pockmaekdfwere dominated
by four species: sea cucumbéreptopentacta elongata(43.6%), polychaete
Scalibregma inflatun{28.9%), polychaet®iplocirrus glaucus(7.5%) the brittlestar
Amphiura filiformis(6.1%). TheLeptopentacta elongais a burrowing sea cucumber
often found in U-shaped burrows. It prefers mudalyds or mud and shallow waters.
This species is widespread around Great Britainlemidnd. Scalibregma inflatunms
a segmented worm, an active burrower, often foumietd deep in sand or mud. It
feeds on organic detritus and this species is \pidesl around Great Britain, but not
that frequently encountered around Irelabiplocirrus glaucusis also a segmented
worm, detritus feeder, often found in sandy and dyubottoms. This species is
widespread in the Northern Atlantidmphiura filiformisis a small brittle star with
very long arms living buried in the sediment witma extended into the water
current to catch suspended matter. This specigsaswidespread around Ireland and
Great Britain. None of these species has been texpan abundance in active
pockmarked areas. The dominant species in the wdaséenthic community structure
are typical representatives of sublittoral benthosund Ireland. The lack of species
that are known to be abundant in methane ventittighge (e.g.Dando et al. 1991
Jensen et al. 199Kiel, 2010 suggests that benthic communities do not benefit
rely on the occasionally released hydrocarbon Basthic counts indicate a pristine
and healthy habitat. Community structure in thekpeoark area compared to controls
had on avergage lower richness, eveness but hajhersity of species. Reference
station however, show only 47.4% similarity withhets. Considering negligible
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influence of sediment particle size this suggestt thther factors such as seabed
morphology might affect differences in distributiohmacrobenthos in the pockmark
scarred and unaffected seabed.
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Conclusions

The survey of the Dunmanus Bay pockmarks reveasd glated features and
that an active fluid system is present in the stfbsa. The shallow gas accumulation
was laterally extended and in most areas did nathrethe bedrock. Although
penetration of suspected gas accumulation was cioé\sed based on the methane
analysis and pore water profiles we can assumettigagas below is likely to be
mainly methane. The pockmarks appear to periogicaént accumulated gas
however the scale of these events is small. Thggnodf the gas remains unknown.
The sediment in Dunmanus Bay comprised mainly afisamixed with gravel and
finer fractions. The benthic communities were daatea by four common species
and overall show structures typical for the sudbdt environment around Ireland.
Organisms frequently encountered in areas with amethgas seepages were not
observed and thus we conclude that benthic commardo not rely on methane as
food source.
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Figure 7. SPI camera images.
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Chapter 2.
Multidisciplinary characterization of seabed
fluid seepage featuresin Irish waters

| ntroduction

Significant improvements in remote and geophysicalestigation and mapping
technology since the 1960’s has revealed regiorssgoificant gas and fluid seepage
to the water column characterize the ocean’s seafldhe most dramatic examples of
this include hydrothermal vents or ‘black smokeas’the mid Atlantic ridge and
pockmarks on the Scotian shelf. It is now evidénat tthis seabed fluid flow is of
fundamental importance to the geological, chermacal biological composition of the
marine environment and also the composition ofaimeosphere (Judd 2007). Today
the investigation of the marine seabed and fluiowflprocesses requires the
integration of a variety of fields such as marire®lggy, geophysics, oceanography,
aquatic chemistry, geochemistry, organic geocheynéstd geomicrobiology. As such
this project has reflected this need and is a diattiplinary approach. This masters
thesis shall cover an up-to-date review of therdi@e pertinent to marine
biogeochemistry and seabed fluid flow (Chapteraljnultidisciplinary study of gas
seepage features in the Irish Sea by seismic pi@fil underwater video
investigations, geochemical profiling of pore watdimentary phases at these
features and also lipid biomarker analysis (Cha@gra metagenomic study of
microbial diversity of a large pockmark in the MabDeep, off N.W. Ireland (Chapter
3), and will finish with a brief chapter on futuneork to be carried out for the award
of the PhD thesis (Chapter 4). Chapters 2 and @meidered complete studies and
publication-ready. These chapters will be submitgeer-reviewed journals, with
Chapter 2 submitted intended to be submitteldaoine Geologyand Chapter 3 being
submitted to théSME (International Society for Microbial Ecologgurnal The data
presented in Chapter 5 comprises a brief overviewuorent results from a recent
expedition (May 2011 RV Celtic Explorerexpedition CE11_017), and future work

that shall be the primary focus for the remaindehe research project.

22



Literature Review

2.1 The extent and importance of the marine seabed environment

The oceans cover 71% of the earth’s surface, viitutwo thirds of the earth’s land
located in the northern hemisphere, as shown iarEig@A. While the ocean seafloor
is geologically distinct from the continents, it iatimately linked with their
geological processes. Due to plate tectonics taflose is in a perpetual cycle of
formation and destruction. Over geological timessamantle convection causes
spreading from the mid ocean ridges towards thdirmamis, the oceanic plate is
subducted into the mantle and the continental ptagushed up to form mountains
(Figure 1B.). The oceans are a natural depositorytife dissolved and particulate
matter arising from continental weathering, riveriand aeolian transport, and also
from marine inputs (Hedges and Keil 1995, Hedges] End Benner 1997). Upon
input to the oceans dissolved matter is consolddate biological and geochemical
processes and is deposited with particulate matver geological timescales as
marine sediments on the ocean floors. In this vimeydcean floor is invaluable for
understanding the earth’s history and for recorsitig past environmental conditions
of continents and oceans (Futterer 2006). FigureshGws an idealized diagram of
the structure of continental margins, and is coragosf the continental shelf, the
slope and the rise. The abyssal plains of the aceammence after the continental
rise.

However, this perspective of the ocean’s seafie@ limited. Improvements
in remote seabed mapping technology and remotebratgd submersibles have
resulted in a distinct shift away from the perceptof the marine environment a flat,
unchanging expanse as shown in Figure 1. to thahefincluding diverse geological
settings such as canyons, cold seeps, deep-watat oeefs, mud volcanoes,
pockmarks, carbonate mounds, ridges and trencluege@sen and Boetius 2007).
Thus it is evident that although the oceans colermajority of the earth’s surface,
are highly diverse both physically and biologicalpnd are intimately related to
processes and life on the continents where humedndists, there are vast regions
yet to explore and much yet to discover and undedst
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Mid-ocean ridge

Oceanic plate

Figure 1: (A) Surface of the earth, showing seafloathymetry and terrestrial elevation (NOAA) (B)
Schematic diagram showing plate subduction, seafipceading and mountain building (Wallace and
Hobbs, 2006) (C) Idealized diagram showing the camepts of the continental margin (the shelf, the
slope, the rise) and the abyssal plain (Castro3R00

2.2 Carbon cycling and the role played by the marine sedimentary

environment

Chemical cycling on earth is of utmost importanond aonsists of complex reversible
and irreversible fluxes between the geo-, hydrmnoa and biosphere. Many chemical
cycles are strongly influenced by organisms, paldity plants and microbes. These
are termed biogeochemical cycles and the majoesyate carbon, nitrogen, oxygen,
phosphorus and sulphur (Manahan 2005). The foctis®feview shall be on carbon
cycling, as this is quantitatively the most impattaA schematic outline of the global
carbon cycle is given in Figure 2. The earth’s radt reservoirs consist of fossil
fuels (~3700 GtC), vegetation, soil and detritu23G0 GtC), the atmosphere (597
GtC), the surface ocean (900 GtC), the intermediatedeep ocean (37,100 GtC) and
surface sediments (150 GtC). £®removed from the atmosphere via weathering by
silicate rocks (0.2 GtC ¥ and also fixed as organic C (OC) (120 GtC)ywy plants
and microbes, with most of this G®eing returned to the atmosphere by respiration
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(119.6 GtC yi) (Denman et al. 2007). It is noteworthy that glgbeore OC occurs
in soil humus (~1600 GtC), recently deposited nmeasediments (~1000 GtC) and
dissolved in seawater (~700 GtC) than in all lamahts (~600 GtC) and marine
organisms (~3 GtC) combined (Hedges, et al. 2086€3ordingly these vast deposits
of organic molecules play major roles in global pemature modulation, in
weathering processes, in supporting life, and alscomposing precursors for coal

and petroleum (Hedges, et al. 2000).
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Figure 2: The global C cycle for the 1990’s, shaywmnual fluxes in Gt C yr Pre-industrial fluxes
are shown in black, anthropogenic fluxes are shiowad. GPP is annual gross primary production.
(Denman et al. 2007, and references therein.)

Continental weathering and biomass degradatioivetsl 0.8 GtC yt to the
surface oceans via rivers (Hedges and Oades 1@9ineB 2004). Oceanic C exists is
several forms: dissolved inorganic carbon (DICxsdlved organic carbon (DOC),
particulate organic carbon (POC) with
DIC:DOC:POC (Denman et al. 2007). €9 exchanged between the atmosphere and
the ocean (70Gt C yrto the oceans and 70.6 GtC'yio the atmosphere), and this

ratios of ragpmately 2000:38:1

exchange, (which varies considerably due to factoch as wind speed, precipitation,
heat flux, sea ice and the presence of surfactaigtsfletermined by the partial
pressure of C® (pCQ,). While atmosphere-ocean g@@xchange is considerably

altered by advection and mixing processes, thib@xge is also altered through what
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are termed the ‘solubility pump’, the ‘organic cambpump’ (also called the
‘biological pump’) and the ‘CaCfpump’ (Denman et al. 2007). The solubility pump
concerns changes in solubility of gaseous,Gftherebyon dissolution CQ reacts
with water to form HC@ and CQ* (making up DIC). The OC pump concerns
changes in carbon fixation to POC by phytoplanktianphotosynthesis (50 GtC i),

at the surface waters (39 GtC'yrand export transport to deeper waters. The GaCO
pump concerns changes in £@elease through formation of planktonic shells
(CaCQ) (Volk and Hoffert 1985). DOC is primarily sourcefdom terrestrial
environments via rivers or from marine planktoniater column metabolism, and
residence time can vary significantly from daysltekyr (Loh and Bauer 2004).
Mineralization and remineralization of OC occursrarily in the upper 1000m of the
ocean water column (90.2 GtCyand 101 Gt y#), with the remainder of the particle
flux entering marine sediments (0.2 GtC*yr The organic carbon content of
sedimentary deposits can range from zero to u®@4lin coals, but is typically less
than 2% in freshly deposited marine sediments aslaged over the entire ocean
floor is less than 0.25% (Pedersen and Calvert 199@nore detailed discussion of
the composition and cycling of organic matter inrim&a sediments will be given in
section 1.3.

The Gaia hypothesis, which was first proposede1970’s, contends that all
organisms and their inorganic surroundings on Eadte intimately integrated in one
complex self-regulating system that maintains tiagife conditions that support life
(Lovelock 1979). The effects of anthropogenic attion the Earth are illustrated in
Figure 2 and demonstrate this concept clearly. rEldefigures and arrows highlight
how anthropogenic processes, in particular theibgrof fossil fuels such as coal and
petroleum, since the industrial revolution, c. 173tas resulted in enhanced
concentrations of atmospheric gQwhich according to ice core records are the
highest in 650 kyr (Denman et al. 2007). [T} was stable for c. 10 kyr pre-1750, at
260-280 ppm, and in about 150 yr has increase@@gPm in 2005. While C£s the
primary causal factor in current climate changmaspheric CHl has increased from
770 ppb in 1750 to 1775 ppb in 2005 (Fluckigeraket2002) and per mole has a
radiative forcing 25 times greater than £0enman et al. 2007). The primary cause
of this increase is agriculture (changing land esagd ruminant animals), waste
production and disposal, fossil fuel use and bi@masrning, while major natural

causes include wetlands, oceans, vegetation andh@dtates (Denman et al. 2007).
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Additionally CH, is the most abundant reactive trace gas in thm$mhere and has a
significant impact on tropospheric and stratosghehnemistry (Wuebbles and Hayhoe
2002).

2.3 Early diagenesis of sedimentary organic matter

Diagenesis is the sum total of processes, whetmgsigal, chemical and/or biological
that bring about changes in a sediment or sedimentak subsequent to deposition
in water. Early diagenesis concerns the changdasateur during deposition and
burial to a few hundred metres where elevated teatyees are not encountered
(Berner 1980). There are a plethora of processg@ph@nomena, which fall under the
heading of early diagenesis and include compactiementation, crystallization and
desiccation. However the most studied and most ftapb is the diagenesis of
organic matter (OM). As illustrated in Figure 208&b, only a tiny fraction of the OM
produced by primary production in the photic zoseincorporated into marine
sediments. This is due to the fact that OM is tloetymamically unstable, and there is
a high-energy vield in its oxidation to more stabfeecies such as,ONOs, SQF
(Berner 1989). However OM in marine environmentsaisomplex heterogeneous
mixture of particles and molecules of diverse ptgisand chemical properties and the
sources of OM in the environment spans a broadtspedrom biological sources
such as vascular plants, non-vascular plants (biygteg), algae, fungi, protozoans,
bacteria, archaea and animals, to relict sourcels as kerogen, coal, petroleum and
combustion products (black carbon) (Benner 2004is Tteterogeneity results in
different components of OM accumulating and degrqait different rates (Baldock,
et al. 2004), due to the principle of selectivesprgation, whereby non-polar low
solubility compounds (e.g. lipids) and hydrolysaldsistant macromolecules (e.qg.
lignin, cutin) are preserved over more soluble potampounds such as proteins and
polysaccharides in the terrestrial and marine emwrents (Rullkotter 2006).

In soils OM is on average composed of roughly D% carbohydrates, 10%
amino acids and 5 — 15% lipids, while in sediméetfigures are approximately 10 —
15% amino acids, 5 — 10% carbohydrates, 3 — 5%nlignd <5% lipids (Hedges and
Oades 1997). However, importantly typically ovelfrd OM is still molecularly
uncharacterized (Hedges, et al. 2000). In addibathis large pool of uncharacterized
OM there is a parallel significant unknown regagdihe fate and preservation of OM
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in the environment (Hedges and Keil 1995). Orgaitb-sediments are generally
only deposited in certain conditions: there musit fbe a sufficiently large supply of
organic detritus, primarily from enhanced primampguctivity of phytoplankton;
there must be a sufficiently low-energy depositl@ravironment for organic material
to be deposited; there must not be high inputsiefganic material to dilute organic
matter concentrations; and there generally musbbeitions within the sediment that
favour accumulation of organic matter i.e. anokalgps and Killops 2005)

The seminal model for OM degradation in sedimewvas first proposed by
Froelich et al. (1979) and is illustrated in FigieSedimentary OM is the driving
force for a complex variety of redox reactions, somhwhich are shown. OM here is
illustrated according to the generalized Redfiedtor (Redfield 1958) of 106:16:1
C:N:P, and the standard free energies for eachioeaare given in the grey boxes,
whereby reactions are arranged in order of decrgasnergy yield from top to
bottom. These redox reactions establish a numbge@themical redox zones, which
may be termed oxic, suboxic or anoxic (Froelichaleil979), (also shown are sulfidic
and methanic zones, as proposed by Berner, 198a$e Qo the sediment-water
interface (SWI) an oxic zone is established whewdibgolved @, which diffuses or is
biologically transported into the sediment, isimétl as an electron acceptor in the
degradation of OM to produce GQ NO; and PQ*. Below the oxic zone solid
phase Mn(IV) oxides serve as electron acceptorssahdequently N© (produced in
the oxic zone) is used as an electron acceptos iBhiollowed by a zone whereby
solid phase Fe(lll) oxides and Fe(lll) hydroxides ased as electron acceptors, then
under anoxic conditions SOreduction and Clifermentation occur (Schulz 2006).

Although energetically less favourable SQreduction and Clproduction
are on average guantitatively the dominant procedsgrading OM due to the fact
that sediments receiving significant inputs of digtrorganic matter, such as those in
coastal and shelf margins, can become anaerobiativedyy close to the
sediment/water interface. This is because of tigh hespiratory demand of aerobic
heterotrophic bacteria and also the inability dfugive resupply of oxygen from the
water column (Albert, Martens and Alperin 1998).frAction of the CH produced
during fermentation diffuses into overlying sulphaeducing layers and is oxidized
anaerobically according to the reaction in FiguteFgure 4. also outlines the
organisms involved and supported by anaerobic twidaf methane (AOM), and its

by-products and effects.
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Figure 3: Geochemical zonation in marine sedimantsmajor reactions in the early diagenesis of
organic matter with different electron acceptoMdTZ — sulphate-methane transition zone. Figure
adapted from Froelich et al., 1979, Berner, 198, 3chulz, 2006.

It is now accepted that it is microbially medigtedhereby the current leading
theory is that a consortia of sulphate-reducingtdréec (SRB) and methanogenic
archaea (ANME) mediate AOM (Boetius, et al. 20Byure 7B. shows an aggregate
of these ANME (red) and SRB (green), which was ioleth using fluorescent in-situ
hybridization (FISH). Current knowledge regardingibes involved in AOM shall
be discussed in greater detail below in sectionKe§y by-products include methane-
derived authigenic carbonates (MDAC) and pyrite.M\@ believed to serve as an
important control on the global flux of GHo the atmosphere, estimated to be in the
vicinity of 5-20% of net modern atmospheric CHlux (20-100 x1&* g yr!)
(Valentine and Reeburgh 2000).
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Figure 4: Anaerobic oxidation of methane (AOM):ateents (sources), microbial mediators, products,
by-products and large-scale effects. ANME — anderotethanogens, SRB — sulphate-reducing
bacteria. (Judd and Hovland, 2007)

2.4 Marine seabed fluid flow

As discussed above seabed fluid flow is of fundaalemportance to the geological,
chemical and biological composition of the marinevibnment and also the
composition of the atmosphere (Judd and Hovland?BPDOrhese seepage fluids are
predominantly gases of biogenic or thermogeniciotgit can also be hydrocarbons,
pore water or groundwater (Judd and Hovland 20@iogenic gas is primarily CH
which is produced by recycling of organic matter imycrobial degradation as
discussed above in section 1.3. Biogenic gas isrgdy isotopically lighter i.e. more
depleted in3C than thermogenic gas and is produced in shalkdinentary layers
(less than 1000mbsf). On the other hand thermoggsas primarily methane and C
- C4 hydrocarbons, and is formed much deeper in thensedary column (generally
greater than 1000mbsf) under conditions of highpemature and pressure and is
generally isotopically heavier than biogenic methaBiogenic gas generally has
813C values in the range of -60 to -80%., while theremig gas has'*C values in the
ranges of -20 to -60%. (Floodgate and Judd 1992)shesvn heré'C values ranges
can vary considerably and during migration in tedismentary column thermogenic
gas may be subjected to microbial activity, whiabud give a mixed'*C signal and
hinder identification of the source of gas. A moralepth discussion of stable carbon
isotope geochemistry is outlined in section 1.6.4f4his review. In addition seepage
sources can be elucidated by a methane-to-highdmebgrbon ratio as shown in

Equation 1.
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C (Equation 1)
C,. =|1-|—=2—||x100 !
’ { [ZCH

whereC; is methane andC,.s is the sum of ethane, propane, butane and pentane.

Ratios of 0.05% or less are characteristic of ogeyas, while for dry and wet
thermogenic gas ratios are less than 5% (mosthy tlesn 1%) and greater than 5%
respectively. More recently stable hydrogen isotapalysis §’D) has been used in
conjunction with3*°C analysis to distinguish origin of gas (Floodgatel Judd 1992).
The type and size of seabed fluid flow featuresasmally determined by a complex
interplay of sub-seabed pressure caused by gasmataions, the lithological
properties of surface and sub-bottom sedimentaygréa the local and regional
hydrodynamic conditions and sedimentation rate K€roKozachenko and Wheeler
2005). Seabed fluid flow features are diverse ambe from hydrothermal vents,
trenches, mud volcanoes, mud diapirs, pockmarksjirttp and methane-derived
authigenic carbonate (MDAC) mounds and pavemenpigéhsen and Boetius 2007).

In this review pockmarks, MDAC, mud volcanoes angdrdiapirs will be discussed.

2.4.1 Pockmarks

Pockmarks are seabed craters, which were firsbaesed in the late 1960’s (King
and MacLean 1970) and are now known to be glohabiguitous on the seafloor
(Acosta, et al. 2001, Gay, et al. 2006, Bayon,|eR@09). They range in size and
depth from 1-200m and 0.5 — 20m respectively aedkaopwn to predominate in soft
fine-grained sediments (silts/clays) (Judd and Hiogl 2007a). Seeping fluids
resulting in pockmark formation are generally gasash as Cill and other low
molecular-weight hydrocarbons but can also be patemor groundwater. The source
of this fluid flux can also vary considerably, suaf deep sub-seabed thermogenic,
biogenic, hydrothermal, volcanic or groundwaterrses. As such pockmark size and
morphology varies considerably. ‘Unit’ pockmarke amall uniform depression (~1-
10m diameter and 0.5m deep); ‘normal’ pockmarks larger circular craters (10-
700m diameter and 1-45m deep) with varying anglesdape; ‘elongated’ pockmarks
have one axis much longer than the other and ococume commonly in areas
influenced by strong bottom currents; ‘eyed’ pockksahave acoustically reflective
material in its centre (coarse winnowed materiddells material or authigenic

carbonates); ‘strings’ of pockmarks consist of ntoas unit pockmarks showing
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curvilinear patterns or chains that may be kilomseia length and thought to form

along faults; and finally ‘complex’ pockmarks ar&usters or amalgamations of
pockmarks (Hovland, Gardner and Judd 2002). Figdreshows an seismic profile

collected from a boomer deployed at the Witch’'seéHBlockmark in the North Sea
(Judd and Hovland 2007b). The crater-like depressan be distinguished as well as
numerous acoustic signatures such as areas of aathaeflection and acoustic

turbidity, indicating shallow gas accumulationsgie 5B. shows a multibeam
echosounder bathymetry map from the Witch’s GroBadin, North Sea (Judd and
Hovland 2007b). This map highlights the extensiisridhution and variety of sizes

and morphologies that pockmarks can exhibit.

The leading pockmark formation mechanism theoryass follows: gas
generated at depth migrates through sediment irespar along fissures and
accumulates in porous layers below silty top layefsrelative impermeability;
pressure increases over time in these gas reseneaiding to seabed doming; this
dome structure fails causing fractures and fault$ @ release of pressure; this rapid
pressure induces gas flow into the water column arpulsion of surrounding
sediment matrix, forming a crater; and finally begt and dispersal by currents of
sediment particles (Judd and Hovland 2007b). Howeeey few active pockmarks
have been observed and pockmark formation has rman observed. Thus there
remains many questions as to how pockmarks areefrinecome active and what
factors control their temporal activity. The importe of these features and the need
for a greater understanding is because of factoish sas the microbial and
macrobenthic biodiversity present in these featydensen, et al. 1992), offshore
marine and petroleum construction safety due topthesible slumps and slides; and
because pockmarks may be indicators of deep-peebsiid-up prior to earthquakes
(Judd and Hovland 2007b);

2.4.2 Methane-derived authigenic carbonate (MDAC)
MDAC has been found in a variety of seabed enviremis and ranges from small
nodules and concretions, to slabs and pavementdratnatic mounds or chimney
features, with relief of several tens of metreguFe 5D. shows MDAC mound build-
ups on the Crimean Shelf in the Black Sea (Reiteegl. 2005), while Figure 5E.
shows massive MDAC pavements in the Central Nilepdsea fan (Bayon, et al.

2009). MDAC formation is primarily believed to be rasulting end-product of

32



microbially-mediated AOM, as shown in Figure 4 alistussed in section 1.3. ¢4
oxidized to HCQ@, which increases the pore water alkalinity andnéva saturation
causes precipitation of solid Cagr MDAC. MDAC has received considerable
attention from physical, chemical and biologicalrgpectives and the reader is
referred to the following literature for additionaformation (Croker, Kozachenko
and Wheeler 2005, Bayon, et al. 2009, Jensen, 298P, Reitner, et al. 2005, Aloisi,
et al. 2002, Feng, et al. 2010).

2.4.3 Mud volcanoes and mud diapirs

Mud volcanoes are seafloor edifices from which edaftuid (mud, seawater, gas,
hydrocarbons) flows or erupts (Milkov 2000). On thier hand mud diapirs (also
called shale diapirs) are seabed features wherd-dharged clay or mud rises
through sedimentary layers due to buoyancy effehisld and Hovland 2007b). In
constrast to mud volcanoes there may not be evedendluid flow and the term is
generally applied to intrusive features i.e. onbkat tare only expressed in the
subsurface. However there is considerable crosdostsveen these terms (Judd and
Hovland 2007b). Both features have been reporteddwale, often in areas of
known hydrocarbon potential (Milkov 2000). Thesmistures can be tens to hundreds
of metres in diameter and their size and morphotiggends on the depth and size of
the gas accumulation that triggers their formagidudd and Hovland 2007b). A sub-
bottom acoustic profile showing a mud diapir assieed with faults in the Gulf of
Cadiz, is shown in Figure 5F. (Fernandez-Pugd, 08a7).
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Figure 5: (A) Boomer seismic profile across the avis Hole pockmark, North Sea, showing various

seismic signals of gas accumulations (Judd andathalyl2007). (B) Multibeam echosounder (MBES)

bathymetric map showing numerous pockmarks, Witcbu&d Basin, North Sea (Judd and Hovland,

2007). (C) Underwater image of 3m diameter unitkpeark, Central Nile deep sea fan, containing

anoxic sediment, authigenic carbonates and vestifeen tubeworms. The scale bar represents 1m.
(Bayon et al., 2009) (D) Underwater image of methdarived authigenic carbonate (MDAC) mounds,

Black Sea (Reitner et al., 2005) (E) Underwatergenaf massive MDAC pavement, Central Nile deep
sea fan (Bayon et al., 2009). The scale bar reptedan. (F) Seismic profile showing a mud diapir,

Gulf of Cadiz, associated with Listric faults (Fanalez-Puga et al., 2007)
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2.5 The marine sedimentary biosphere
Life was traditionally divided into two domains lealson those that had a true nucleus

(the eukarya) and those that did not (prokarya)wéi@r Woese and Fox (1977)
revolutionized this concept by introducing a thddmain, called the archaebacteria,
now called the archaea as illustrated in Figurérortant representative groups of
each domain are also shown. The Last universal aomancestor (LUCA), which is
the unknown organism from which the three domainserded, is also shown.
Together with the bacteria, they now comprise thek@ryotes (Woese and Fox
1977). The consequences and importance of thiveatte far-reaching and not yet
fully comprehended but two important consequencesohsider are that the archaea
are more closely related to the eukarya than tlteba, and that from the LUCA,
which is thought to reside very early within thecBaial domain, all life forms
evolved and diversified (Madigan et al. 2012).

When discussing microbial diversity and ecologig ihecessary to categorize
microbes in terms of their metabolic diversity,cgrall cells require an energy source
and a means of obtaining this energy in order tel flife processes.
Chemoorganotrophs obtain energy from the aerobanaerobic oxidation of organic
compounds and storage of this energy in the enechybonds of adenosine
triphosphate (ATP). Some of these are strict (@lijaerobes/anaerobes while others
are facultative. Chemolithotrophs on the other harilize inorganic compounds
such as b H,S, NH; and F&". Phototrophs in contrast to chemotrophs do natireq
chemicals for energy but convert light to energy fyotosynthesis. Oxygenic
photosynthesis produces, @nd is characteristic of cyanobacteria and algdelew
anoxygenic photosynthesis does not, and is perfdimgenicrobes such as purple and
green bacteria. Furthermore microbes can be dividesgd on their requirement for
carbon — heterotrophs, which obtain C from orgamimpounds, and autotrophs use
CO; as their C source (Madigan et al. 2012).
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Figure 6: The phylogenetic tree of life as defirgdcomparative rRNA gene sequencing. The three
domains of life — the Bacteria, the Archaea and Eouearya are shown, along with a number of
important representative groups. LUCA — Last urgaércommon ancestor. (Figure adapted from

Madigan et al., 2012)

Knowledge of microbial life in the seabed is gtillits infancy and only since
the 1950’s has significant breakthroughs occurredjuding: the discovery of
millions of viable bacteria per gram of sedimentwater depths of over 10,000m, the
discovery of core material of high microbial divigydrom subsurface sediments and
the oceans crust during the Deep Sea Dirilling etore1968; to the discovery by the
ROV ALVIN of hydrothermal vents or ‘black smokers’ of riclodiversity at the
Pacific mid-oceanic ridge (Jorgensen and Boetiud720The marine subsurface is
one of the most extensive microbial habitats ortheawhereby marine sediments
cover more than two-thirds of the Earths’s surfacd microbial cells and activity are
widespread in these sediments (Teske and Sorer@@8).2In sites of particular
nutrient and energy abundance microbial life caiveéh for example at huge bacterial
mats (Figure 7A.). In tandem with the decreasingnalance of light and availability
of labile OM microbial abundance decreases withewdepth (Madigan et al. 2012)
as shown for bacteria in Figure 7C. Compared wiih water column, the ocean
seafloor provides a vast area of solid surfacesheterogenous pore spaces, a high
concentration of detrital organic matter per unititvne to support microbes. In
addition transport processes, such as mixing amngeciidn, which may limit
microbial growth in the water column, are also naltynlimited to a few centimetres

36



per year. Accordingly seafloor sediments contair-1®,000 fold more cells per unit
volume than productive ocean-surface waters (JeegeA006). This literature review
shall focus on what is known about the prokaryatlmmains of the bacteria and

archaea inhabiting the ocean’s seafloors.
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Figure 7: (A) Remotely operated vehicle samplinglesep sea bacterial mat, Haakon Mosby Mud
Volcano (IFREMER, France). (B) Fluorescent in-dittbridization (FISH) identification of an archaea
(red)/sulphate-reducing bacteria (green) aggregaiparently mediating anaerobic oxidation of
methane (AOM). (Boetius et al., 2000) (C) [a] Meannual water depth profiles (log scale) of
crenarchaeota, euryarchaeota and bacteria in thth Wacific Ocean. Numbers on x-axis represent
percentage of total abundance, which was measusiolg uhe DAPI nucleic acid stain. [b]
Corresponding depth profile of total bacteria, aerehaeota and euryarchaeota. (Karner et al., 2001)
(D) [a] Subseafloor depth (log scale) profiles frarmumber of locations of total intact polar lipids
(IPL’s) and [b] relative contribution of archae®ILI's to total IPL’s (Lipp et al., 2008)

2.5.1 Seabed prokaryotic abundance and diversity
Bacteria appear to comprise a large fraction ofttii@ microbial community in the

photic zone of the oceans, as illustrated in thetiN&acific Ocean in Figure 7C.
However bacterial dominance has been shown to aserbelow the photic zone,
whereby the archaeal abundance, specifically tbapycrenarchaeota, increases with
depth (Karner, DeLong and Karl 2001). In the seathedarchaea, in terms of cell
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biomass (based on intact polar lipids, see sedtiér for more information), seem to
comprise a small proportion of the total microlalmmunity of the oxic seafloor,
while bacteria dominate (Figure 7D). However in subseafloor, archaea have been
shown to increase in abundance and may even danise¢ section 1.6.4 for more
information) (Lipp, et al. 2008).

The bacteria domain hosts an enormous varietyakgoyotes, with a diverse
range of morphologies and physiologies. Currenttg dargest phylum is the
Proteobacteria. The gram-positive phylum of baatercludesBacillus, Clostridium,
Streptomyces, Lactobacillus and Streptococdime Cyanobacteria are phylogenetic
relatives of the gram-positive bacteria and aregexyc phototrophs. Two other major
phyla are the green sulfur bacteria and the gressuifur bacteria. Species in these
phyla are autotrophic. Other major bacterial philalude the Chlamydiage the
Deinococcus-Thermus  the Flavobacteria, the Thermatoga, the
Thermodesulfobacteriunand the Aquifex groups. The proteobacteria appear to
dominate the marine sedimentary environment in n@ases. In deep gas hydrate-
bearing sediments in the Cascadia margin, protéetaccomprised 96% of all
bacterial clones (Marchsei, 2001). Most marine éx@ait groups described by culture-
independent methods have not been cultured inabe Among those cultured the
most common are Alphaproteobacteria within theeRbacter lineage. They occur in
samples ranging from plankton, sediments, seadanimal surfaces and typically
comprise 20% of communities in coastal waters, 1BPomixed layer ocean
communities and less than 1% in waters deeperdhiamw hundred metres (Fuhrman
and Hagstrom 2008). In many cases the Gammaprateiaahave been cultured and
include members of th&ibro, Alteromonas, Pseudoalteromonas, Marinomonas,
Shewanella, Glacieola, Oceanospirillum and Colveeip. These cultured organism
have shown a tendency for rapid potential growtbs;adisplay a large versatility for
inorganic electron acceptors and are seemingly weited to feast-and-famine
lifestyles (Fuhrman and Hagstrom 2008). The Betaptmacteria are a large group
(perhaps 75 genera) of heterogenous and primaniultured bacteria, which appear
to have diverse metabolic capabilities (MadigaaleR012).

While marine subsurface archaea are now thougletthe most dominant
microbial domain of the deep marine subsurface gLigt al. 2008, Biddle, et al.
2006), they consist almost exclusively of uncultijrdistinct phylogenetic lineages

that have only been discovered in recent yearsri@gret et al. 1999). The diverse
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range of archaeal metabolisms and extremophile iplogies have evolved as
adaptations to energy limitation in extreme enuvinents and their importance is
highlighted by the fact that according to curremowledge, the production and
consumption of methane in marine sediments, wldgcbnie of the most widespread
and important biogeochemical processes in sedimsntsediated by certain archaea
(Teske and Sorensen 2008).

Based on molecular approaches marine subsurfabaea have been divided
into a number of lineages. The Marine Benthic Gr8u(MBG-B) was proposed by
Vetriani et al. (1999) and it represents one ofrtiest dominant archaeal lineages in
16s rRNA archaeal clone libraries. This group is@ymous with another group,
called the Deep-Sea Archaeal Group (DAG), which waposed by Inagaki et al.
(2003). DSAG/MBG-B archaea have been detected andirs to be metabolically
active in a wide variety of anoxic marine enviromiseincluding methane-consuming
Black Sea microbial mats and carbonate reefs (&pigt al. 2005), surficial methane
seeps in the Gulf of Mexico (Llyod, Lapham and Tef006), deep-sea sediments
from the Okhotsk Sea (Inagaki, et al. 2003), hyatsaring sediments of the Pacific
Margin and in the Nankai Trough (Inagaki, et alO&)) organic-poor subsurface
sediments from the Equatorial Pacific (SorenseryeLaand Teske 2004) and in
diverse hydrothermal vent sites (Takai and Horikd€99). The Ancient Archaeal
Group (AAG) and the Marine Hydrothermal Vent GrogywHVG) are two recently
described groups, which currently have only beeteaed in a few studies. They
appear to share the vent and subsurface habitatthetDSAG/MBG-B group. These
groups were originally detected in hydrothermal tveibes near Japan (Takai and
Horikoshi 1999) but have since been described id, carganic-rich Peru Margin
subsurface sediments at ODP site 1227 (Sorensebaared 2006).

The Miscellaneous Crenarchaeotic Group (MCG) wtlar group, which are
one of the most predominant groups in archaeal rEI$A clone libraries from
marine deep subsurface sediments, and is knownetonétabolically active. In
contrast to the DSAG/MBG-B group, the MCG archaaaeha more diverse habitat
range that includes terrestrial and marine, hot eald, surface and subsurface
environments (Teske and Sorensen 2008). Due toathidly increasing number of
MCG clones from different environments this grouashbeen sub-divided into
numerous subgroups, which will not be discussee ligee Teske et al., 2008 and

references therein). The Marine Group | (MG-I) aeh account for a major fraction
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of all prokaryotic picoplankton in seawater (KarneeLong and Karl 2001, DelLong
1992), but are also known to exist in the subserfacorganic-poor open ocean sites
in the Equatorial Pacific (Teske 2006) and in teeuPMargin (Sorensen, Lauer and
Teske 2004). Some members of this group have bekwred and indicate that at
least some of this group are aerobic, chemolitraisythic, nitrifying archaea that
oxidize ammonia to nitrite (Teske and Sorensen R0DBe South African Goldmine
Euryarchaeotal Group (SAGMEG) was originally ddsed in the deep terrestrial
subsurface in South African Gold mines (Takai, le801), but were subsequently
found in deep marine hydrate-bearing sediments dReé al. 2002), in marine
subsurface sediments in the Sea of Okhotsk (Inagdkal. 2003), and in marine
sediments on the Peru Margin (Inagaki, et al. 20@&her groups including the
Marine Benthic Groups A and D (MBG-A and MBG-D) areenarchaeotal groups,
the Terrestrial Miscellaneous Euryarchaeotal GrfUdEG) and the Miscellaneous
Eurarcharotic Group (MEG) (previously known as D&sma Hydrothermal Vent
Euryarchaeotal Group 6) (Teske and Sorensen 2008).

2.6 M ethodology

1.6.1 Seismic profiling
Seismic profiling of the seabed is achieved byexatihg an acoustic pulse from hull-
mounted or towed instruments, which is received pamacessed to produce 2D
profiles of time (with geographical coordinates)amgt two-way travel time,

according to Equation 2.

D=— (Equation 2)

whereD is the water depth (my,is the pulse velocity in water (M andt is
the pulse travel time (s). Laterally continuousleions of a sub-bottom profile
represent zones of contrasting acoustic impedaocesedimentary and/or rock
interfaces. Penetration and resolution are twohefmost important parameters for
seismic investigations of the seafloor and sub-sg@dbudd and Hovland 1992). Low
frequency signals achieve greater penetration &g dlne not attenuated as much as
high frequency signals, while resolution of adjadeatures is best determined by the
time duration and frequency range of the pulsed,iarbest achieved by using high

frequency pulses. High frequency instruments sushpiagers and boomers can
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resolve sediment layers of less than 1m thick lemegally can only penetrate much
less than 50mbsf. Figures 5A and 5B show examgdlé®amer profiles of the sub-

seabed after processing. Low frequency instrumsath as airguns can penetrate
through several layers of sediment and/or rock, Haxe limited resolution. Echo

sounders and side scan sonar instruments genevplyate on much greater
frequencies and have very limited resolution but peovide high resolution seafloor
topography (Judd and Hovland 1992). Figure 5B shawsxample of a processed

multibeam echosounder bathymetry map.
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Figure 8: Schematic diagram of seabed and sub-geadmistic profiling at sea. (Figure modified from
Wessex Archaeology, 2016kt://ets.wessexarch.co.uk/recs/how-we-study-tadisor/geophysical-survey/]

Shallow gas flow and accumulations have a siggmficeffect on seismic
sound velocity, reducing it by as much as one-tkiel speed in gas-free sediments.
Thus there are a variety of signatures in acowsstizbottom profiling which indicate
the presence of gas and include: acoustic turbidilyich appears as regions of
chaotic reflection and absorption and can be olesem sediments with as little as
1% gas; acoustic blanking, which appears as regibneak/absent reflection in sub-
bottom profiles and is believed to be caused byrlgvg gas-charged sediments
and/or disruption of sediment layers by migratirggepfluids; and gas chimneys or
columnar disturbances, which appear as verticathgreled disturbed sub-bottom
reflectors believed to be formed by vertical mignatof gas or fluid (Croker,
Kozachenko and Wheeler 2005, Judd and Hovland 19983 fronts are common
occurrences whereby gas-charged sediments formp sleaindaries with surrounding
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sediment. In addition to video camera, geochemaa biological methods gas
escape to the surface and the associated featerggmckmarks, mud volcanoes, mud
diapirs can be identified by sidescan sonar andlesiand multi-beam echosounder
(Yuan and Bennell 1992).

2.6.2 Sampling

An in-depth discussion of the seabed sampling tgci®s used in marine research is
beyond the scope of this literature review. A vénef introduction to the main
methods employed for coring and grab sampling sexisis given here. Images of
common sediment sampling tools used are shownguar&i7. A box corer (Figure
7A.) is a sampling tool used primarily for samplisgft surface sediments with
minimal disturbance. This is an important samplingol for quantitative
investigations of benthos micro- and macrofauna, geochemical studies of the
sediment/water interface for example. Samplingamefarea ranges between 206cm
and 2500crh and penetration depths between 20 and 50cm demermh the
instrument size. Grab samplers are important sagppiools. A Van Veen grab
(Figure 7B.) consists of two semi-circular buckeith a long arm attached to each,
and is designed primarily for macrofaunal benthoslay grab (Figure 7C.) consists
of two semi-circular buckets attached within a pyidal frame with an 80-90cm
square base, and is designed to sample a wide cdusgeliments from muds to mixed
gravel. A shipek grab (Figure 7D.) consists of memcentric half cylinders, whereby
the outer cylinder samples the sediment and isgdedi to collect a wide range of
sediment types from fine-grained soft sedimentgrvels. Sediment cores are of
particular importance for investigating subsurfacel deep sedimentary layers and
also allow paleoclimatic studies. A gravity core astype of coring instrument
designed to collect a 1-2m (and greater) core oestigation of the subsurface
sedimentary layers. The steel barrel containingpilastic core liner penetrates the
seafloor by virtue of its own weight (additional iglet can be added to improve
recovery). It is best suited to fine grained sediteeand not so for hard substrates. A
vibrocore (Figure 7F.) is a type of coring tool idgegd for use in coarse grained or
highly compacted sediments, whereby the steel lcane! is driven into the sediment
by a vibrating motor. Typical core barrels are 3mal &m. In contrast to the gravity

corer, the use of the vibrocore is restricted ilmazonditions.
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Figure 9: Marine Institute seabed sampling equipgm@) Reineck box corer, (B) Van Veen grab, (C)
Day grab, (D) Shipek grab, (E) Gravity corer (1 magt(F) GeoResources 3000 vibrocorer (3 metre)
(Photographs — Shane O’'Reilly)

2.6.3 Porewater analysis
Pore water analysis is extremely important becqume waters are very sensitive

indicators of early and developing diagenetic clesng the solid sedimentary phase,
and analysis or pore waters is methodologically &asier to perform and
interpretation of results less ambiguous (Berne80)19The following sections shall
outline and discuss the general approaches for Isampreserving and analyzing
important pore water analytes. Interstitial Cahalysis will also be discussed in this

section. Interpretation of interstitial water pte§ can be complex and is a discipline
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in itself, which may employ advanced mathematicapressions and modeling
(Schulz 2006) and shall not be discussed here.

2.6.3.1 Sampling and preservation
The traditional method for sampling of pore wateosn sediment cores is by cutting
a short whole round section (typically 5-15cm) ofecand applying pressure using a
hydraulic press to squeeze interstitial porewdttiowed by filtration (Schulz 2006).
This a labour intensive process and limits samptiegplution, thus hindering the
amount of information that can be achieved fromgbdimentary record (Dickens et
al. 2007). Rhizon samplers (Rhizosphere Researotiuets, NL-6706 Wageningen)
consist of a hydrophilic porous polymer tube (510cm in length), with a typical
pore diameter of Ouim, extended with a polyvinyl chloride polymer tuba.
supporting wire is connected to one end of the pgomolymer. Advantages compared
with other pore water sampling methods include: ghee size ensures extraction of
microbial- and colloidal-free, ready-to-analyze udmn (Knight, et al. 1998), low
mechanical disturbance of sediment due to smathetiar (2.4mm), low dead volume
(0.5mL), minimized sorption processes on the irmotymer, in-situ analysis is
possible, and they are reusable once confirmedtiatad cleaned with acid/base and
water (Seeberg-Everfeldt, et al. 2005).

Preservation of pore water samples is importadtveitt depend on the analyte
of interest. For example H volatile and therefore samples should be obthimith
minimal aeration, with the addition of 0.6ml 50mihz acetate (per 1.5ml sample) to
precipitate the sulphide as zinc sulphide and shbalstored in the dark al@for a
maximum of 4 weeks. P® on the other hand requires different preservation
measures. Analysis should ideally commence withims2to prevent microbial
metabolism but preservation for up to 4 weeks issgde by acidification of the
sample (i.e. 1ml 4M bSO/ 100ml sample) or addition of a poison such as
chloroform (1-3 drops/ml) or sodium merthiolatenfpdes should be stored in glass
bottles/vials at %C (Schulz 2006, Gieskes, Gamo and Brumsack 199&)hane can
be sampled in a number of manners but the most @ymsnby sampling a sediment
plug from a retrieved core and sealing in a gdst togpntainer. Significant degassing
occurs during sampling due to pressure differefices in-situ conditions and limits
comparisons between studies and drawing conclusegerding actual seabed ¢H

concentrations. However the overall profiles anchparison between sites within a
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study vyield valuable information about geochemmalcesses and possible seepage.
Analysis should ideally be carried out immediataly sealing the sediment plug in an
inert atmosphere with a suitable inhibitor of miwead activity (e.g. Hg-containing

compounds) permits storage and analysis on lartu(£2006)

Lucr-Lock connector .
Rhizon

/ hydrophlhc pouros polymer supporting wire
"""""""""""""""""""" s —
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silicon tube vacuum tube Luer-Lock connector

lmer wall (% ﬂi @ [| m ,

peristaltic pump

Syringe sampler

Figure 10: (A) Schematic diagram of a Rhizon andas used for extraction (vacuum tubes, syringes
and peristaltic pumps, I-11l). (B) Pore water sdimg from a split sediment core, (C) use of Rhizons
for pore extraction through pre-drilled holes itireer or for microcosm experiments, and (D) use of
Rhizons forin-situ studies using a benthic chamber. (Figure from SeeBlverfeldt et al., 2005)

2.6.3.2 Analysis
An in-depth account of the analytical techniquegpleyed in pore water analysis is

beyond the scope of this literature review but i@fbeccount of some of the most
important analytes shall be discussed here. Tmelatel method for analysis of $O

Is by ion chromatography (IC) (DIONEX®) using a rure of NaCOs/NaHCG; as

an eluant. An alternative semi-quantitative methedthe BaCl turbidimetric
technique (after stabilization with glycerol) (Gies, Gamo and Brumsack 1991).
Chloride is normally measured in tandem with,$®y IC. The standard procedure
for pore water analysis of H& by the methylene blue method. This involves the
compound dimethyl-p-phenylene-diamine forming atenmediate with hydrogen
sulfide that transforms to leucomethylene blue.dognethylene blue is oxidized to
methylene blue by ferric iron. The absorbance ef iethylene blue is determined
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spectrophotometrically at 664nm. A linear relatiwpsbetween the absorbance and
concentration (i.e. Beer-Lambert Law holds) canabsumed for HSconcentrations
from 0- 1.5mg/L and the absolute upper limit of thethod is 20mg [* (Grasshoff,
Kremling and Ehrhardt 1999)

The standard method for analysis of 4/£#0s based on reaction with an
acidified molybdate reagent to yield a phosphoma&gb complex, which is then
reduced to a blue-coloured compound that can besuned spectrophotometrically at
820nm. Ascorbic acid is used as the reducing affeieskes, Gamo and Brumsack
1991). Reduced iron, Eein weak acid solution (pH3.5 - 5.8) ¥dorms a violet
color complex with Ferrospectral (Merck # 11161&agent, which can be measured
spectrophotometrically at 565nm. Ascorbic acidhe thosen reducing agent. The
limit of detection of Fe for this method is apprdxg L and Lambert-Beer’s Law is
valid to about 1.2mg L Fe (Grasshoff, Kremling and Ehrhardt 1999). Trendard
for interstitial CH, analysis is using gas chromatography with flameizetion
detection, and calibration using appropriate gaeddrds. Specific columns, such as
J&W ® HP-PLOTQ (Bonded polystyrene-divinylbenzengtisnary phase), are
required to analyse GHand G — G, hydrocarbons(Schulz 2006). Other analytes of
interest may be include NH NOs, Mn**, Si**, alkalinity, C&", Mg?* and the reader
is referred to Gieskes et al. (1991) and Grass#io#l. (1999) for discussion of the
analysis of these analytes and also more in-deptbuats of pore water analysis

methods discussed above.

2.6.4 Lipid biomarker analysis

The study of specific organic compounds, often egnbiomarkers’, has become
highly popular for past climatic and environmentainditions and past biological
assemblages (Eglington, et al. 1962, Pancost anot B604). Biomarkers are
molecular fossils that originated from once liviogganisms and they have the basic
characteristics of possessing repeating structutalinits, with each parent biomarker
being common in certain organisms and with its fif@ng structure being
chemically recalcitrant (Peters, Walters and Moldow2005). Relative to soils,
marine sediments are much more closed, constanmpemsdatent systems (Hedges and
Oades 1997) and thus may be used for dating amehstracting past environmental
conditions over a significant portion of geologitestory (Hedges and Oades 1997,
Pancost and Boot 2004, Rothwell and Rack 2006,nggin and Eglington 2008).
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Lipids possess many of the characteristics ess$dotibiomarkers in that they can be
directly extracted and analysed from environmerdgamples, are highly source
specific and chemically recalcitrant (Hedges, Kafld Benner 1997). The most
commonly used definition for lipids is that theyea range of compounds that are
soluble in organic solvents (Christie 1982). Thixludes a diverse range of
compounds such as fatty acids, steroids, acylghygermphospholipids, terpenes,
carotenoids and fat-soluble vitamins. Lipids candbaded into two broad classes;
simple or complex, or more commonly in chemistrynasatral or polar. Simple lipids
can be hydrolyzed to give one or two hydrolysisdoiais while complex lipids can be
hydrolyzed into three or more (Christie 1982). Theus of this review will be on
lipids that are used as biomarkers in organic gewdcstry and microbiology, in
particular in the marine environment. Examples ygidal biomarkers, and their
structures, used in this field are given in Figlte

The most common plant and animal fatty acids tase ranging from
approximately 14-24 carbons, with predominantlyremember distribution and with
a terminal carboxyl group. They may be saturatethaturated or polyunsaturated
(generally up to 6 double bonds) and usuei$yconfiguration and have a wide range
of sources. Plant fatty acids are more complex #ramal fatty acids and can contain
a variety of functional groups (e.g. acetylenic d®nepoxy-, hydroxy-, keto- groups
and cyclopropene rings). Bacterial fatty acids awsually saturated or
monounsaturated (Christie 1982) and are considéeechajor source ao-, anteise
, cyclopropyl and mid-chain branched fatty acidsmarine ecosystems (Volkman
2006). GgCy, polyunsaturated fatty acids (PUFA) are preserdlmost all marine
organisms but their primary source if from micr@ag For example diatoms and
eustigmatophytes are rich in 2&) (eicosapentaenoic acid, EPA), moderate levels
of 20:4(-6) (arachidonic acid, AA) and negligible 2&f) (docosahaenoic acid,
DHA), while dinoflagellates have high levels of DH#hd moderate to high amounts
of EPA and their precursors 18158) and 18:44-3) (Volkman 2006).

Long chainn-alkanes with a strong odd carbon number predoromaare
established biomarkers for terrestrial higher @amthile n-Cys, n-C,7 andn-Cyg are
indicative of algal organic matter (Volkman 2008Yax esters usually consist of
straight-chain saturated or monounsaturated congwmp to Gy fatty acids
esterified to long chain primary alcohols, but lotaed and hydroxy fatty acids and

monounsaturated, branched, secondary alcohols ahgdbxy alcohols have also
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been found. Wax esters are found in animals anecinsecretions, as protective
coatings on plant leaves and fruits and also i Ipembranes of algae, fungi and
bacteria (Christie 1982). Acylglycerols are simfpeds consisting of glycerol ester-
linked to one, two or three fatty acids. Triacylggyols are by far the most abundant
single lipid class, while di- and monoacylglycerase usually present in trace
amounts in fresh animal and plant tissue. Howevacythlycerols are important
biosynthetic precursors of triacylglycerols and ptenlipids (Christie 1982). Sterols
and their derivatives are ubiquitous in marine smments and sources are diverse
and include microalgae, plants and animals. Migaalare the primary source of
sterols in the marine water column and often inineasediments (Christie 1982).

Lipids are also of considerable use in assessimgoal diversity and
community structure, by analyzing intact membraakaplipids (White, et al. 1979).
Phospholipids are key components of all biologmalmbranes, and are composed of
glycerol bonded to at least one O-alkyl, O-acyDealkyl-1'-enyl and one polar head
group. The most common include phosphatidylcholipepsphatidyletanolamine,
phosphatidyl serine (which all contain one nitrages base) and phosphatidyl
inositol. (Christie 1982) One of the most importamd developed use of lipids as
biomarkers is phospholipid fatty acid analysis (R)LFwhereby profiles of PLFA
fatty acid methyl esters (FAMES) have taxanomiditytand are indicative of major
microbial input, community composition and chand#éghite, et al. 1979, White
1983, White and Ringelberg 1998). They can be aseal measure of viable biomass
since phosphate groups are rapidly hydrolyzed (taghtio hours) upon cell death
(White, et al. 1979). The reader is referred tddfis et al. (2005), Peters et al. (2005)
and Volkman et al. (2006) for in-depth discussidngeneral lipid biomarkers in
marine environments (in particular in sedimentsrgheum and kerogen), to Christie
et al. (1982) for further information on lipids atidid analysis, and to White et al.
(1998), Zelles et al. (1999) and Elvert et al. @0fbr more in-depth discussion of
PLFA analysis.
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Figure 11: Examples of lipids encountered in envinental samples

2.6.4.1 Extraction from solid environmental samples
Extraction is the transfer, or partitioning, of@ute S from one phase (1) to another
(2). This phenomenon is described by the partitoefficient, shown in Equation 3.
_As _[S, _@-qm,

K, = (Equation 3)
Ay (S, qm/V,

whereKp is the partition coefficient, A is the activity tfe soluteS in each phase,
which when not known is substituted by the con@iun of the solute in the relevant
phase. Thus the higher the value gy the greater the amount of S that remains in

phase 1. For two liquid phas&s can also be expressed in terms of the volume of
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each solvent phas¥; andV,, mis the total moles o§ andq is the fraction ofS
remaining in phase 1 at equilibrium (Harris 200EQuation 3 can be rearranged in
terms ofqg to express the remaining solute in phase 1 aftermber of extractions i.e.
the extraction efficiency (Equation 4).

o[ .
qg = m (Equation 4)
1 2

A range of extraction techniques exists for therastion of organic
compounds from solids such as soil or sedimentiangcent years a number of
automated options have been reported and are con{ean 2003). The two
primary features, which affect lipid solubility organic solvents, are the presence of
non-polar moieties such as hydrocarbon chains afat moieties such as phosphate
or sugar residues (Christie 1982). Simple lipidschsuas steryl esters or
triacylglycerols are also called neutral lipids dese they do not contain sufficiently
polar functional groups and are thus highly solubléaydrocarbon solvents such as
hexane, readily soluble in more polar solvents sagchhloroform or diethyl ether and
only relatively insoluble in polar solvents such thamol. Chain length however
significantly affects solubility, with shorter hyalrarbon chains displaying an
increased solubility in more polar solvents ancewersa (Christie 1982). The most
widely used solvent mixture for lipid extraction 251 (v/v) chloroform:methanol,
which generally offers high lipid yield of varyingolarities, but which will vary
depending on the sample type i.e. animal tissu¢égrwaoil, sediment etc. (Christie
1982).

The simplest approach is shake-flask extractionrglhevarious methods of
agitation of the sample in a solvent mix includenml shaking in a separating funnel
or agitation in an appropriate container (PTFE osg)lan a horizontal shaker. Fresh
solvent is sequentially added a number of timesrafémoval of the extract by
centrifugation of filtration. Ultrasonic-assistegtmction is similar to the above but
includes sonication via a probe or sonication b8thxhlet is commonly regarded as
the benchmark technique upon which other technigeesompared. The basic setup
consists of a solvent reservoir, an extraction bayeating mantle and a reflux
condenser connected to a water supply. Typicalty di0solid is placed in a porous
cellulose thimble, this is placed in the inner Sexhube and having connected the

50



apparatus to the round-bottomed flask containimgekiraction solvent mix and the
reflux condenser, the sample is extracted withinaat recycling of the solvent for
6-24 hours (Dean 2003). The most widely used metbhoceextraction of microbial
lipid i.e. phospholipids is the modified Bligh-Dyenethod (Bligh and Dyer 1959),
which has been subsequently modified further (Whitd Ringelberg 1998). In this
approach the sample is extracted briefly by sominatnd subsequently on a
hozizontal shaking (2-18 hours) in a monophasio/esdl mixture of methanol:
chloroform: phosphate buffer (2:1:0.8 v/v). The gdas then split by addition of
chloroform and phosphate buffer to achieve a fs@Vent volume ratio of 1:1:0.9
(v/v) to split the phases. The lipids includingandipids are partitioned into the lower
chloroform phase and removed.

A more recent method that is becoming common ktraetion of lipids is
accelerated solvent extraction (ASE) (also callessgurized fluid extraction). This
technique utilizes the increased solvent extracti@pabilities at higher temperatures
and pressures, which includes; increased analytabifity, increased solvent
diffusion rates, lower solvent viscosity, improvetss transfer, and a disruption of
solute-matrix interactions, and thus increasesntiatieyield, reduces solvent use and
long term cost (Dean 2003). The most widely avéls#®SE systems are those offered
by DIONEX ® and consist of a solvent supply, a gapply (usually B), an
extraction cell and collection vial carousel, saenplen and purge system. They
generally operate from 4-280 and 6.9-20.7 MPa. Other techniques that are not
commonly used for lipid extraction from environmendamples include supercritical
fluid extraction (SFE) and microwave-assisted etioa (MAE) (Dean 2003).

2.6.4.2 Fractionation of total lipid extracts
Total lipid extracts (TLE) are highly complex mixés of individual lipid classes and
it is generally desired to obtain these classeasipure a state as possible (Christie
1982). Lipid isolation has generally been carriaat by preparative thin-layer
chromatography (TLC), adsorbent column chromatdgyap by high performance
liquid chromatography (HPLC). However TLC and coluohromatography are time
consuming, the TLC process causes oxidation ofysagturated bonds in many cases
and is sensitive to sample load. Column chromapdgrarequires high solvent
volumes, isolation of pure lipid classes in compheixtures can be difficult by both

HPLC and column chromatography, and HPLC equipmesit be expensive
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(Kaluzny, et al. 1985, Kim and Salem 1990, Ruizi&@uéz and Pérez-Camino 2000).
The most popular approach is by liquid-solid chrtogeaphy, in particular silicic
acid column chromatography or more recently sohdge extraction. These methods
generally rely on the principle that lipids are bduto the adsorbent by polar (H-
bonding, dipole-dipole), ionic exchange (negatiesifively charged interactions
between analyte and adsorbent) and/or Van der Wéaltes (C-H links between
analyte and adsorbent), followed by subsequenratisol of lipid classes of increasing
polarity by a solvent regime of successively insneg polarity.

Kaluzny et al. (1985) developed a method for rapigh purity, high yield
(>95% recovery) isolation of lipid classes from geax animal tissue mixtures by
solid phase extraction using aminopropyl bonded-(E¥l,)s-NH,) phase columns
and a vacuum manifold. This method (similar to dead SPE approaches in practical
terms) involved washing of the column (500mg), dtading of aminopropyl
functional groups using hexane, addition of thedlimix dissolved in CHGl and
subsequent sequential elution and collection oid liplasses using solvents of
increasing polarity. The method allowed elution oéutral lipids using 2:1
chloroform:isopropanol, free fatty acids by 2% aceicid in diethyl ether and final
elution of phospholids using methanol. Neutral dgpiwere then subsequently
fractionated as follows: cholesteryl esters elutioth hexane; triacylglycerol elution
with 1% diethyl ether, 10% dichlormethane in hexahsion; sterol elution with 5%
ethyl acetate in hexane; diacylglycerol elutionhwit% ethyl acetate in hexane; and
final elution of monoacylglycerols with 2:1 (v/ivhloroform:methanol (Kaluzny, et
al. 1985).

This method has been extensively used and moditrespecific requirements
(Kim and Salem 1990, Ruiz-Gutiérrez and Pérez-Canfii00, Bernhardt, et al.
1996, Rizov and Doulis 2001, Giacometti, Miloseartd Milin 2002). Of note is the
optimization of the above methods for separationnatrobial lipids mixtures
(Pinkart, Devereux and Chapman 1998). Yield andtywof microbial phospolipids
was increased by elution of neutral lipids with thelaloroform, which reduced co-
elution of phospholipids, and by elution of phodgtids with 6:1 (v/v)
methanol:.chloroform followed by 0.05M sodium acetatin 6:1 (v/v)
methanol:chloroform, with the latter increasinglgee of acidic phospholipids (e.qg.

phosphatidylcholine and phosphatidylethanolamine).
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2.6.4.3 Gas chromatogr aphy-mass spectrometry (GC-M S)

Modern gas chromatography (GC) involves the vaption and transport of volatile
or semi-volatile analytes in a gaseous mobile plfaseally with He as the carrier
gas) through a capillary column containing a stetiy phase of a bonded non-
volatile liquid (or solid), whereby analytes argamted based on relative affinities
for stationary phase functional groups. A GC brygachnsists of an injector, the
carrier gas, a column, an oven and a detector. éewiariety of columns and
stationary phases types are available but the ommmonly used columns are long
(15-100m), narrow i.d. (0.1 — 0.5mm) open tubulapiltary columns. When
compared to other column types (e.g. packed coluthey afford higher resolution,
reduced analysis time, greater sensitivity but losgmple capacity. These typically
consist of fused silica (Sgpcoated with polyimide, to which a 0.1 urd non-volatile
liquid (or less commonly, solid) stationary phaséonded to the inner column wall
(Harris 2007). Capillary GC stationary phasescategorized based on their polarity,
and common non-polar phases include (phenyl)-diphettysiloxane, intermediate
phases include (cyanopropylphenyl)-dimethylpolysaloe, and polar phases include
poly(ethylene glycol) (commonly called carbowaxhefe are a number of important
parameters to consider when attempting to optirtisematographic separation and
these are summarized in Table 1.

The first use of gas-chromatography mass spedpysGC-MS) as a
hyphenated technique was in 1957, only four yeties ¢ghe first description of GC.
Initially packed GC columns were used, which reggireluant split systems or
concentrators, but today open capillary tubes aesl land can be directly passed to
the mass spectrometer. Mass spectrometry is aiteehifor studying the masses of
atoms or molecules or fragments of molecules, Wwhegaseous analytes are ionized
and ions produced are accelerated by an eleattt dind separated according to their

mass-to-charge (m/z) ratio (Harris 2007).
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Table 1: Important equations for optimization ofarmatographic separation

Name Equation Parameters
. . . f =t —t t,= retention time of solute
Adjusted retention time r= b m . . .
t,, = retention time of unretained solute
. V =t ) u. t,= retention time of solute
Retention volume ! ( ’)( ‘)
u, = volume flow rate
Capacity factor k'= t, / t, t= mnf' solute spends in .f'tutmnglj'plmse
t,, = time solute spends in mobile phase
]',_ , k' K, Subscript 1 and 2 refer to two solutes.
O=—"=—= = — ; i "o
. . t= retention time of solute
Relative retention t, k' K, . ) of
k'= capacity factor
K = partition coefficient
Separation factor Y= f,.z/frl t= retention time of solute (y>1)
2 2 t= retention time of solute
16¢; 5.55¢; ' .
Number of plates = =" w= width at base
w Wi wy,= width at half height
2 L o= standard deviation of band
. H = i i x= distance travelled by centre of band
Plate height = = _ - :
X N L= length of column
N = number of plates
Atr = difference in retention times
. AI‘,_ AV,_ VN AVr = difference in retention volumes
Resolution R=—F=—"=—-(y-1) _ o . .
w y 4 w,, = average baseline width (time or volume units)
av av
N = number of plates

lonization techniques in GC-MS are diverse butrtiest important and most
common is electron-impact ionization. This is asharonization method, whereby
highly fragmented species are produced after bleargbarded by electrons (70 eV)
emitted from a tungsten filament. A schematic oetlof the components of a typical
electron impact ionization mass spectrometer isvehim Figure 12A. The analytes
eluting from the GC column pass into a transfee lio the ionization chamber where
they are bombarded by electrons from the tungskamént. lonized species are then
separated by a quadrupole, which consists of foetahrods with specific currents,
and allows passage of a specific size of molecatesss a predefined mass scan
range (often 50 — 650 m/z). The ionized parent ouée having lost one electron, is
termed the molecular ion (). The molecular ion usually undergoes further
characteristic fragmentation and may be of very &wndance, or even absent, on a
mass spectrum. Multiple fragment ions yield higtudural information but if the
molecular ion is required, and is too low or abséimén softer ionization methods
such as chemical ionization can be used (Harrig 200

Figure 7B. shows a typical total ion chromatograeihFAME’s from a lipid
extract. Specific mass fragmentation patterns &mhdipid type allow identification.
Saturated FAMES show base peaks at m/z 74 and iamdons at m/z 87, 143, M
M*-29, M'-31 and M-43 as shown in Figure 7B. (inset). Weak ions doa-t

cleavage at branching points are observed on thetrspofiso andanteisebranched
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FAMEs. MUFA display reduced m/z 74 and 87 ions antlanced m/z 55 ion, and
the M" and M'-33 are also distinguishableis andtrans geometries can be identified

based on relative retention times, wheraby isomers elute first on non-polar

columns.
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Figure 12: (A) Schematic diagram of a typical alestimpact (El) ionization quadrupole mass
spectrometer. (B) Total ion chromatogram (TIC)aifyf acid methyl esters. Inset shows resulting El
mass spectrum for hexadecanoic acid methyl estekéh box on TIC)

The position of double bonds on the chain areimelyt identified by creating
dimethyl disulphide adducts (DMDS), whereby two S@rbups are added across the
double and show distinct mass spectral ions. PUtoAvsbase peaks at m/z 79 but are
more complex to identify based on mass spectrat@@esuccessive decrease ifi M
with increasing number of double bonds. However RUjenerally can be readily
identified based on relative retention times, whgrBUFA of the same chain length

elute in pairs if they differ by one double bonddahe position of the last double
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bond differs by 3 carbons (e.g. 204g) and 20:5¢-3)) (Volkman 2006)n-alkanes
give characteristic mass spectra showing a sefigS,ld,n.; ions that decrease in
abundance, with base peaks usually at m/z 57, 785orAnother example of
diagnostic fragmentation patterns are sterols, Wwhaoe usually analysed as their
trimethylsilyl-ether derivatives. Sterols witk? unsaturation show base peaks at m/z
129 and fragmentation peaks at*-®D and M-129, while sterols withA>??
unsaturation shows base peaks at m/z 255 andshtllyated sterols show base peaks
at m/z 215 (Volkman 2006)

2.6.4.4 Gas chromatogr aphy-isotope ratio mass spectrometry (GC-IRMYS)
The isotope-ratio mass spectrometer (IRMS) wasdiescribed in the first half of the
20" century (Nier 1939, Murphey and Nier 1941, Wickni®%52) but has only been
used as a detector for gas chromatography sincéathel970’s (Sano, et al. 1976,
Matthews and Hayes 1978). All elements in organidecules, apart from F, possess
two stable isotopes and IRMS is concerned withlitite: stable isotopes i.e°C, 2H,
N, 80, ¥'s, and*'Cl. The relative abundances of these isotopes iramyatural
materials due to differences in rates of physical ahemical processes (Sessions
2006). Gas chromatography isotope-ratio mass spretry (GC-IRMS) (also
referred to as isotope-ratio-monitoring GCMS, comtius-flow IRMS, compound-
specific isotope analysis and even carrier-gas IRM@s first developed for C,
followed by N, H and O, and as of yet is not pagsior S and CI. Carbon IRMS is
the most popular and developed technique and bkathe focus of this review. A
schematic outline of a typical GC-IRMS system iswh in Figure 13. It consists
essentially of a coupled system whereby elutedytamfrom the GC column flow to
a combustion interface (operated at 600 —°8%Gnd are combusted to GOver
solid CuO. This formed COthen travels through a Nafion membrane assembly to
remove HO to the MS, whereby by fine-tuned analysis'®@0,, *CO, and**CO,
(m/z 44, 45 and 46 respectively) is performed usingagnetic sector and Faraday
cup setup, as shown in Figure 13. As well as a dbsther applications GC-IRMS
has become a fundamental tool for studying thecguransport and degradation of
OM in the marine setting (Volkman 2006) and alsodlucidating marine microbial

processes and ecology (Madigan et al. 2012).

56



magnetic
sector

oxidation reactor reduction reactor
N10.CuQ,Pv/940°C Cu 600°C El
source
A AT
| @,

nafion

X dryer Faraday cups ITI l'[J l'l"
[, 44 45 46
‘bd— detection

[ Backflush system

[sotope Ratio MS =+

0> He Ref.

Figure 13 Schematic diagram outlining the setup of a typical isotope ratio mass spectrometer
coupled to a gas chromatograph to measure 13C/12C isotope ratios. (Figure from Meier-
Augenstein, 2002).

Natural C is composed of 98.9%C and 1.1%'°C, but due to slight
differences in energy vield betwediC and**C, and the corresponding preferential
reaction (both abiotic and metabolic) of one iset@pecies over another, there are
slight variations in**C abundance in environmental C pools (includinganisms)
(Killops and Killops 2005). Relative abundancesstdble isotopes are commonly

expressed as ‘delta’ notation according to Equdiion

513C _ [ Rsample - Rstandard

sample —
Rstandard

JXlOOO %0 (Equation 5)

whereR is the absolut€®C/*°C ratio of a sample or standard, and is expressadits
of per mil (i.e. parts per thousand). Positi#&C values correspond to enrichment in
3¢ while negativey™*C values correspond to depletion. Common standsedence
materials for *C/**C are PeeDee Belemnite (PDB), wifR= 1.123x1¢ and
Solenhofen limestone (NBS-20) whereBy 1.1218x1CG. Stable isotope analysis
involves the conversion of analytes to simple males by combustion (C and N) or
pyrolysis (H and O), which are then analysed andticoously compared to a
reference standard by specialized mass spectra@nttat maximize for ion beam
current and stability (Sessions 2006). Reports b@sn published detailing the
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combustion interface (Merritt, et al. 1995) factasntrolling mass spectroscopic
precision and accuracy (Merritt and Hayes 1994)thous for isotope calibration
(Merritt, Brand and Hayes 1994), fractionation @®ses in derivatized analytes
(Rieley 1994) and data acquisition and processkigc(, et al. 1994). For many
environmental applications, where complex totalgbromatograms are common, the
most important parameter limiting isotopic analyisiseparation of chromatographic
peaks (Sessions 2006). A detailed account of tiseseyond the scope of this review
and the reader is referred to these reviews foermedepth analysis.

2.6.5 Molecular microbial ecology

The vast majority of microbes, well over 99% of slecies, have not being cultured
under laboratory conditions (Madigan et al. 201XYhile culture-dependent
approaches were and are important in the studyi@bbes in the environment, there
has been an explosion in research and understammdimgicrobes and microbial
ecology using culture-independent methods in regeatrs (Burlage 1998). These
techniques include: in-situ staining methods, suh with 4,6'-diamidino-2-
phenylindole (DAPI), green fluorescent protein (HR-situ hybridization such as
with fluorescent in-situ hybridization (FISH); aradso molecular methods such as
denaturing gradient gel electrophoresis (DGGE) mntecular cloning. It is the latter
that shall be discussed further here.

2.6.5.1 DNA extraction and purification

The standard method for separation, identificaima purification of DNA is by
agarose gel eletrophoresis, which involves semaratf DNA primarily based on
molecular size (chain length i.e. number of basespdy migration towards the
anode in a solid matrix of defined pore size (dateed by concentration of agarose)
and comparison with commercially available DNA siparkers in adjacent lanes.
Addition of ethidium bromide, which intercalatestiviDNA, and subsequent UV
transillumination visualization of fluorescent DNi& the standard approach. Gel
bands can also be excised and purified by a vaokegpproaches (Holmes and Peck
1998).
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2.6.5.2 Polymerase chain reaction

The polymerase chain reaction allows large-scalplification of as little as 1 copy
of a specific target DNA or RNA sequence. This #pety is achieved by
synthesizing and flanking a target sequence witltARXNmers, which consist of two
oligonucleotides (forward and reverse primers)rgtsaspecific for 20-30 base-pairs
on either side of the target DNA sequence (Holmed Beck 1998). The basic
principle, as described in Figure 14. involves: atamtion by heating of dsDNA;
primer annealing; primer extension and DNA replmat between the primers;
followed by another full cycle starting with denattion of dsDNA. This cycle
repeats a number of times with exponential incréagke target DNA sequence, for
example after 22 cycles about°¥6ld amplification is achieved (Primrose, Twyman
and Old 2001).

Cycle 1 Copies of target sequence
5 3
3’ I 1

Heat 1. Denaturing of dsDNA ‘

. Primers
DNA polymerase

5 3
-

2. Primer annealing

3'_5'

3. Primer extension and
DNA replication

5 3
3’ I 5

5 2
5’ 3

3’ I 5

4. Repeat cycle..... ‘ 4

“—

5. Repeat cycle..... ‘ 8

Figure 14: The polymerase chain reaction allowingpomential amplification of a target DNA
sequence. Target DNA is heated to separate stramis,upon addition of DNA polymerase and
specific forward and reverse primers, primer aringahnd extension occurs. One cycle yields two
copies of the target sequence and upon repeatingyttie results in exponential amplification of the
terget sequence. (figure adapted from Madigan. g2@12)

59



The most common polymerase used in PCR is Tagmmobse, which is a
thermostable enzyme isolated from the hypertherit®dhermus aquaticudt has
an optimal activity at 70-8C and is active up to 9C. This is critical becaus®aq
does not need to be replenished after each cydé allows automation using highly
accurate thermocyclers (Primrose, Twyman and OIl6120While PCR is an
extremely powerful and revolutionary technique, ajan limitation in its utility in
microbial ecology is that only phylotypes contamimatching or closely matching
priming sites may be detected. As the number ofmatshes increases, amplification
efficiency will decrease and hence species withh higismatches will be under-

represented or excluded from a metagenomic studsk@ and Sorensen 2008).

2.6.5.3 Denaturing gradient gel electrophoresis (DGGE)
Denaturing gradient gel electrophoresis (DGGE)qt@s and Lerman 1979, Fischer
and Lerman 1983) is a powerful molecular ecologioal that allows the separation
of DNA fragments of the same size but with diffdrexequences. Separation is
achieved by applying dsDNA to a polyacrylamide gabtaining a linearly increasing
denaturant concentration and separation of DNA dasm the decreased
electrophoretic mobility of partially melted dould&rands. DNA denaturants used are
usually urea and formamide. A related techniquéedatemperature gradient gel
electrophoresis (TGGE) involves separation basedeomperature gradients. The
mechanism for how separation based on sequenc#ivaris achieved is as follows;
when the melting domain (stretches of base-paitk igientical melting points) of a
DNA fragment with lowest melting temperature reachis melting temperature at a
particular position on a DGGE gel it will transitiorom a helical to a melted
structure and effectively halt migration (Fischedd.erman 1983). Attachment of a
GC-rich sequence (30-50bp) to a DNA fragment all@sost 100% of sequence
variants to be detected, since the GC-rich regsra ihigh melting domain and
prevents complete dissociation of dsDNA (Myersaletl985, Sheffield, et al. 1989).
This is achieved by using specifically designedngris in a nested PCR amplification
approach. Melting behaviour and optimal denatumgngdients can be determined
using perpendicular gradient gels, while optimalets can be assessed using parallel
gels (Muyzer and Smalla 1998).

DGGE is thus a powerful tool for studying micrdlsammunity complexity,
change and enrichment cultures, among many othgicapons. DGGE was first
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utilized in microbial community profiling by Muyzest al. (1993) when applied to a
microbial mat and bacterial biofilms and since thes become an indispensable tool
in microbial ecology (Madigan et al. 2012). Onetlod primary limitations of DGGE
is the limitation of separation to 500bp or leshjal restricts the amount of sequence
information for phylogenetic analysis and probeiglesMuyzer and Smalla 1998).
Another limitation is that it is not always posslib separate DNA fragments with
certain sequence variations (e.g. (Vallaeys, et18P07)) and at best, bacterial
populations representing only approx.. 1% of thltcommunity can be detected
using PCR-DGGE (Muyzer, de Waal and Uitterlinde83)9 It can also be difficult to
retrieve clean and representative sequences fro@BGands due to co-migration,
and finally over estimation of microbial commundersity can be a pitfall due to
sequence microhetergeneity (Nibel, et al. 178) aandbuble bands caused by

degenerative primers in PCR reactions (Kowalchatl). 1997).

2.6.5.4 Molecular cloning
In molecular cloning a fragment of DNA is isolatesid replicated after being
transferred into a plasmid vector in a host bagteriThe steps involved in molecular
cloning are outlined in Figure 15. The major staps: the isolation of the foreign
DNA including the fragment of interest; restrictimnzyme cutting of the DNA
fragment and vector; ligation of resulting DNA awelctor; transformation of ligated
plasmid vector into competent cells; plating andtuwing of the clone library;
culturing of recombinant clones and plasmid exioaGt and finally downstream
processing, which may include restriction analysissequencing. (Madigan et al.
2012). Restriction endonucleases are enzymes adtilibr cleaving specific base
sequences in dsDNA and breaking phosphodiestersbbativeen two nucleotides.
Over 350 of these have been isolated and fall gntmps of four, five or six base
recognition sequences. Common examples inckc®R1, Bam H1 andHind III.
DNA ligases are enzymes that catalyze synthesho$phodiester bonds between 3’
hydroxyl groups and 5’ phosphoryl groups of twoleotides and are often applied to
covalently bond two strands of sticky-ended DNAgfreents (Holmes and Peck
1998).
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Figure 15: Outline of the major steps in molecalaning: 1. Isolation of DNA ; 2. Restriction enzgm
cutting of DNA fragment and vector; 3. Ligation wéctor with DNA fragment; 4. Transformation of
ligated vector into competent cell; 5. Plating twhe library to grow recombinant clones; 6. Setstti
and culturing of recombinant colonies, and plasmittaction; 7. Downstream processing of plasmid
DNA, such as restriction analysis or sequencing.

2.6.5.5 Phylogenetic tree construction and analysis

In basic terms phylogenetic trees attempt to show bpecies are related based on
similarities in a homologous (of common ancestgfaor protein sequence, whereby
the more similar the sequences, the more closelytbanisms are related ref/s. The
most widely used and successful gene for prokasyidethe gene coding 16S
ribosomal RNA (rRNA) subunit (Woese and Fox 197¢tnani, et al. 1999, Teske
2006). They are particularly suited to phylogenegicalysis because they are
universally distributed, functionally constant, fetiently conserved, and of adequate
length to provide evolutionary relationships (Maatiget al. 2012). DNA sequences
for comparison must be subjected to sequence ad#ghnm order to identify
mismatches, gaps and/or deletions and thereby gwoinformation on relative
sequence differences and evolutionary relationshifg aligned sequences are then
used to construct a phylogenetic tree (or cladoyravhich consists of a series of
nodes and branches, with each node correspondiagptant in evolution where the

two downstream sequences diverged and each brasdhilies the order of descent
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and its length describes the number of changegdlat branch. An in-depth account
of steps and measures taken in phylogenetic asalysbeyond the scope of this

review.

2.7 Project Description

The aim of this project is to investigate seabedtdfflow features in Irish waters by
combining geochemical, geomicrobiological and gesplal methods in a
multidisciplinary approach, in order to characteriprocesses involved in the
formation, regulation and activity of these featur@hese include pockmarks of
diverse sizes and settings in the Malin Sea, I8sh and Dunmanus Bay, and also
mud diapirs and authigenic carbonate mounds inrisle Sea. Many of these features
have only been recently identified and are stitbhghypunderstood or un-studied, which
as also the case globally. Their importance fropueely scientific perspective has
been outlined but the potential commercial and egoa values, in particular in
terms of energy resources and novel biotechnolbgipplications, is also evident.
This project will involve the use of state-of-the-gechniques in each field such as
lipid biomarker analysis and stable carbon isotopenitoring, advanced nuclear
magnetic resonance (NMR), DGGE and phylogenetityaisaof clone libraries. This
is a collaborative project involving Dublin City Whersity (geochemistry), Queen’s
University Belfast (molecular microbial ecology)niersity of Toronto, Scarborough
(advanced NMR), Geological Survey of Ireland (ggglgeophysics). The research
expeditions have been funded by the Irish Marirstitinte via the Integrated Mapping
for the Sustainable Development of Ireland’s Maitesource (INFOMAR) program
and the PhD project is funded by the Irish Rese@uahncil for Science, Engineering
and Technology (IRCSET).
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Abstract

Gas seepage features, including pockmarks, a hatgkdiapir and methane-derived
authigenic carbonate (MDAC) mounds, in the Iristsipeated Seabed Zone (IDSZ)
of the Irish Sea, were investigated by a combineaustic, underwater video and
geochemical approach. This study comprises thé fapgort of pockmarks in the
IDSZ of the Irish Sea. Ten circular-elongate shallpockmarks, with an average
diameter of 100m are described. Interstitial 4CHQ®, HS, NH;", PQ® and Fé"
profiles of cores sampled from these features amtkal cores outside these features
and in the surrounding region, combined with setsranhd underwater video
investigations suggest that at present pockmar#stlz®m Lambay Deep area are not
actively seeping to surface sediments or the watkeimn. However seismic evidence
indicates significant sub-surface gas fronts charamng deeper sediments at these
features, which suggests likely periodic activitydaemporal complexity. Previous
reports that MDAC mounds at the Codling Fault Zamne sites of enhanced active
seepage are supported in this study. Gas plumée twater column and an extensive
region dominated by MDAC slabs, concretions andaeéanoxia in this region are
reported. Redox profiling, and electron microscopyhe sampled MDAC indicates

anaerobic oxidation of methane (AOM) is a majorcess at investigated sites.

Abbreviations

IDSZ - Irish Designated Seabed Zone, MDAC - metkderered authigenic
carbonate, CFZ - Codling Fault Zone, AOM — anaerabiidation of methane, LD —
Lambay Deep, LDMD — Lambay Deep mud diapir, KBBisliKBank Basin, SWI —

sediment/water interface
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3.1 Introduction
Seepage of methane and other fluids from the osesgdfloor is a global occurrence,
yet one which is poorly quantified and understoétkeiéher, et al. 2001). Since
methane is an important trace gas in the atmosmretds a potent greenhouse gas
(IPCC 2007), seabed seepage is important in thdabla@arbon cycle and
consequently for global warming (Weissert 2000)e@esult of gas seepage to the
seabed is the formation of gas seepage structurdbeoocean’s seafloor, such as
pockmarks, mud diapirs, mud volcanoes and methangedl authigenic carbonates
(MDAC). Pockmarks (King and MacLean 1970) are glhbabiquitous shallow
seabed depressions, thought to be formed due td s expulsion from gas
accumulations underneath impermeable sediment daydtey are predominantly
found in soft fine-grained sediments and are omagetens of metres across and a
few metres deep, but morphology and size variesiderably (Hovland, Gardner and
Judd 2002). Soft silty clays seem to provide thealdsediment grain size for
pockmark formation, and pockmarks are thus mostiynél in regions with fine
sediments. Mud diapirs occur when gas-charged muday sediments rise, due to
buoyancy effects through other sedimentary laydisese structures can be tens to
hundreds of metres in diameter and their size aagphology depends on the depth
and size of the gas accumulation that triggersr tfeimation. They are found
worldwide, often in areas of known hydrocarbon ptt (Judd and Hovland 2007).
Authigenic carbonate crusts, which may form dracnpavements or mound
structures, are a sink for methane seeping fromssabed or released from gas-
hydrates (Bohrmann, et al. 1998) and hence arerbanptocomponents for regulation
of ocean-atmosphere carbon fluxes (Aloisi, et #02). It is now accepted that
anaerobic oxidation of methane (AOM) to carbonated(reduction of S£& to HS)
is microbially mediated and of global significanserving as an important control on
the flux to the atmosphere, estimated to be invibmity of 5-20% of net modern
atmospheric CH flux (20-100 x16° g a') (Valentine and Reeburgh 2000). The
current leading theory is that a consortium of bkatp-reducing bacteria and
methanogenic archaea mediate AOM (Boetius, et @0R Furthermore sites of
active methane seepage have been shown to suppgueunacro- and micro-faunal
biodiversity (Dando, et al. 1991, Jensen, et aP2]Sibuet and Olu 1998), to be
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important in relation to marine industrial and pé&tum safety (Hovland, Gardner and
Judd 2002) and also in petroleum and gas prospe@tudd and Hovland 2007).

Numerous reports in recent years have highligtitegoresence of gas seepage
features in Irish waters: in the Irish Sea (Joldspdgate and Bennell 1986, Yuan
and Bennell 1992, Croker, Kozachenko and Wheel6b20udd, Croker and Tizzard
2007), in the Malin Sea (Monteys et al. 2008a, Mgatet al. 2008b, Szpak, et al.
2012), at the Porcupine Bank (Games 2001) and innfamus Bay (unpublished).
Croker et al. (1995, 2005) conducted substantiatkwoapping and performing
seismic investigations of gas seepage structurggeiirish Sea. One area of interest is
the Lambay Deep (LD), which is an isolated lineasib approximately 30km NE of
Dublin. Its associated mud diapir (LDMD) is the pilocumented mud diapir in the
Irish Designated Seabed Zone (ISDZ) of the Irisla $€roker, Kozachenko and
Wheeler 2005). Gas seepage in the Kish Bank B&#B) has also facilitated the
formation of carbonate mound structures. Circa 3@umds haven been recently
identified along the Codling Fault Zone (CFZ) ire thast perimeter of the Kish Bank
Basin. This location has been suggested to be t# active site of gas migration in
the IDSZ of the Irish Sea (Croker, Kozachenko anteder 2005). However in
comparison to other areas such as the North Seafatite Norwegian coast (Dando,
et al. 1991, Bge, Rise and Ottesen 1998, Hovlaral, 2005), off the coast of Congo
(Gay, et al. 2006, Gay, et al. 2007), and in thacBISea (Peckmann, et al. 2001,
Stadnitskaia, et al. 2005) relatively little is kmoabout these seepage features.

In this paper we present a multidisciplinary irigegtion of gas seepage
features in the Irish Sea ISDZ pockmarks in theh@yn mudbelt region, the Lambay
Deep mud diapir and MDAC mounds at the Codling Faahe. Sub-bottom seismic
profiing and multibeam echosounder (MBES) mappingis combined with
underwater video investigations and interstitiatlhaee and pore water geochemical
analysis of retrieved cores. The main objectiveshid study was to investigate
previously unreported pockmarks in the Irish Se&2Dthe LDMD and the CFZ
mounds by a combination of sub-bottom seismic pingfito investigate shallow gas
occurrence and accumulations below these featanelsunderwater video, pore water

and gas analysis of surface sediment cores totige#s current seepage activity.
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3.2Materials& Methods

3.2.1 Environmental & geological setting
The Irish Sea (approximately 260km long and 190kide)v lies between Great
Britain on the east and Ireland on the west, armbmected with the Atlantic Ocean
by the North Channel on the north and St. Geor@#isnnel on the south. The
Irish/UK median line effectively bisects the IriSea into the Irish sector, here termed
the Irish designated seabed zone (IDSZ), and thes&tkor. Water depths range from
0-20m in the coastal areas and bays and at trentt&JK median line are on average
100m, with localized depressions of 130-180m. TIESZ4 encompasses two
Mezozoic sedimentary basins, namely the Kish BaagiiBand the SW section of the
Central Irish Basin, and is primarily underlain kvRermian and Carboniferous rocks.
Quaternary sediment thickness is between 50-150Qinwith the presence of thinner
and even absent Quaternary cover also occurringk@Cr Kozachenko and Wheeler
2005).

The northern section (north of ®'N) of the Irish Sea IDSZ is characterized
by weaker hydrodynamic conditions, allowing deposibf fine-grained particles and
resulting in the region being a smooth muddy seafi¢ds is in contrast to the
southern region (south of &®’N), which is subject to comparatively high-energ
currents and is characterized by gravelly sandscabblles and high energy bedforms
such as sand streaks, sand ribbons, gravel furemslssand waves. The CFZ is a
major NW-SE trending strike-slip fault making upetbastern edge of the KBB and
consists of a complex fault zone several kilometade (Jackson, et al. 1995). This
fault has been extensively surveyed by the Petnol@dfairs Division (PAD) and
others (Croker, Kozachenko and Wheeler 2005, J@udker and Tizzard 2007).
Water depth here is 50-60m at the west of the faudt 80-120m to its east. Croker et
al. (2005) divided the fault into three zones: tlogthern muddy zone containing the
LD and its associated mud diapir (Lat’°88.391'N, Lon 548.143'W); the central
sandy zone characterized by sand waves; and th@esouzone characterized by
current-swept seabed and patches of coarse sedim&t mounds have been
identified in the central zone and have a reliebdfOm, a length of typically greater
than 250m and a width of about 80m. The LD is admtrench-like feature 50-60m
lower than the surrounding seabed, with a maximaptidof 110m (Judd, Croker and
Tizzard 2007, Croker 1995). In this study IDSZ meidipockmarks (MP1 and MP2),
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the LD and the LDMD, and the MDAC mounds at the diuy Fault Zone were
investigated in June 2010 aboard the FC¥Itic Voyagel(Cruise Leg CV10_28).

3.2.2 Bathymetry
Bathymetry data was collected as part of the INFQViAntegrated Mapping for the
Sustainable Development of Ireland’s Marine Resegj)rprogram. Data acquired was
acquired onboard th&V Celtic Voyager using a Kongsberg SIMRAD EM1002
multibeam echosounder with an operational frequenocy®3-98kHz and a pulse

length of 0.7ms. Bathymetric terrain models weenthridded at 5x5m.

3.2.3 Sub-bottom acoustic profiling
Sub-bottom data was acquired using a heave-codre8ES Probe 5000 3.5 kHz
transceiver in conjunction with a hull-mountetk4f transducer array. Acquisition
parameters, data logging and interpretation weneechout using the CODA Geokit

suite.

3.2.4 Drop camera
A Kongsberg Simrad OE14-208 digital camera and widgstem, housed in a
Seatronics frame was used to obtain video and inwdis of the features. 6
videolines were deployed, collecting over 12 hoofsootage. 4 videolines were
deployed at the CFZ MDAC targets, with 1 videoleaeh deployed in and around the
LD/LDMD and MP2.

3.2.5 Coring and sediment sub-sampling

Seepage features were sampled in June 2010 al@aRiY.Celtic Voyager(Cruise
Leg CV10_28). In addition two 3m vibrocores werscabbtained from an Irish Sea
Marine Assessment (ISMA) expedition in 2009 abahelCeltic Voyageralso. Site
locations are shown in Fig. 1 and a descriptiosashples taken is given in Table 1.
Cores of up to 3m were taken using a 1m gravityerc@nd GeoResources3000
vibrocorer. In some cases due to weather constragnavity coring had to be
performed instead of vibrocoring. Core-liners weextioned and sealed prior to
opening and processing. Sediment sub-samples weresisat -26C onboard and at -
80°C back in the lab. Three MDAC mound targets wereseh in the Codling Fault

Zone based on a previous expedition on RLMugh Beltrain 1997 (Croker,
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Kozachenko and Wheeler 2005). The locations fortdéinget sites and the sampling
locations are given in Figure 1 and Table 1 alsDA@ hard grounds were sampled
using Shipek and Van Veen grabs samples. Attengpsample the grounds using

gravity and vibrocore were unsuccessful.

3.2.6 Methane analysis

Interstitial gas sampling was carried out immedyatgon core retrieval according to
established methods (Gal'chenko, Lein and Ivand@4p0Windows were cut in the
core liner and 10mL sediment plugs were sampleshsterred to a 20mL headspace
vial and 1.2M NaCl solution containing 67ppm thiwsal (Sigma Aldrich T5125)
was then added to the vial leaving a 3mL headsgealed vials were stored in the
dark at 4C prior to analysis. Methane analysis was perforimgdtandard methods
(Kolling and Feseker 2009) on an Agilent 7820A &ID- with a 30m HP-PLOTQ
column. Methane was quantified using calibraticandards prepared from 99.995%
methane (Sigma Aldrich 02391-1EA). Core GC75 wasduas a positive method
control to track the effect of sampling and storagemethane profiles. Replicate
standards were run periodically during analysis @pdoducibility was monitored by

replicate analysis of standards and selected sanipédative standard deviatieB8%.

3.2.7 Pore water analysis
Sediment pore water was sub-sampled from core lmedows using Rhizon
samplers (Rhizosphere Research Products, Wagening) and aliquots
immediately transferred to vials prior to preseiaatand storage at’@ in the dark.
1mL aliquots for sulphide (Hpanalysis were preserved by addition of gl0G0mM
zinc acetate. Aliquots for phosphate ¢@Pand ammonium (N) analysis were
preserved with 1-2 drops of chloroform and,£#®@amples were stored in glass vials.
Aliquots for iron (Il) (Fé") analysis were preserved by acidification with 486orbic
acid. HS, F&* and PQ® analysis was performed by established complexdcnetr
UV/Vis spectrophotometric methods for marine poratess (Kolling and Feseker
2009); by leucomethylene blue, Ferrospectral® amosphomolybdate complexation
respectively. Analysis was conducted on a BIOTEKv&®wave HT plate reader and
calibration standards were prepared in artificelvgater prepared from commercially
available sea salts (Sigma Aldrich, Dorset, UK -88%. NH, analysis was
performed using a SCHOTT NH1100 ion selective etelet and using NHISE ion
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strength adjustment buffer (Reagecon, Clare, I$ANH5) and NH ISE calibration
solution (Reagecon, Clare, Irl - ISENH5). Quantfion was performed according to
manufacturer guidelines. Sulphate ¢(S® analysis was performed using BaCl
turbidimetry stabilized with glycerol, to allow guigtative measurement, according to
established IODP methods (Gieskes, Gamo and Brk2@1). Again core GC75
served as a positive control for sulphate depletamd sulphide accumulation at

anoxic zones and relative standard deviations wg?e.

3.2.8 Redox potential (En) analysis
The redox potentialE,) of sample sediments was assessed by using a AgdCk
probe (Bradley James Corp. ORP ProcessProbe). dtwamy of the probe was
monitored by testing with quinhydrone (Sigma Altisi®orset, UK - 28,296-0) and
En was calculated from measured potential readingsordogy to manufacturer
guidelines. High resolution down cdig profiling was not performed due to reported

problems with this analysis (Schulz 2006)

3.2.9 Scanning electron microscopy (SEM)
MDAC nodules, cemented shells and concretions washed in deionized water and
subsequently etched with 1% HCI for 1min. Samplesewoven-dried at 7 and
subsequently sputter-coated with 30nm gold. SEMgingawas performed using a
Hitachi S3400-N scanning electron microscope ad@elerating voltage of 15.0kV

and a working distance of 10cm.
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3.3 Results
2.3.1 Mapping and sub-bottom acoustic profiling

Figure 1. shows seabed multibeam echosounder taploigrmaps of seepage features
in the IDSZ of the Irish Sea. The mapped mudbejiore north of 5230 ranges from
less than 10m to about 50m water depth, and ovdrsgilays a very smooth and
homogenous seabed. Mapping in this area resuitedei detection of ten shallow
pockmarks, four of which are shown in Figure 16 ifeitioroken circles). These are
largely circular to elongate unit pockmarks ocagriat an average water depth of
43m, with depressions ranging in depth from 0.36n1and diameters ranging (based
on longest axis) from about 50-250m and with arraye diameter of about 100m.
Figure 17. shows sub-bottom seismic profiling oé af the mud belt pockmarks. The
profile and shallow gradient of the pockmark canchkesarly distinguished, whereby
the southern edge has a relatively steeper gradenpared to the northern edge of
the depression. Numerous zones of acousticallyidusbdiment and possible gas
occurrence can be observed (Figure 2. Zone C)pptaximately 8mbsf and below
potential gas fronts were observed at and in tloenity of the pockmark feature.
However there was no clear indication of gas mignato overlying sediment layers
or into the water column at the time of data cditec

Figure 16. shows the LD and its associated mugirdfaDMD) on its eastern
edge. As previously reported by Croker et al. (3008 LD can be described as an
elongate NW — SE facing depression that displayy wharp gradients rapidly
reaching water depths of about 120m, compared tvarage water depth of 50-60m
surrounding the feature. The LDMD is a large eldedgeaature that is considerably
higher than the surrounding seabed. It has an appate E-W trending and appears
to emerge from within the LD and ends at about w@ater depth, with a total length
of approximately 600m and width of about 200m atwidest point. Croker et al.
2005 previously reported that the region is infleesh by sub-surface gas fronts.
However as for MP2 there was no clear indicatiorg@$ presence of migration to

overlying surface layers or into the water column.
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Figure 16: Locations of mapped Irish Sea pockmatksnbay Deep with its associated mud diapir ,
and the target methane-derived authigenic carbofMERAC) mounds in the Codling Fault Zone.
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Figure 17: Sub-bottom sparker profile through akpeark in the mudbelt region.
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3.3.2 Sampling and underwater video investigation
Figure 16. and Table 2. give details for the sangpitation locations for this study,
types of samples taken and water depth. A 3m vdyscv/C470, was sampled from
within MP1 in 2009 along with a 2.3m control conere named VC471. On the 2010
R.V. Celtic Voyagerexpedition a 1m gravity core was taken from withtiP2
(GC50) and also a 3m vibrocore taken from withim i (VC19). It was intended to
take a vibrocore directly from the LDMD itself buwinfortunately this was not
completed. Control cores were also taken in thénwycof the features and in the
mudbelt region for comparison (See Table 2.). Furttontrol cores were also taken
at stations in the greater mudbelt region to thehn@C57) and to the south (VC82).
GC75 was a short gravity core, which when samplgtib#éed unambiguous
geochemical zonation from oxic to anoxic conditiomasd served as a positive
methodological control for this study. Upon openaryl logging of sampled cores it
was observed that overall, the sampled sedimemisisted of homogenous Holocene
sandy muds and there were no indication of geoatenzionation or distinct sub-
surface anoxia, either visually or using the redobe.Ey, readings for cores ranged
+128 - +42mV indicating suboxic conditions, whiler fthe anoxic zone in GC75
measured values ranged from -140 - -194i@¥imparative descriptions of cores with
corresponding controls showed high similarity imts of sediment type, infauna and
shell content. There was a higher proportion ofdsand shell in the LD region
compared to the mudbelt to the north.

Underwater video investigations collected extemdnotage of the MP2 and
the LDMD features along with the surrounding sealdfédure 18. shows selected
underwater still images of MP2 and also of the@umding seabed environment, with
video trace-lines shown in white. Fine-grained mddminate the seabed inside and
outside this feature and are characteristic througlhis mudbelt regionNephrops
norvegicusand their associated burrows are abundant inggmm and no distinct
macrobenthic (e.g. vestimentiferans) or microbiahtsn (e.g. Beggiatoa sp.),
commonly reported at active seepage sites (Fighed, 1997, Jorgensen and Boetius
2007) were present inside or in the vicinity of theckmark. Figure 19. shows
representative underwater still images from thedrid the LDMD and surrounding
seabed. In comparison to the mudbelt region, theddion, which lies at the edge of
the mudbelt and the sandy region to the south, igdsurrounding seabed is

characterized by a higher proportion of sand agdeater abundance and diversity of
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marine flora and fauna. Image stills 1 to 3 (Fighreare representative images from
within the LD, along its slope and at the edge ahows similar sediment type, but
with the shell fragments component increasing awrably in the shallower depths.
Sediment type across the LDMD was similar to surdig sediment but there was
an apparent increase in the proportion of shefinfrents (Image 4), large cobbles
(Image 6), benthic macrofauna, in particular keititarfish (Image 5) and hermit crabs
(Images 6), and benthic flora (Image 6).

MBES topographic maps of some of the MDAC moumdcstires in the CFZ
are shown in Figure 20., as well as representatiderwater still images, which were
successively taken at the mound target sites. Viidee-lines are shown in white and
numbers represent corresponding numbered underwtlieimages. As has been
reported previously (Croker, Kozachenko and Whe&@05, Judd, Croker and
Tizzard 2007), and due to the dynamic erosionaireninent, the region is dominated
by extensive sand waves and the mound featurel, reliefs of up to 10m, which
follow a NW-SE trend along the Codling Fault appeabe eroded and/or covered by
sand. As can be seen in the images the sedimetiteimegion is dominated by
medium to coarse sands and extensive sand waveppaeent (e.g. Figure 20 Image
[2], [5] and [6]). Video investigation of the moumdonfirmed that these features are
largely covered by sand but extensive carbonatstcrand nodules of diverse
morphologies can be observed in all images, asagedireas of black reduced surface
sediments (Image [7]). Figure 20. [1] shows an wwdeer still image of exposed
MDAC slabs, which was taken in close proximity tmaund feature. These are large
and thick (10-20cm thick slabs as observed heretsires and are likely present
throughout the region in the sub-seabed. Figur¢72@hows a high abundance of
seabed benthic flora and fauna, which does notaapebe as abundant in the region
surrounding the mounds. Figure 21. exhibits a elgsef one of the mound structures
(circled in the inset) with a single beam echo staurprofile overlain on the mound.
Extensive gas bubbling was observed coming frora thound and into the water
column. Gas bubbles were clearly large and the plums detected reaching tens of
metres into the water column.

Mound structures could not be cored using the odbwrer but were
successfully ground-truthed using Shipek and Vaervgrabs. Three vibrocores were
retrieved from the region but no MDAC was retrie¥ean these cores. Seabed in the

region of the CFZ was found to be primarily wellsd olive brown medium sand
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with significant shell hash (generally 10% or legshigh percentage (>60%) of grab
samples taken at the target sites yielded sigmificamounts of nodules and
concretions of diverse morphologies and sizes,ilibsd tubeworms, benthic flora
and black sediment (Figure 22. A-C). No live tubews were retrieved. Surface
anoxia was confirmed by redox potential measuresnentblack sediment, which

exhibited E,, readings of -177mV. SEM images of the MDAC showksdt tquartz

grains were cemented by various polymorphs of preted carbonate, in particular
well-developed prisms of aragonite (Figure 23. A,aBd D), and were also
characterized by extensive amorphous to well dgegldramboidal pyrite (Figure 23.
B, C and D). Sub i@n rod-, cocci- and filamentous microbial structuaesl distinct

structures, which appear to be microalgal were alsserved (Figure 23. C). SEM
analysis also highlighted extensive cratering ahdnaeling in one hard carbonate

nodule (Figure 9. E).

Table 2: Sampling station locations and descriggtion

Water Core

Name Abbrev. Type Latitude Longitude Date Depth length Brief Description
(m) (m)
ISMA-V-470 VC470  Vibrocore 53° 415970 5° 583665  17/10/09 41 3 Mudbelt pockmark (MP1)
ISMA-V-471 VC471  Vibrocore 53° 414692 5° 57.9566  17/10/09 42 2.3 MP1 control
CV10_28_019 VC VC19 Vibrocore 53° 264068 5°  48.1412 3/6/10 118 3 Lambay Deep
CV10_28_020VC VC20 Vibrocore 53° 26.4404 5° 48.5529 3/6/10 79 3 Lambay Deep control
CV10_28_049GC  GC49 Gravity 53°  40.6765 5°  55.6449 4/6/10 50 1 MP2 control
CV10_28 050 GC GC50 Gravity 53° 406722 5°  56.1720 4/6/10 43 1 Mudbelt pockmark (MP2)
CV10_28_057 VC GC57 Gravity 53° 549778 5°  57.0370 4/6/10 42 1 North mudbelt
CV10_28 075VC  CG75 Gravity 53° 369934 5° 254455  5/6/10 100 0.85 East mudbelt. Positive
method control
CV10_28_82VC V(82 Vibrocore 53° 316471 5°  47.5960 5/6/10 71 3 South mudbelt
CV10_28_114VC VC114 Vibrocore 53° 40.6399 5° 55.6957 7/6/10 47 3 Central mudbelt
CV10_28_100 SG G100  Shipekgrab ~ 53° 20.1889 5°  37.5058 6/6/10 68 n/a Codling Fault MDAC
CV10_28_103 SG G103  Shipekgrab ~ 53° 19.9154 5°  37.1514 6/6/10 58 n/a Codling Fault MDAC
CV10_28 109 SG G109  Shipekgrab  53° 19.5904 5°  37.0692 6/6/10 67 n/a Codling Fault MDAC
CV10_28_110SG G110 Shipek grab 53° 19.9238  5° 37.1634 6/6/10 67 n/a Codling Fault MDAC
CV10_28_111 WV G111  VanVeeng 53° 19.9749 5°  37.3612 6/6/10 65 n/a Codling Fault
CV10_28 112 W 112G VanVeeng  53° 20.0283 5°  37.2291 6/6/10 65 n/a Codling Fault
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Figure 18: Underwater still images taken from withiudbelt pockmark (MP2) and from surrounding
seabed. P — pockmarks, and numbers correspongriesentative numbered underwater still images.

Figure 19: Underwater still images taken from witttie Lambay Deep area, its associated mud diapir
and surrounding seabed. Numbers correspond tosexegive numbered underwater still images.
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Figure 20: Multibeam echosounder mapping of MDAC mounds in Codling Fault Zone. Videolines

1, 2, 3 and 4 (VL1, etc.) are shown with underwater video deployment traces shown in white.

Representative images are numbered and shown. Scale bars on images represent 25cm
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Figure 21: Mound structure (circled mound inset) showing active bubbling to the water column

2 Cel
Figure 22: Grab-sampling of MDAC mound targets. (A), (B) and (C) Black anoxic sediment with

high abundance of cemented fossil tube worms and MDAC (D) Large 7cm diameter carbonate

nodule.
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Figure 23: Scanning electron microscopy images of (A) Carbonate encrusted quartz grain, (B)
Close-up of quartz grain cemented by aragonite crystals and also framboidal pyrite, (C) image
showing apparent rod, cocci and filamentous microbial structures, (D) close-up of framboidal
pyrite, (D) close-up of well-developed aragonite crystals and (E) image of nodule showing high

density of craters and pores.

3.3.3 Methane and pore water analysis
Figure 24. shows down-core profiles for interstif@Hs, SQ® and HS for cores
taken from MP2 (GC50) and the LD (VC19) comparethvgorresponding controls
GC49/VC114 and VC20. Profiles for regional contr@€57 and VC82 are also
shown, in addition to the GC75 positive controud¢s of pore water geochemistry
and modelling of benthic fluxes in marine sedimegmtsvide a good indication of
early diagenetic processes, rates and paths ohicrgaatter remineralization, links
with regional patterns of water column productiyiyicrobial process rates, and £H
flux rates at seepage sites (Schulz 2006, BorowBEkill and Ussler Il 1996,
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Grandel, et al. 2000). GHs expressed here jrmol mL™* wet sediment, while SO
and HS are expressed in mM. It must be noted that deggssifects during core
retrieval preclude the measurement of represestatigitu CH, levels and it is the
overall variation in profiles which are utilizeddi@ulz 2006). 1m gravity cores display
maximum concentrations in the range of @@l mL” or less. 3m cores display
slightly increasing concentrations of ¢Hat deeper sediment depth, generally
reaching maximum concentrations at |0rdl mL' at about 3mbsf. There was
observed increases in ¢ltends in 3m cores but no significant differenbesveen
sample cores and controls.

SQ? concentrations, range from 19-25mM and no cleducton (typical
[SO,%] in seawater is about 28.9mM) or depletion is obse in cores within the
features or in controls. There are slightly dedreasrends of SGF apparent in the
3m cores and are in line with increasing {idncentrations. In addition H& absent
or negligible in both samples and controls. On détiger hand the positive control
GC75 exhibits distinct S{& reduction after 0.5mbsf to a measured minimum of
11mM, and shows a gradient of complete depletichiwithe first 1mbsf. With Sg'
reduction there is a concurrent increase in” ld8d CH, reaching maximum
concentrations of 0.15mM and friiol mL* respectively. Comparison of cores taken
within features and the controls, and comparisoth e positive control GC75,
indicates that the cores taken from the MP2 and ddnot possess enhanced
interstitial methane and seepage to the SWI isogourring. CH analysis of three
vibrocore core catchers sampled from sand in the fegion yielded 13.4, 29.7 and
51.3umol CH; mL™* and in comparison to GC75 the latter two coreteis appear to
be elevated in CH
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Figure 24: Down-core interstitial GHind pore water S& and HS concentrations from an Irish Sea
pockmark (GC50) and the Lambay Deep (VC19) corethy @ontrol cores in close proximity to the
features - GC49 and VC20 respectively. GC57 isdalitimnal control core taken in the N.E. and GC75

is a positive control.

Figure 25. shows pore water profiles for£ONH," and Fé" for sampled cores from

features and controls. A RDprofile is not available for GC75, while eprofiles
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were not measured for VC470 and VC471. Note théesdar PQ* are 0 -6QM,
while the scales for NA are 0 — 0.2mM for gravity cores (apart from GC7fiol is

0 — 8mM) and is 0 — 2mM for vibrocores. Scales Fef* are 0 - @M apart from
GC75 and VC82, which have scales of 0 ui0 Pore water P¢Y profiles were
generally quite variable in terms of absolute valaad gradients but cores generally
displayed a peak in concentrations in the uppembs3 before depletion and a
gradual increasing trend at depth, which is clealdgerved in 3m cores. Maximum
Fe’* concentration were typically observed in the ugpémbsf, and ranged from 0.8
— 19.5M, before levels were depleted to low concentratiard less than about
0.4uM. A maximum concentration of L& was observed at 0.24mbsf in the positive
control (GC75). General trends for hfHvere gently increasing linear gradients with
[NH4min Observed closest to the SWI and [N}d.x at the deepest sediment layers.
[NH4 ] min ranged from 0.02 — 0.3mM at the shallowest defuils6 - 1.4mM (for 3m
cores).

Core GC50 from the vicinity of the pockmark MPRpws a peak in PQ
from between 0.15 — 0.3mbsf and follows a geneeaftehsing trend with [P&]min
of 7uM at 0.95mbsf . The NH profile is relatively constant down-core with [\H
between 0.01mM and 0.03mM, and also fof*Reith values generally around:¥
from 0 — 0.95mbsf. In comparison GC49, from wittitP2 displays [P@] and
[NH,'] peak at 1aM and 0.06mM at 0.15mbsf. The FPOprofile shows an apparent
decreasing trend to 0.7mbsf but is variable, wtike NH," profiles displays a very
gradual decreasing trend until 0.7mbsf before msirgy again. Fé concentrations
deplete from maximum levels of LMl at 0.02mbsf.GC50 and GC49 shows
relatively similar profiles.

The MP1 core VC470 and its corresponding conti@4Y1 display an overall
high similarity in down-core P§& and NH' profiles. PQ* trends are similar,
whereby [PQ*]max is observed between at 0.07mbsf (409 and 0.15mbsf
(52.4.M) for VC470 and VCA471 respectively. There is arphate of decrease until
[POs*]min is reached between 0.65 - 0.75mbsf at abait for both cores, followed
by a subsequent linear increase to 1.7mbsf, withegaof 28.5M and 35.1M for
VC470 and VC471 respectively. [NH displays a gentle decreasing trend until about
0.3mbsf before linearly increasing from about 1minsfil maximum depths, where
[NH; Jmax also occurs (1.5mM and 0.5mM for VC470 and VC4@és$pectively).
However there is clearly a steeper gradient fogNR VC470 compared to VC471.
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LD core VC19 displays an overall linear increasirend of PGQ*, measuring
10.22:M at the SWI and 33uM at 2.4mbsf, but there is also an apparent slight
concave-up trend from the SWI to 0.4mbsf. A didtineear increasing trend for
NH;" from the SWI (0.10mM) to 2.9mbsf (0.59mM) is alsbserved. F& was not
detected in significant amounts in this core. VGROws a slight concave-up profile
for PO, whereby a steeper gradient is observed from (860 0.65mbsf, before
remaining relatively constant down-core. [#Pare double (2048M) that of VC19 at
the top depths and consistently higher along the.cbhis core has a Fepeak at
0.93uM at 0.2mbsf, followed by a rapid depletion at dept
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Figure 25: Down-core pore water profiles of FONH," and Fé" of Irish Sea pockmarks — GC50 and
VC470 and the Lambay Deep mud diapir, VC19. Thesecompared with proximal control cores —
GC49 (and VC114), VC471 and VC20 respectively. Aiddal regional controls are also given —
GC57 (North mudbelt),and VC82 (south mudbelt) a asethe GC75 positive control core.
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3.4 Discussion

3.4.1 Description and distribution of pockmarksin the lrish Designated
Seabed Zone (IDSZ) of thelrish Sea
This study enhances knowledge regarding the oawtereand distribution of
pockmarks in Irish waters. Pockmarks are found glgb primarily in fine-grained
sediment regions (Judd and Hovland 2007) andtitissfine-grained particle size that
is thought to form a cap on fluid (primarily gasjgnation from deeper sedimentary
layers due to its relative impermeability. In tlisidy bathymetric mapping revealed
ten unit pockmarks occurring at an average watgthdef about 43m, which run
along an approximate NNW line from approximately’B3N to 5348'N. These
pockmarks are similar in size and morphology to thest commonly described
pockmarks, in that they are of average diametex]ah circular or slightly elongate
features (Judd and Hovland 2007). They are charaeteby a gradual slope, with
likely significant infilling and sedimentation siacthe time of formation of the
depressions. Extensive mapping and processingtaseta from the Irish Sea IDSZ is
ongoing and will likely reveal more pockmarks instimudbelt region. In particular
there may be a significant number of undiscovereckmarks in yet to be mapped
regions of the Irish Sea IDSZ lying east of abdBtl5N.

3.4.2 Seabed geochemistry of the Irish Sea mudbelt and Lambay Deep
areas. A preliminary assessment
While pore water @was not measured in this study results from redeasurements
indicate that @ which is thermodynamically the most favourablkec#&lon acceptor (-
3190kJ mot) (Schulz 2006), is depleted in the first few cewgiers. Thus other
electron acceptors are responsible for organic enattmineralization below these
depths. F& profiles indicate that Fé&is essentially depleted in the first 20cm?*'FHe
an end product of organic matter degradation with (HI)-oxides as electron
acceptors. The energy vyield from this reaction ®110 kJ mol and is
thermodynamically less favourable to oxidation by-bkides (-3090kJ md) and
NOs (-2750kJ maf) (Schulz 2006), which indicates that these electroceptors are
consumed within the first 20cm. The next favourablectron acceptor, which is
quantitatively the most important in marine seditegis SQ°. SQ? depletion in is

pore water is primarily related to utilization bylghate-reducing bacteria for organic
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matter remineralization (Whiticar 2002)he products of this reaction are Hshd
CO5%, which thus increase in pore water as a conseguafn8Q* reduction.

Reduction of Fe (lll)-oxides is a significant pess in this environment by
virtue of the distinct P& reactive layers observed in most cores. In addifi¢”
profiles generally display steep gradients, whighgests that it is rapidly oxidized as
it diffuses to overlying layers or bound to theidophase at depth. Essentially
constant or slight decreasing trends in/S@re observed in most of these cores, with
negligible HS levels throughout (apart from GC75). This suggésas SQ” is not a
significant electron acceptor in these cores, @rehis a resupply of S® for
utilization in organic matter remineralization. Tfeet that negligible levels of HS
were observed in most cores indicates that eitf@f Seduction to HSis not
occurring or that it is rapidly reoxidized. Sedirteenn the mudbelt region are
extensively populated bephrops Norvegicuand other species, and high densities
of burrows were observed in the mudbelt regiong.(B). Sediments up to about
1mbsf are subject to bioturbation and bioirrigatioyp benthic organisms, which
results in enhanced exchange between pore watdr®arlying seawater (Berner
1980). This would have the effect of increasingplkaetration depth of £and other
electron acceptors, in particular $Qwhich otherwise would be depleted at shallower
depths. It is known that in certain circumstancesrdwing fauna can influence
transport processes to the degree that advectidnbarrigation dominate over
molecular diffusion (Jorgensen 2006). Thereforemiay be a significant factor
affecting pore water geochemistry in the mudbeig anay account for resupply of
SQ4* rich seawater into the sediments.

NH;" pore water profiles here generally show lineanigréasing trends with
depth and are probably related to degradation gdric matter. P& is not utilized
as an electron acceptor and in most cases its ggign is either due to biological
uptake and formation of new biomass, the adsorpmiiton particulate surfaces or co-
precipitation with in-situ formed minerals or in the formation of authigenic
fluorapatite (Hensen, Zabel and Schulz 2006). és¢hsediments the main release of
both Fé* and PQ* into sediments occur at different depths, in thye cm for F&"
and 20-30cm for P§J. This indicates that most ROreleased into pore water in
these sediments is not framsitu Fe minerals, but that RO production is primarily
as a result of bacterial activity in organic mattsgradation. The subsequent

observed decreasing trend followed by an increaséepth may be due to co-
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precipitation or authigenic mineral formation iretfiormer case and re-release of
bound PQ™. In the central and north mudbelt region two distireactive zones were
observed in 3m vibrocores (VC114, 470 and 471)deqths of between 0.05 -
0.4mbsf and from about 1mbsf to depth. These zamgs not apparent in cores to
the south (VC82, 19 or 20) and indicate overalldowates of PG cycling to the
south. Diffusive fluxes to the SWI were also getlgrgreater to the north, as high as
4.6 mmol nfa’ to the north and generally 0.28 mmofait or less to the south.

Thus from NH" and PGQ* pore water profiles is a clear that there is &éig
rate of organic matter remineralization and cycimghe mudbelt compared to south.
This would be expected due to the higher rate pbdiéion and smaller particle size
in the north. The sedimentary environment of thedbalt in the Irish Sea IDSZ has
appears to be suboxic at the investigated deptis proposed that based on the lack
of observable S reduction in SGF and HS pore water profiles, in conjunction
with the zone of F& production in the range of 0.02 — 0.5mbsf for semores,
that microbial remineralization of organic matteing Fe (lll)-oxides as an electron
acceptor is the primary process occurring in thelm of sediment. It is likely that
SO,* reduction is occurring at greater depths, whichpparent in 3m vibrocordsut
that it may not be the primary process. The possiesupply of SE rich water by
Nephrops norvegicus the mudbelt is one hypothesis for the low lsvef SQ*
reduction. Overall the pore water geochemistry #wid geochemical processes in the
mudbelt surface sediments are similar regionally. &ample for GC57 (northern
region), GC49 (central region) and VC82 (southexgion) displayed very similar
SO and CH profiles and profiles for P, NH;* and F&" were generally similar
with similar overall values (apart from £eat SWI for VC82) and reactive zones
occurring at the same sedimentary depths. Howéwveust be noted that a significant
region of the mudbelt was not investigated in thiigdy i.e. very shallow waters
<30mbsf and comparatively deeper waters. Indeedi¢epest core sampled at 100m
water depth (GC75) displayed markedly different amnical zonation and

processes.

3.4.3 Inference about present seepage and distinct processes at mudbelt
pockmarksand the Lambay Deep mud diapir.
Floodgate et al. (1984) sampled acoustically tushidface sediments in the W. Irish
Sea at 100m water depth (now in the UK sector)yTioged significant levels of CH
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in 1.2m cores, which increased with depth up toceoftrations in the range of
10,00Qumol kg*. Further studies highlighted a substantial shaliias zone in the W.
Irish Sea and numerous gas plumes and gas fromésigdentified (Yuan and Bennell
1992). Yuan et al. (1992) is the only other stutty,our knowledge, which has
identified pockmarks in the W. Irish Sea. TheseemMaund to be largely associated
with but also present outside acoustically turbides in the mudbelt. These studies
however focused on the mudbelt region, lying todhst of this current study, which
are in deeper waters and now are part of the UkKosec

Sub-bottom seismic profiling of selected mud-ipeitkmarks and the LDMD,
followed by subsequent underwater video invesigeti of these features and
surrounding seabed, indicated that at present tiser® significant active seepage
reaching the SWI and that there are not distinctroteenthic communities or
microbial masts associated with these featuress Toinclusion is supported by
interstitial gas and pore-water geochemistry ofesaiaken from these features and
compared with numerous controls. The geochemicallt®e presented here are
considered robust considering that the core GC7bictw exhibited a distinct
oxic/anoxic chemical zonation, served as a positwetrol for SQ* depletion and
methanogenesis. GC75 displayed a characteristiwamaxic geochemical zonation
whereby successive electron acceptors are deplétedjng to utilization and
depletion of S, with the concurrent production of HShe high concentration of
CH; observed below 0.5mbsf results from enhanced metenesis fueled by
organic matter supply or GHmigration from depth (Martens, Albert and Alperin
1998). In addition, steep gradients of NHind F&" were observed indicating high
levels of organic matter remineralization and micab activity. Thus this core
provides an important reference for what may besictemed enhanced processes and
microbial activity at target seepage sites. Thisfifg exhibits a distinct and
characteristic sulphate-methane transition zone TBAMwhere the CH is being
anaerobically oxidized, most likely by the sulphetducing bacteria (SRB)/ANME
microbial consortia (Boetius, et al. 2000). Unifof@t, and SQ* profiles and the
lack of clear SMTZs’ in any cores taken from witlainy of the features, or from the
control cores indicates strongly that AOM and (d¢epage to the SWI is not an
ongoing process at present in either the mudbekrmarks or the Lambay Deep mud
diapir. This study however was limited to the upperbsf and conclusions cannot be

drawn as to geochemical processes occurring deeplee sediment. It is noteworthy
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that high densities dflephrop norvegicuburrows were observed (Figure 18.) and as
discussed above due to bioturbation may havingy@ifsiant impact on pore water
geochemistry and may account for the distinct peager profiles whereby reduction
of SO is not evident. It is therefore also possible thame level of seepage is
occurring but that Clis being aerobically oxidized.

As regards the differences in pore water nutrieantd electron acceptors
between sample cores and controls, there are ao obclusions to be drawn about
possible variation in processes and microbial #gtiat the pockmarks or Lambay
Deep. There were interesting trends observed bet@&50 and its control GC49 for
MP2. Fé" is consistently higher in GC50 compared to GC48 daes not display
appreciable depletion at depth. This suggests thete are increased rates of
incorporation of F& into the solid phase outside the pockmark andfar GC50 is
more reducing. However no indication of this wasewed byE, measurements.
Levels of PQ* were consistently higher in GC49 also. ComparisbRQ;* profiles
for VC470 and VC471 do indicate that BQconcentrations are substantially higher
for the control core VC471 at the SWI and the;P@lease in the reactive zone is
greater, which suggests a greater microbial agtmittside the pockmark. A steeper
increasing gradient is also observed in VC471. BilyiNH," profiles show a steeper
increasing gradient at depth for VC470 comparedGd71.

While results here indicate that active seepagbdovater column and in the
upper 3mbsf is not occurring, sub-bottom seismafijing does indicate that these
features are influenced by gas fronts in deepeimsad layers. Yuan et al. (1986)
mapped an extensive lateral shallow gas zone imtindbelt region to the west of the
Isle of Man but could not provide conclusive eviderof the vertical extent of gas
due to acoustic blanking. A further sampling expedi using longer coring
instruments is required to address questions raisethis study, in particular
regarding the temporal activity of these featui@ecent research has shown that
pockmarks in the Lower Congo Fan are currently dorimbut were periodically
active in the past (Gay, et al. 2007).
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3.4.4 The Codling Fault MDAC mounds:. a site of active and enhanced
current gas seepage to the water column.

The study provides a comprehensive ground-trutlsngly of the Codling Fault
MDAC mounds and enhances previous findings by Grakteal. (1995, 2005) and
Judd et al. (2007). Extensive gas seepage fromobrtbe mounds was recorded
(Figure 21.). The unambiguous extent and heightth&f plume highlights the
considerable, but as yet unquantified, seepageriegun the region. Moreover the
height of the gas plume, rising tens of metres theowater column, combined with
the shallow location of these features (<100m weégth) emphasizes the potential
for possible atmospheric flux and impact on regiattianate. CH, release from the
oceans has been linked to rapid climate changetevéng. Hesselbo, et al. 2000).
CH, analysis of vibrocore core catchers (up to g8 mL?) suggests that seabed
CH, levels are elevated, at least in comparison téasersediments in the mudbelt
and the Lambay Deep area to the north. The size thiotness of slabs and
pavements indicates considerable seepage overgieailtimescales and the periodic
stacking nature suggests variation in seepage geelogical timescales (Figure 7
[1]). It has been shown that the region is charadd by; a considerable abundance
of carbonate nodules and crusts (Figure 20 [2]]}; [fatches of anoxia at the SWI
(Figure 21 [7] and Figure 22B) and a substantiapprtion of cemented fossil worm
tubules (Figure 22A-D). This indicates a significamea in this region is currently
influenced or has been influenced by seepage. Tegepce of extensive MDAC
nodules of relatively small sizes also highlightse t high-energy erosional
environment in this region (Croker, Kozachenko ®iikeeler 2005).

CH, is oxidized in an oxic environment to ¢@nd HO and is a well
documented process (Higgins and Quale 1970), bet etktensive presence of
authigenic pyrite with authigenic carbonate demmtstl by underwater video
investigation, ground truthing and SEM indicateattthe primary process here is
anaerobic oxidation of methane (AOM). As previoustported (Judd, Croker and
Tizzard 2007) SEM analysis confirmed AOM on the nmiscale with the presence of
quartz grains cemented by various carbonate polyhsorand the simultaneous
presence of framboidal pyrite (Figure 23). AOM isolwn to be mediated by a
consortium of sulphate-reducing bacteria and metthaaphic archaea (Boetius, et al.
2000) and the possible presence of microbes iMIDAC was indicated also with the

presence of rod-, cocci- and filamentous-like dtritess in SEM images (Figure 23C).
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Previous measurements of bulk’C carbonate nodules at a site nearby the CFZ,
named Texel 11, ranged from -41 - %&Judd, Croker and Tizzard 2007), indicating

that carbonate was formed by microbial oxidatiolCef, (Peckmann, et al. 2001).

3.4.5 Sour ces of seepage at Irish Sea gas seepage features
In the Irish Sea the source of thermogenic, @Hthought to be from coal-bearing
Carboniferous rocks. The source of biogenic,@Hrom tertiary lignites and modern
silts and clays. Conditions for biogenic £Hre provided by fine-grained mudbelt
regions, where pockmarks have been found to oesureported here and previously
by Yuan et al. (1992). Migration pathways of CtHom sub-seabed to the SWI are
thought to be primarily along faults, faults assteid with salt structures (e.g. mud
diapirs) and regions where Carboniferous sourcksresab-crop beneath Quaternary
sediments. Yuan et al. (1992) noted in their stillgt due to the extent and
distribution of gas in the mudbelt that the seepiagkkely of biogenic rather than
thermogenic origin. They argue that in contrasptesent day conditions whereby
sedimentation is controlled by prevailing oceanpbra conditions, in the early
Holocene after ice retreat, Atlantic waters woudtvén controlled sedimentation in the
Irish Sea and that an east-west trending glacdihsmt ridge and a rock ridge may
have formed a barrier to northerly movement upltist Sea. This influx of warm
waters and sediment traps would have facilitatgadraccumulation of fine-grained
organic matter-rich sediments. Several other studae/e argued that a frontal trough
on the southern boundary of the muddy region, ménksboundary between low-
energy stratified waters and high-energy well-mixegters (north and south
respectively), whereby enhanced biological proditgtiand biomass accumulation
and deposition in the low-energy region, has led tlarge expanse of gas-bearing
sediments in this area (Belderson 1964, SimpsorBameers 1979, Rees and Brander
1986).

Subsequent studies in the Irish Sea have showmprgsence of significant
shallow gas accumulations in sandy regions ande{tnsive'*C-depleted methane-
derived authigenic carbonates, which indicate thatprimary source of gas in the
Irish Sea is thermogenic in origin and probablyiaa from underlying Westphalian
Coal Measures or the Dinantian/Namurian HolywelI8HCroker 1995, Judd 2005).
The MDAC mounds form along the Codling Fault on #astern border of the Kish

Bank Basin and hence it is most likely that seepagé thermogenic origin migrating
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from significant depth from Permo-Triassic and @auiberous rocks. However Judd
et al. (2007) suggest that active migration ocelmsg the fault and seeping gas may
be from Tertiary sediments or underlying Carbomifer rocks, or that both may be
contributing sources of gas. At present distinatabasions regarding the source of
seepage can only be hypothesized. Stable carbtwpeanalysis of gas samples may

provide information as to the source of seepageoffjate and Judd 1992).

3.5 Conclusion
In comparison to previously reported pockmarkshm UK sector of the Irish Sea, the
pockmarks reported here in the Irish sector appeaot be actively seeping to the
SWI and surface sediments at present. Underwalep\unvestigation indicates that
there are not distinct ecological niches within sthefeatures, compared to the
surrounding seabed. Investigation of the LambaypDered its mud diapir suggests
that this is also dormant feature at present. Intrest to the pockmarks the mud
diapir does appear to host an increased abundamtdigersity of benthos but it is
not clear if this is related to seepage or the egpygancrease in hard surface lithology.
Pore water and interstitial GHhnalysis supports the inference that these iryegstil
features are not active seepage sites at presene\rr seismic profiling has shown
that the investigated pockmarks and the Lambay tksgapn are characterized by sub-
surface gas fronts and other gas signatures inedesgalimentary layers. It must be
noted also that this study limited geochemical stigations to 3mbsf of less, and that
a core sample was not retrieved directly from theliapir itself. Thus conclusions
regarding the geochemical processes at deeper esetddapths cannot be drawn and
questions regarding the temporal activity of thissures remain largely unknown,
and are likely complex. In terms of overall sealtetas noted that there appears to a
higher level of organic matter remineralization aydling in the central and northern
part of the mudbelt, compared to the sandier regmothe south, which is likely
related to the lower energy conditions to the nattbwing deposition of fine grain
sediments.

This study highlighted an extensive abundanceaafisovered and exposed
carbonate nodules and crusts, surface anoxia amdented worm tubules
characterizing the seabed at and in the vicinityhef Codling Fault mounds. Active

seepage into the water column and bubbling plureas of metres in height was
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observed and, though unquantified is clearly suihsteand due to the shallow nature
and size of the plume may escape the water colmihé atmosphere. SEM and
redox profiling of sampled MDAC and sediments iradé& the process of anaerobic
oxidation of methane (AOM) is occuring at this sated as found elsewhere is likely
to be a significant sink and control on methanepage. This study thus supports
previous inferences that the CFZ is the regionreatgst seepage in the Irish Sea. The
extensive seepage highlights the commercial pateintiterms of energy resources
and that further investigation to consider theidgtand unique biodiversity at this

site should be investigated in terms of consermatinder the EU Habitat’s Directive.
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Abstract

This study reports novel findings relating to mizisd community composition at a
large pockmark on the Malin Shelf, off the N.W. sbaf Ireland. We used denaturing
gradient gel electrophoresis (DGGE) profiling ankylpgenetic analysis of 16S
rDNA bacterial clone libraries to elucidate the mfp@s occurring in eubacterial
populations at varying depths. Results show tha firedominant bacterial
populations belong to the phyla and a-proteobacteria, in particular the genera
Psychrobacterand Sulfitobacter which have been reported widely previously indcol
marine water column and sedimentary environmerath Bf these major groups were
observed to display distinct changes in populatsructure with depth due to
geochemical zonation in the sediment and data ialdicates evolutionary distinct
populations. The ubiquity of these genera in colttine environments indicates that
the major bacterial groups are not associated fitd seepage processes. Archaeal
and bacterial populations were observed, which Hasen previously reported in
active cold seep environments and sites with aminggdrocarbons, and may imply
a proportion of microbial community is supportedrbinor seepage. Interestingly no
known cultured sulphate reducers were found butaiterbacterial groups were
relatively distantly matched with sulphate reducbagroteobacteria, and were found
above the sulphate-methane transition zone antdelotv. This suggests a previously
undescribed population is mediating sulphate reductt the pockmark.

Abbreviations

ANME - anaerobic methanotrophs, AOM — Anaerobiadaton of methane, DGGE
— denaturing gradient gel electrophoresis, MDAC ethane-derived authigenic
carbonate, OTU — operational taxonomic unit, SMTZuphate-methane transition

zone, SRB — sulphate-reducing bacteria
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4.1 Introduction
Scientific and technological advances in mappingseoving and sampling of the
seafloor over the past number of decades has breadight the fact that the global
seafloor is a highly dynamic geo- and biosphereg@ltsen and Boetius 2007).
Dramatic and diverse landscapes and geologicalirestinclude cold seeps, deep-
water coral reefs, mud volcanoes, mud diapirs, aretkderived authigenic carbonate
(MDAC) mounds, hydrothermal, seamounts, ridgesydnes and pockmarks. Many
of these features are formed as a result of sedhiids, which can often exhibit
exciting and unique ecosystems (Judd and Hovladd)2®ites of active seepage are
often colonized by thiotrophic bacterial mats arteroosynthetic benthic fauna
(Jorgensen and Boetius 2007). Current estimategestighat marine seabed and
subsurface represents the major prokaryotic biorpas$ (Whitman, Coleman and
Wiebe 1998), but while research and interest haeased significantly in the past
decade in deep ocean and shelf sediments (Vetaaal, 1999, Webster, Parkes and
Fry 2004, Inagaki, et al. 2006) and also in coastalironments (Musselwhite, et al.
2003, Kopke, et al. 2005, Wilms, et al. 2006),sitalso true that the identity and
physiological properties of marine microorganismesains distinctly uncertain as
most have not yet been cultivated (Pace 1997, éirgl. 2008). At active seepage
environments consortia of methanotrophic archaeddME) and sulphate-reducing
bacteria (SRB) in the clagsproteobacteria have recently been shown to methate
process of anaerobic oxidation of methane (AOMhese environments (Boetius, et
al. 2000). However more recent studies have shdvah alternative oxidants are
utilized as electron acceptors during AOM, for epéamitrate, nitrite (Ettwig, et al.
2008), iron and manganese (Beal, House and Orpd@®) 2

In this study the microbial diversity of a low &y large composite
pockmark off the N.W. coast of Ireland was investegl. Marine pockmarks are
seafloor surface expressions of sub-seabed flumllsion, first described in the
1970’s (King and MacLean 1970). Pockmark formatias never been observed and
most mapped pockmarks are relict or dormant featufaus there remains active
debate as to how these features evolve, form,qtemsd become extinct. The leading
formation mechanism is that they are formed by dappward expulsion of
overpressurised hydrocarbon gas, hydrothermal gagraundwater springs from

below relatively impermeable fine-grained sedimgntaeabed layers (Judd and
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Hovland 2007). From a microbiological perspectifiere have been relatively few
studies investigating the microbial diversity ofcimarks and very little is known
about the possible role they play in the formatod evolution of pockmarks. Active
pockmarks in the North Sea have been shown to éecterized by gas flares to the
water column, carbonate crusts and giant sulphidigirg bacterial mats (Dando, et
al. 1991, Wegener, et al. 2008). Microbial diversitom samples at these sites
associated with regions of gas ebullition was dated with ANME-2 archaea and
SRB of thed-proteobacteria (Wegener, et al. 2008). Anothemerexample of an
active pockmark system is the giant REGAB pockmamkthe Gabon continental
margin, which is characterized by massive carlmoatsts and seep associated fauna
such as Vesicomyidae and Mytilidae bivales familieand Siboglinidae
(Vestimentifera) tube worms (Ondreas, et al. 2@l&;Le Roy, et al. 2007).

Acoustic and electromagnetic investigation of Medin pockmark highlighted
the presence of a shallow subsurface gas pockewb#ie pockmark and gas
signatures in and around the feature, but witkcl ¢d migration pathways and active
seepage to the surface within the feature (SzpaM, 2012). Video investigations of
the region did not record any MDAC crusts or mouynuaiscterial mats, increased
megafaunal abundance or gas ebullition but thersoise acoustic and pore water
evidence to suggest minor gas migration to theaserf(Szpak, et al. 2012). We
wished to text the hypothesis that: (i) specifiamfpes in chemical parameters will
lead to changes in eubacterial community compasifiy that analysis of diversity
would suggest, which might be the conclusion tlest Kttle environmental change

over a protracted time period.

4.2 Materialsand Methods

4.2.1 Environmental and geological setting
The Malin Deep pockmark field is situated on thehrcontinental shelf, 70km N.W.
of Ireland (Figure 26.). This region is structuyatiomplex, bordered by the Stanton
Banks fault to the north and the Malin Terracehe south. The Skerryvore fault, a
major normal fault, divides the region into the Bgal Basin and the West Malin
Basin (Dobson and Whittington 1992). Quaternaryinsedt thickness ranges from
125-175m in a general south to north direction (Byawhittington and Dobson
1986). While the Malin Deep seafloor is characeiby a complex seabed geology
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with a variety of sediment facies, which includeert sand bedforms, gravel lags and
coarser clasts, the seafloor in the vicinity of pmekmark is smooth and soft, ranging
from fine-grained sand to silt (Monteys et al. 2008A detailed description of the
setting and pockmark field has been previously neplo(Szpak, et al. 2012, Monteys
et al. 2008b, Monteys et al. 2008a).

BS25  BS23 BS22
* o4 pe BS

Bs2a  BS2

(Sampling station)

Figure 26: Multibeam shaded relief bathymetry with major staval features: Skerryvore Fault and
Stanton Bank Fault and index map with site locaftop panel). Linear pockmark clusters are visible
in the Malin Deep micro basin south of SkerryvoeilFare marked a with black dotted line and
several minor unit pockmarks in the Malin Deep areaked with a dotted light grey line. Detailed
sampling site are shown and the site in the stu@@45, taken from within the pockmark cluster is

shown. Figure adapted from Szpak et al. (2012)

4.2.2 Sampling

A 6m vibrocore, VC045, was sampled at a water dept80m in 2008 from inside a
large pockmark (55.8568Q Lat., -8.1372€E Long.) during the CE_08 expedition
aboard the R\Celtic Explorerusing a Geo-Resources 6000 vibrocorer. The core was
cut into 1m sections, wax-sealed to preserve anaxdarefrigerated for the duration

of the cruise prior to sub-sampling and freezingB8C back in the lab. Sub-samples
were taken under sterile conditions and from fresiposed sediment to minimize
contamination risk from sampling equipment and ratten of sediment

characteristics.
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4.2.3 DNA extraction and purification
DNA was extracted from three depths from core VCGG50.2mbsf, 2.1mbsf and
5.9mbsf according to a modified method from Zhouak{1996). Briefly 5g wet
sediment was vortexed briefly with 13.5 mL of DNAtmaction buffer (100mM Tris-
HCI [pH 8.0], 100mM Na-EDTA [pH 8.0], 100mM NSO, [pH 8.0], 1.5M NaCl
and 1% hexadecylmethylammonium bromide [CTAB]) atetile glass beads. 100uL
10mg/mL proteinase K was added and the mixturein@gated on a reciprocating
shaker at 3°C for 30 min at 225rpm. 1.5mL 20% sodium dodecyplsate (SDS) was
then added and the samples were incubated % 66r 4 hours at 100rpm.
Supernatant was transferred to fresh 50mL starlbed after centrifugation at 6000g
for 10 min at room temperature. The sediment resdwere then extracted twice
more with 4.5mL extraction buffer and 500pL 20% S@$5C for 10min as before.
Combined supernatants were extracted for approxnSaith equal volumes of 24:1
(vol/vol) chloroform/isoamyl alcohol. The upper &agus phase was recovered after
centrifugation at 6000g for 10min. Crude DNA wasggipitated overnight at -2G
with 0.6 volume isopropanol. The DNA pellet wasledled by centrifugation at
15,000rpm for 20min and dissolved in minimal volud»¢ TE buffer. Crude DNA
concentration and purity was estimated spectrophetiacally. The crude total DNA
was further purified on a 1% low-melting point agse gel electrophoresis and DNA
bands were purified from the agarose gel usingdlthgtra GFX™ PCR and gel band
purification kit (GE Healthcare).

4.2.4 PCR amplification of 16SrRNA genes
16S bacterial and archaeal rDNA polymerase chanti@ns were carried out using
DNA Engine DYAD™ Peltier Thermal Cycler. 16S bacterial rRNA seqesnwere
amplified from purified genomic DNA using universal63f (5'-
CAGGCCTAACACATGCAAGTC-3) forward primer and 1387r (5-
GGGCGGWGTGTACAAGGC-3’) reverse primer (Marchesi,akt1998). PCR was
performed as follows: denaturation step of®%or 5min; followed by 33 cycles of
94°C for 30s, 58C for 30s and finally 7%C for 1min 30s. 16S archaeal rRNA gene
sequences were amplified from the purified genodWA by PCR using S-D-Arch-
0025-a-S-17 (5-CTGGTTGATCCTGCCAG-3’) forward primeand S-*-Univ-0907-
a-A-20 (5-CCGTCAATTCMTTTRAGTTT-3’) reverse priméNetriani, et al. 1999).
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PCR was performed as follows: denaturation step4d€ for 3min; followed by 40
cycles of 94C for 30s, 48C for 30 s, and 7Z for 30s; and finally an elongation step
of 72°C for 5min.

4.2.5 Denaturing gradient gel electrophoresis (DGGE)
The 16S bacterial rRNA amplified PCR products freach three depths were used as
templates for nested PCR to re-amplify the varidBeregion for DGGE analysis
using DGGE primer 2 (5-ATTACCGCGGCTGCTGG-3') andsGE primer 3 (5'-
CGCCCGCCGCGCGCGGLCGGGCGGGGLCGGGGGCACGGGGGGCCTACGGGA
GGCAGCAG-3'). (Muyzer, de Waal and Uitterlinden B)9The 16s archaeal PCR
products were amplified as above but replacing DG@Emer 3 with 344f(GC) (5'-
CGCCCGCCGCGCCCCGCGLLCCGTCCCGLCLCGLCCLCCGLCCACGGGGLGCAGL
AGGCGCGA-3'). DGGE was performed using the CBS 8iifie ™ DGGE 2401
system as described previously (Muyzer, de Waalliittdrlinden 1993, Myers, et al.
1985). PCR samples were added directly to 8% wlygooylamide gels (40% v/v
stock acrylamide, 0.5x TAE (40mM Tris acetate [pHd]720mM sodium acetate, and
1mM EDTA) with denaturing gradients from 20-1009%9Q% denaturant consisted of
7M urea and 40% v/v formamide). Electrophoresis pe$ormed at constant voltage
and temperature of 90V and’Drepectively, for 16 hrs. The gels were then stin
using 1X SYBRGold" nucleic acid stain (Invitrogen) for 45mins and ged by
transillumination (BIO RADY VERSA DOC 1000).

4.2.6 DGGE Band sequencing and statistical image analysis
DGGE band sequencing was performed as describedopsty (Muyzer, de Waal
and Uitterlinden 1993). Prominent bands on the DGf8E were excised and DNA
was eluted by placing the gel fragment iuBOTE buffer overnight at %C. uL of
eluted DNA was used as PCR templates using nond&@pcDGGE primer 1 (5'-
CCTACGGGAGGCAGCAG-3) instead of DGGE primer 3 aR@ primers, and
previously mentioned PCR conditions. Amplified puots were sequencing in the
forward direction by DNA Sequencing & Services (Ubrsity of Dundee, Scotland).
16S rRNA sequences were subjected to NCBI BLASTcketo identify sequences
with highest similarity. DGGE profiles were subjedtto statistical image analysis
using Phoretix 1D v10.3 (TotalLab) software packagduster analysis was
performed using UPGMA and Ochiai coefficient basililarities.
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4.2.7 16SrRNA bacterial clonelibrary construction and restriction
clustering of operational taxonomic units (OTUSs)
16S bacterial rRNA amplified sequences from 2.1namsf 5.9mbsf were chosen for
clone library preparation based on DGGE resultenifdg was performed sing the
CloneJETY PCR cloning kit (Fermentas) according to manuf&ets guidelines.
16S rRNA clone inserts were reamplified from cold®@R reactions using 63f and
1387r primers and operational taxonomic units (OTWere grouped by restriction
analysis. Fastdige®t RSal and Haelll (Fermentas) restriction enzymesewsed
with Fastdigest! 10X Green Buffer and was carried out using a PGRibhat 37C
for 45 mins. Restriction profiles were analysedloffo agarose gel and each gel was
standardized to allow comparison between gels. €@howing identical restriction
profiles were assigned to the same OTU group.alihjtiat least 30% of clones from
each group were sequenced in full using pJET1.@dat and reverse sequencing

primers. Sequencing was performed as per 1.2.6eabov

4.2.8 Phylogenetic analysis
Sequencing results were checked using FinchTV aisteatide sequence similarities
were analysed by NCBI GenBank BLAST search (MEGAABI algorithm).
Sequences found to be 98% or greater in similavitye considered the same and
grouped as a phylotype. Sequence anomalies werekexheusing Pintail (v1.0)
(Ashelford, et al. 1994). Sequence alignment wafopeaed by ClustalW algorithm
(Thompson, Higgins and Gibson 1994) using the MEG#&Bware package (Tamura,
et al. 2011). Neighbour-joining phylogenetic treegre constructed using the
maximum composite likelihood model also using thE®A5 software package. 16S
rRNA bacterial reference sequences were includetl @stained from GenBank.
Trees were checked using other models and werdasiniirees were subjected to
bootstrap analysisi(= 1000) to assess confidence levels and bootealages of 50 or
higher are reported her@he nucleotide sequence data reported in this siuehe
deposited in the GenBank nucleotide sequence dsabaler the accession numbers
JQ349446 to JQ349503.
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4.3 Results
DGGE profiles for bacterial and archaeal 16S rRNguwences for 0.2, 2.1 and 5,9

mbsf from the pockmark are shown in Figure 27. Baak community structure
appeared to be complex and distinct variations éetwcommunity composition is
evident at the different depths. Overall howeveGG&E profiles indicate that the
major bacterial community composition was simileoni the surface to the bottom
6mbsf. In contrast to the bacterial community, Hrehaeal community was less
diverse, with the presence of fewer than ten distimands in each DGGE lane.
However there was also a distinct variation in asgh community composition at the
different depths investigated (data not shown).itizied bacterial DGGE images were
subjected to cluster analysis to statistically carepsimilarity between samples.
Results are given in Figure 28. and compared tdarabomarine sediment samples -
GC04, GC04, GC09 and GC10 (taken from 1mbsf sediftem Dunmanus Bay,
Ireland). This analysis indicates that the Malite $ias a distinct bacterial population
compared to the control site. Figure 28. also imidis that between the three
investigated depths in the core, the bacterial canity at 2.1mbsf and 5.9mbsf are
statistically the most similar to each other conepan the top sample at 0.2mbsf.
Table 3. shows results for sequencing of some essfally excised and
amplified bands and BLAST searches for nucleotegusnces of highest similarity.
The type of environment and publication reference diosest phylotypes is also
given. Table 3. indicates that there is a clearidante of the phylum proteobacteria
at this site, in particular theproteobacteria and-proteobateria. Specifically BLAST
searches suggest species belonging to the gé@&syshrobacter, Sulfitobacter,
Alcanivorax, Halomonaand Thiomicrospiraare the dominant bacterial members of
this community. DGGE sequencing results for excisadds from the archaeal 16S
rRNA DGGE profiles indicate an the archaeal comryuisi phylogenetically similar
to archaeal 16S rRNA sequences from clones frobidites in the Gulf of Mexico,
from deep sea sediments in the Sea of Ohkotsk, é@dirwater coral mounds in the
Porcupine Seabight off the Irish coast (Hoshin@le2011), and also at marine active
methane seepage environments at the Pacific Oceagirmand Eel River Basin.
Cluster analysis of digitized archaeal 16S rRNAfis indicates the archaeal

community changes significantly over the 6m cowdgdot shown).
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Figure 27: DGGE vertical profiles of bacterial (@&)d archaeal (B) community composition of the

pockmark at 0.2, 2.1 and 5.9mbsf
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Figure 28: Cluster analysis of 16S rRNA bactdd@GE profiles. Analysis was performed by

UPGMA clustering and and Ochiai coefficient-baskxilarities. The distance scale indicates

Euclidean distance.
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1 Table 3: Bacterial and archaeal DGGE band sequgraeid BLAST similarities.

DGGE Depth . . % .

band (mbsf) Organism (Accession No.) match® Environment Reference
Bl 0.2 Alcanivoraxsp. ANT-2400 S4 (GQ153640.1) 96 Deep sea sediments, Meditterranean Sea Taptlatu(2009)
B2 0.2 Psychrobactesp. KOPRI 25504 (GU062550.1) 98 Arctic marine sediments Kim et al. (2010)
B3 0.2 Sulfitobactersp. COL-20 (HQ534315.1) 100 Antarctic seawater Giudice et al. (2011)
B4 2.1 Psychrobactesp. KOPRI 25504 (GU062550.1) 98 Arctic marine sediments Kim et al. (2010)
B5 2.1 Psychrobactesp. C11 ( DQ831958.1) 96 Antarctic seawater Giudice et al. (2007)
B6 2.1 Psychrobactesp. KOPRI 25504 (GU062550.1) 100 Arctic marine sediments Kim et al. (2010)
B7 5.9 Halomonassp. DPB4_(MB)_50.2mbsf (DQ344858.1) 100 Deep sea sediments Biddle et al. (2005)
B8 5.9 Sulfitobactersp. COL-20 (HQ534315.1) 95 Antarctic seawater Giudice et al. (2011)
B9 5.9 Pseudoalteromonasp. TB27 (JF273878.1) 99 Antarctic sponge Papaleo et al. (2011)
B10 5.9 Thiomicrospirasp. Milos-T2 (AJ237758.1) 95 Shallow hydrothermal vent, Aegean Sea Brinkko#l (1999)
Al 0.2 Uncultured ANME-1 euryarchaeote clone slno_a00 (HQ700669.1) 99 Sediment turbidites, Gulfeiico Nunoura et al. (2009)
A2 21 Uncultured archaeon clone OHKA2.13 (AB094530 99 Deep sea sediments, Sea of Ohkotsk Inagaki @003)
A3 21 Uncultured archaeon clone FeSO4_A_116 (G@554) g9~ Methane seepage sediment, EeRIVer  geq et al. (2009)
Ad 59 Uncultured euryarchaeote clone: ODP1251AQ1AB364330.1) 93 Deep Sea rztee(tjr?r?]réigydrate—bearmg Nunoura et al. (2008)
A5 5.9 Uncultured archaeon clone 3H3M_ARC63 (INABIB) 98 Cold water Ccs’fe'lt';‘i‘;#t”ds' Porcupine 4 chino et al. (2011)
A6 5.9 Uncultured archaeon clone: OHKA2.13 (AB09433 99 Deep sea sediments, Sea of Ohkotsk Inagaki (2003)

2 Note 1: %match based oNCBI MegaBLAST search algorithm.
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Bacterial 16S rRNA clone libraries were prepared aperational taxonomic units
were grouped together based on RFLP clusteringovemview of the composition of
the 2.1mbsf and 5.9mbsf bacterial communitiesusmin Figure 29., with pore water
SO and Cl profiles (adapted from Szpak et al., 2012). Simitathe results from
DGGE, resulting cloning libraries indicate that fireteobacteria is the major phylum
in both libraries, representing 93.4 and 98.1%hef Ibacterial population at 2.1 and
5.9mbsf respectively. The proteobacteria preserthiat site are fromy, a and 3
classes, whereby respectively they represent tf& 8.0 and 1.6% of the population
at 2.1mbsf and 54.7, 37.7 and 5.7% of the populaio5.9mbsf. Clones related to
unclassified actinobacteria are also present, septeng 4.9 and 1.9% of the
respective clone libraries. Clones phylogeneticadlgted to the phylum acidobacteria
are also present at 2.1mbsf, representing 1.6%eoflbne library.
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Figure 29: Percentage composition of bacterialeldsraries from 2.1mbsf and 5.9mbsf in terms of

phylum and class. Pore water sulphate and chigrid#es are also shown. Porewater data adapted

from Szpak et al. (2012).

A complete OTU table for the clone libraries isenvn Table 4. and shows accession

numbers for representatives from each OTU group ctbsest phylotype percentage

match in the NCBI database (MegaBLAST algorithrhg percentage composition of
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the total library and the environment of the cloggsylotype. A neighbour-joining
bacterial 16S rRNA phylogenetic tree showing possi of clones from this study is
given in Figure 5. As can be seen in Table 4. agdrgé 30. the major OTU groups
are phylogenetically closely related to &ychrobacteandSulfitobacterspecies. At
2.1mbsf clones closely related to tRsychrobactemrepresent 59.0% of the clone
library and those related to tHaulfitobacterrepresent 18.0% of the library. The
percentages for each of the aforementioned OTUS%nhbsf are both about 37.7%
Other major phylotypes found at 2.1mbsf are thdseety related toAlcanivorax
BorkumensisSK2 (6.7% of total) (Yakimov, et al. 1998), relaténl uncultured
actinobacteria, previously reported at low-activityild seeps in the Weddell Sea,
Antarctica, (4.9% of total) (Niemann, et al. 20G8)d Pseudoalteromonas arctica
(3.3%). Less significant groups, representing kbss 2% of the library each, are
those closely related to uncultured bacteria reorin cold-water corals at the
Porcupine Seabight (Hoshino, et al. 2011), uncedturbacteria reported at
hydrocarbon seeps off the Coast of Santa Barbazdnii@nd, Valentine and Sessions
2010),Pseudomonas tetradonian unculturedPseudomonareported associated with
marine sponge off the Irish coast (Kennedy, et28D9) and denitrifying bacteria
somewhat related (96% BLAST similarity) to thosencoonly found in the activated
sludge process (Heylen, et al. 2006).

The bacterial clone library at 5.9mbsf is similacomposition to the 2.1mbsf
but there are distinct differences in the relatpreportions. The two major OTU
groups related to thBsychrobacterand Sulfitobacterrepresent about 37.7% of the
total library in both cases. The next most abundgotip at this depth is represented
by unculturedPseudomonaseported associated with marine sponge off théh Iris
coast (9.4%), followed by groups closely relatedPs®udoalteromonas arcticand
somewhat related (95% BLAST similarity) to an urcréd B-proteobacterium
previously reported in contaminated soil (Martihak 2012) (both about 3.8% of the
total library). Similar to the 2.1mbsf clone libyaclones closely matching uncultured
actinobacteria found at low-activity cold seepsha Weddell Sea, Antarctica, and to
uncultured bacteria reported at hydrocarbon se#ipghe Coast of Santa Barbara are
also present at 5.9mbsf but in lower proportionthencase of the former group (1.9%
vS. 4.9%). In contrast to the 2.1mbsf clone libramyor clone groups closely related
to Colwellia aestuariiand Variovorax paradoxusare present in the 5.9mbsf clone
library (both about 2% of total).
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Table 4: Operational taxonomic unit (OTU) tablel66 rRNA bacterial clone 2.1 and 5.9mbsf librafiesn the pockmark.

. % % Total .
Closest Phylotype  (Accession No.) Match library Environment Reference
OTU Accession 2.1mbsf clonelibrary
Number
1 JQ349463 Psychrobacter nivimaristrain 88/2-7 (NR_028948.1) >97 59.0 Particulate organic matter, Antarctica Hhewrcet al. (2004)
2 JQ349486 Sulfitobacter pontiacu€hLG-10 (NR_026418.1) >97 18.0 Marine sediments, Black Sea Sorokin €18P5)
3 JQ349489 Alcanivorax borkumensiSK2 (NR_029340.1) 98 6.7 Seawater/sediment North Sea Yakimov efl@0g)
4 JQ349490 Uncultured actinobacterium clone ANTXXID6-4_Bac69 (FN4298052) 98 49 Cold seep, Weddell Sea, Antarctica Niemarh ¢€2009)
5 JQ349494 Pseudoalteromonas arcticdrain C53q-3a (JN681829.1) 98 3.3 Seawater, Danish Coast Bernbom et al. (2011)
6 JQ349491 Uncultured bacterium clone 3H3M_69 (11828.1} 98 1.6 Marine sediments, Porcupine Seabight Hosttial. (2011)
7 JQ349492 Uncultured bacterium clone Propane SiP@@ (GU584779.1) 98 16  Marine hygg’rizrggrr‘bséﬁgps' OffShOre 2 edmond et al. (2010)
8 JQ349493 Thauerasp. R-28312 (AM084110.1) 96 1.6 Activated sludge Heylen et al. (2006)
9 JQ349496 Pseudoalteromonas tetraodonis strainlAMO0 (NR_041787.1) 99 1.6 Coastal seawater, Acdar Ivanova et al (2001)
10 JQ349497 Pseudomonas sp. PM1 16S (EU768833.1) 99 1.6 Marine sponge, Irish coastal waters Kennedy. €2009)
5.9mbsf clonelibrary
1 JQ349448 Psychrobacter marincolatrain KMM 277 (NR_025458.1) >97 37.7 Marine sediments, W. Pacific Ocean Romamenkal. (2002)
2 JQ349479 Sulfitobacter litoralisstrain Iso 3 (NR_043547.1) >92 37.7 Seawater, East Korea Park et al. (2007)
3 JQ349498 Pseudomonas sp. PM1 16S (EU768833.1) 99 94 Marine sponge, Irish coastal waters Kennedy. ¢2009)
4 JQ349503 Uncultured bacterium 16S rRNA gene claBiegH031 (FQ660126.1) 95 3.8 Contaminated soil Maat al (2012)
5 JQ349497 Pseudoalteromonas arcticdrain C53g-3a (JN681829.1) 98 3.8 Seawater, Danish Coast Bernbom et al. (2011)
6  JQ349500 Uncultured bacterium clone Propane SIP@9 (GU584779.1) 99 1.9 Marine hydrocarbon seeps, offshore oo 400 et al. (2010)
Santa Barbara
7 JQ349499 Uncultured actinobacterium clone ANTXXID6-4_Bac69 (FN4298052) 98 1.9 Cold seep, Weddell Sea, Antarctica Niemarah ¢€2009)
8 JQ349501 Variovorax paradoxs EPS (CP002417.1) 99 1.9 Ubiquitous Lucas et al. (2010)
9 JQ349502 Colwellia aestuariistrain SMK-10 (NR_043509.1) 98 1.9 Tidal flat sediment, Korea Jung et al. (9006

Note 1: OTU group dominated by clones most closdfiliated to Psychrobacter marincoldut clones with closest phylogeny Rsychrobacter celestrain SW-238
(NR_043225.1)Psychrobacter pacifisenssrain NIBH P2K6 (NR_027187.1) are also present.

Note 2: Closest cultured relatives are distantlgtesl (~82% match) to sulphate reducbrgroteobacteri&. palmitis S. svalbardensis

Note 3: Closest cultured relatives are distantlatesl (82-84% match) to the sulphate redud@mgoteobacteriddessulfobacca acetoxidandesulfobacterium anilinand

Desulfacinum subterraneum
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Figure 30: Neighbour-joining phylogenetic tree afcterial 16S rRNA 2.1mbsf and 5.9 mbsf clone
libraries from the pockmark. Nucleotide sequencemfthis study are underlined. Accession numbers

are in brackets, while values for percentage &l tirary for each clone is given in square braske
The tree was subjected to bootstrap analysis (000) to assess confidence intervals and bagtstr

values >50 are reported.
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Figure 31: Neighbour-joining phylogenetic tree $etected clones from thisychrobacte(A) and
Sulfitobacter(B) OTU’s from the 2.2mbsf and 5.9mbsf clone lilear Nucleotide sequences from this
study are underlined. Accession numbers are irkbtacThe tree was subjected to bootstrap analysis

(n=1000) to assess confidence intervals bootstaapes >50 are reported.
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Figure 31. shows constructed neighbour-joining phghetic trees from a selection of
clones from thePsychrobacter(Figure 31.A)and Sulfitobacter(Figure 31.B) major
OTU groups from the 2.1mbsf and 5.9mbsf clone tibg Figure 31. shows distinct
clustering of both bacterial populations based eptldl As shown here and given in
Table 4. are representative clones from OTU groupt 2.1mbsf f = 14) are
phylogenetically most closely related Rsyhrobacter nivimariswhile at 5.9mbsfr{

= 14) are most related tBsychrobacter marincolaln addition clones from OTU
group 2 at 2.1mbsi(= 3) are phylogenetically most closely relatedstdfitobacter
pontiacus while at 5.9mbsfr( = 6) are most related ulfitobacter litoralis Thus it

is evident there are distinct and shifting majopylations with depth in the core.

4.4 Discussion

4.4.1 Psychrobacter and Sulfitobacter sp., the dominant bacterial
populationsin the Malin Shelf pockmark.
Several studies have shown that the dominant balcterembers of the seafloor
belong to previously undescribed lineages (Inagetkdl. 2006, Fry, et al. 2008, Teske
and Sorensen 2008), thus limiting inferences abimit physiology and metabolisms.
However in this study the dominant members of clbbiaries from this site were
closely related (generally greater than 99% BLAS@&tah) to Psychrobacterand
Sulfitobactersp., of which many species have been cultivated dastribed in the
laboratory. Psychrobacterare a genus of non-motile gram-negative rods or
coccibacilli, currently in theMoraxellaceaefamily (Juni and Heym 1986). These
bacteria differ from the related genévimraxella and Acinetobactelin that theyare
psychrotolerant or psychrophillic and halotoler@@bwman, Cavanagh and Austin
1996). A number of distinct species have beeraisdl from a wide variety of cold
marine environments, such as marine sediments, rémaornithogenic soils
(Bowman, Cavanagh and Austin 1996), sea ice (Bowneanal. 1997), coastal
seawater (Yumoto, et al. 2003), deep sea trenclroements (Maruyama, et al.
2000), and these environments are an apparentgecalaiche for these bacteria.
Sulfitobacterare a genus of bacteria belonging to the ctagsoteobacteria, and
members of this genus were first isolated from Bh@ck Sea (Sorokin 1995), but
have since been shown to be ubiquitous in the mamvironment (Park, et al. 2007).

They are gram-negative obligate heterotrophs, whate motile and generate
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metabolic energy through sulfite oxidation. Thusyttare found to be particularly
abundant in environments with abundant inorganighaur, such as marine sediments
(Sorokin 1995).

To the authors knowledge these genera have naot tep®rted in temperate
marine environments such as off the Irish coasteh@ot been reported at seabed
seepage features, and have not been reportedsat depths in the sediment column
previously. Thus this study extends the alreadgrdi® range of habitats in which they
exist and raises questions as to their metabopaloéties in the environment. It is
clear that there are geographic controls on theilalision of marine seabed microbes,
for example archaea belonging to the Deep Sea Aati@roup (DSAG) and bacteria
in the JS1 group are predominantly observed in niethane-hydrate bearing
sediments along the Pacific margins (Inagaki, .e2@D6, Nunoura, et al. 2008), while
at ODP site 1227, the South Africa Gold Mine Euchaeotic Group (SAGMEG)
dominate archaeal communities and members ofCtileroflexi were the dominant
bacteria (Webster, et al. 2006), but the consegquand importance of the widespread
geographical range of both tRsychrobacteandSulfitobactergenera is unknown. In
a previous study comparing bacterial populatiores@nt in Antarctic seawater and
seawater contaminated with hydrocarbons, it wasvehbat bothPsychrobacteand
Sulfitobacter were among the major genera present (Prabagatam). €2007).
Specifically they reported thaSulfitobacter were present in greater abundance
uncontaminated seawater whiRsychrobacterwere only present in hydrocarbon-
containing seawater. However it must also be ntitatl the clones in the study by
Prabagaran et al. (2007) were not the same spedieis study.

Results in this study have also shown that thera ishift in population
abundance between these two genera with depthlsodhat there are two distinct
populations of both between the two clone librafigable 4. and Figure 31.). The
major OTU group in the 2.1mbsf clone library wasylpgnetically most related
(generally 99% BLAST similarity or higher) . nivimaris This bacterium was first
isolated from organic particles in seawater and #asd to have optimal growth
temperature of between 10°C5and maximum NaCl growth concentrations of 0-9%
(w/v). The major OTU group in the 5.9mbsf clonerdity was more diverse and
contained clones phylognetically most relatedPtanarincola, P. submarinusndP.
celer. Laboratory investigation of cultures Bf marincolaandP. submarinushave

shown that these species require salt concentrafibetween 0.5 — 15.5 % (w/v), do
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not engage in nitrate reduction and do not prodds®, while P. celeris also not
capable of nitrate reduction but in contrastPto marincolaand P. submarinuss
capable of anaerobic growth and does not requitefaagrowth (grows at 0-16%
NaCl and with optimal growth at 2-3% NaCl). As mened above all of these
species are non-motile. At 2.1mbsf clones closelgted toSulfitobacter pontiacus
was the dominant bacteria in the sulphate-formiogutation of the Black Sea
(Sorokin 1995). On the other hand at 5.9mbsf cldinesh this OTU group most
closely matchedSulfitobacter litoralis. These bacteria were first isolated and
described from seawater in the East Sea, Koregk,(Raral. 2007).Sulfitobacter
pontiacusDSM 10014 was found toperform nitrate reduction while in contrast
Sulfitobacter litoralishas been shown not to perform nitrate reductiamittde (Park,
et al. 2007).

It is unclear whether the inverse shift in aburc@gabetween these OTU’s is
related to depth, geochemical zonation or somer gifecess. Generally microbial
biomass correlates with metabolic activities, whiate estimated by supply of
electron donors and acceptors (Parkes, Cragg arltsbie 2000, Inagaki, et al.
2003, Nunoura, et al. 2009), and therefore geoatenzionation in sediments is a
consequence and controlling factor for microbialmomunities in sedimentary
environments. For example the abundance of popuksbf SRB in marine sediments
is linked with the reduction and depletion of s@fh(Schulz 2006). In addition there
can be clear lithological control on microbial coommity composition, for example in
the Sea of Okhotsk, the DSAG archaeal and bactdtiatommunities dominated
pelagic clay layers, while in adjacent volcanic dslyers the Miscellaneous
Crenarchaeotic Group (MCG) andproteobacteria were dominant (Inagaki, et al.
2003). It is hypothesized here that the populasibift in abundance is as a result of
geochemical zonation, since lithologically the 6onecwas homogenous consisting of
Holocene sandy mud throughout. The increased ptiopoof Sulfitobactersp. may
be related to a greater abundance of reduced sulyecies at 5.9mbsf, due to
complete conversion of sulphate to sulphide fronoual3.8mbsf. However most
studied Sulfitobacterspecies are specialized in the oxidation of sudplaihd not
sulphide (Park, et al. 2007). In addition as mem®S. pontiacusin constrast t&.
litoralis, is capable of nitrate reduction, which suggestd tha utilization and
depletion of nitrate as an electron acceptor is #rivironment may in some part be

mediated byS. pontiacusWe also hypothesize that the decreas@spchrobacter
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abundance with depth could be related to decreamiagability of organic matter
with depth. P. nivimaris was originally isolated associated with organicttera
particles in seawater and it is possible that $piscies requires a threshold organic
matter concentrations. As mentioned abBveelerwas able to grow under anaerobic
conditions and may account for its presence at bs®and not 2.1mbsf.

B-proteobacteria are typically present in very loagliency in polar/temperate
environments and our study indicates this alson&orelatively distantly related to
Thauerasp. (96% similarity) were present at 2.1mbsf (OTidup 8). Thaueraand
Azoarcusgenera are denitrifiers, which have been extengiregborted to engage in
degradation of aromatic compounds (Heylen, et @062 Zhou, et al. 1995). This
group was not present in 5.9mbsf, which suggeststtiis group is engaged in the
denitrification process in the upper 2mbsf of seshin Clones matchinyariovorax
paradoxuswere also present in less than 2% at 5.9mbsf aedqus studies have
reportedVariovorax strains in anaerobic sediments with abundant retscgphur
(Scholten 2000, Wang 2006). One species of thisigen ginsengisolihas been
shown to be a facultative anaerobe (Im, et al. 20Bxholten et al. (2000)
hypothesized that the strain ANRB-Zg may have e tol play in the oxidation of
reduced sulphur to sulphate, although their posgible in sulphur cycling remains
unknown. Results here do complement previous fo®lithatVariovorax sp. may
have a role in the sulphur cycle in marine sedimgnénvironments.

The genu#seudoalteromongslays an important role in marine environments
due to their ability to survive in nutrient-poortteggs by adjustment of their
biochemical pathways and production of a wide waroé metabolites (Ivanova, et al.
2003). OTU group from both depths was closely medcko Pseudoalteromonas
arctica. This bacteria was first isolated from Arctic sem and seawater, and they are
aerobic gram-negative polar-flagellated rod-shapacteria, which exhibit growth at
temperatures of 4-26 and 0-9% NaCl (w/v) (Al Khudary, et al. 2008).€jhare also
strictly aerobic and thus their occurrence in sedhts to a muddy to depth of 6mbsf is
somewhat puzzling. However as mentioned this gedisplays considerable
metabolic variety and may be surviving or dormanthese depths with minimal
oxygen. It is noteworthy tha€olwellia and Pseudoalteromonasave also been
reported in environments whefsychrobacterdominate (Bowman, et al. 1997).

Colwellia aestuariiwas first isolated from tidal flat sediment in Karand is a gram-
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negative motile bacterium that is capable of nétneiduction, growth at temperatures

down to 4C and under anaerobic conditions.

4.4.2 Evidence of microbial assemblages sustained by low activity or
previous seepage
Active pockmarks are often characterized by massarbonate crusts, giant sulphur-
oxidising bacterial mats, seep associated faunh ascvesicomyidae and Mytilidae
bivales families, and Siboglinidae (Vestimentifetahe worms (Dando, et al. 1991,
Wegener, et al. 2008, Ondreas, et al. 2005, Olebyg et al. 2007) and/or microbial
consortia of ANME archaea and SRB of theroteobacteria, which mediate AOM
(Boetius, et al. 2000). However in contrast to otkeepage environments the
evolution and temporal variability in pockmark adi is still an area of active
debate, made more complicated by the difficultyolmserving and studying these
seemingly transiently active features means trestill much unknown. For example
pockmarks that were previously found to be siteaative seepage in the Skagerrak
(Dando, et al. 1994) were subsequently found tenbetive (Wegener, et al. 2008)
and demonstrates the periodic and temporal vaitiabil pockmark activity.

Previous seismic investigations of the Malin poekknhave found a relatively
large gas pocket at approximately 20m below th&ipack, and subtle vertical fluid
flow and lateral gas accumulation signatures irsatflace sedimentary layers indicate
that an active fluid system is present at thesehdegHowever based on intensive
video and seismic profiling this study concludedttht the time of sampling there
was no direct evidence of seepage to the sedimatet’winterface and into the water
column and that the pockmark was likely dormantpédz et al. 2012). They
investigated microbial activity in this pockmarking *H NMR, heteronuclear
multiple quantum coherence (HMQC) NMR, and diffusedited (DE) NMR and
results suggested microbial activity was greatésida the pockmark, whereby inside
the pockmark microbial activity was reduced at Hepiowed electrical conductivity
profiles across the pockmark also supported thelasion that microbial activity and
living biomass was greater in the vicinity of theckmark compared to inside the
pockmark. Thus they suggest that microbial ceksmimmarily non-living or dormant
inside the pockmark.

The present study focused on the microbial ditexsithin the pockmark, but

from the above discussion it is apparent that tbaogiic DNA extracted from
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samples may not representative of active biomaasjcplarly in relation to the
bacterial population. However this study presentislance that at least the minor
component of bacteria, and indeed the archaea lwas@{:GE findings, within this
feature is or has previously been supported byisgdluid. An OTU closely related
to Alcanivorax borkumensiSK2 was found to be a significant component of the
bacterial population at 2.1mbsf (approx. 7%)borkumensiSK2 is a gram negative
aerobic non-motile heterotroph that displays optigrawth at 20-38C and 3-10%
NaCl (w/v), is capable of nitrate reduction andpthys a strict nutritional profile,
whereby aliphatic hydrocarbons are used as sgdeidiple carbon source for growth
(Yakimov, et al. 1998). This bacterium is often ttmminant bacteria, up to 80 - 90%
of the total population, in oil spills (Schneikat al. 2006), and its presence in a
significant proportion suggests the presence phalic hydrocarbons, which may be
present above background levels as a result ofagee his hypothesis is supported
by OTU group 7 and group 6, from 2.1mbsf and 5.9méxspectively, whereby these
groups are closely matched with novel unculturedppane-degrading bacteria
associated with active hydrocarbon seeps off tlestcof Santa Barbara (Redmond,
Valentine and Sessions 2010) and also by the preseinOTU groups 4 (2.1mbsf)
and 7 (5.9mbsf), which are closely matched to uncedl bacteria previously only
reported in low activity cold seeps in Weddell S&atarctica (Niemann, et al. 2009).
Microbial electron acceptors are usually depletedrder of maximum energy
yield, with oxygen becoming depleted first, folladvby nitrate, oxidized manganese,
iron minerals and sulphate, whereby in the mariedingentary setting sulphate is
guantitatively the most important electron accef8uhulz 2006) Previously reported
sulphate porewater profiles indicate that sulpisatiepleted at about 3.8mbsf (Szpak,
et al. 2012). In active seepage environments ttghate-methane transition zone
(SMTZ) is shifted closer to the surface and in maages sulphate is completely
depleted within centimeters of the surface wheegeths sufficient methane supply
from depth to fuel AOM. This is not the case instl@nvironment where surface
anoxia and steep sulphate profiles were not obdef8apak, et al. 2012). On the
other hand Szpak et al. (2012) compared sulphaifigs with a control core and
with diffusion flux rates of sulphate suggested titiere was increased consumption
of sulphate and possible higher rates of AOM, altffodifferences were minor. SRB
of the d-proteobacteria such d3esulfobulbus, Desulfosarcinand Desulfococcus

genera were not found in this study, which raisesstjons as to the process and
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means of sulphate reduction from the surface t;mBs8. It may be the case that the
process is being carried out by another as yetemtifted process involving bacteria
from a separate class, or it may be the case thattdatively the SRB are of low
abundance in the pockmark and clones were nottedldor sequencing. Indeed a
recent study reported that in deep Atlantic waserd in diffusive flow hydrothermal
vent environments a relatively small number of baat species dominate but that
thousands of low-abundance populations accourthéomajor phylogenetic diversity
(Sogin, et al. 2006). It is however worth notingathat the closest matching (82-84%
similarity) cultured bacteria for OTU group 6 frotlhlmbsf include SRB such as
Dessulfobacca acetoxidans Desulfobacterium  anilini and Desulfacinum
subterraneumThus this group appears to be distantly relatethése bacteria and
may engage in sulphate reduction. Interestly tHi®/@roup is not present at 5.9mbsf,
below the SMTZ. Additionally the closest culturedcteria to clones within OTU
group 4 at 2.1mbsf and group 7 at 5.9mbsf inciDdsulforomonas svalbardensiad
palmitatis (both 82% matches). This group composes almosvBe 2.1mbsf clone
library and less than 2% of the 5.9mbsf clone mMard@hus there is some evidence to
support the inference that a distinct and as yeulured group is mediating sulphate
reduction in this site.

Overall results from this study indicate that Malin pockmark is not a site of
enhanced methane seepage and a distinct and goeatayical diversity such as has
been reported previously (Wegener, et al. 2008,ré€xay] et al. 2005, Olu-Le Roy, et
al. 2007). However results here and provided byaBat al. (2012) do show shallow
gas accumulations, low or periodic seepage actiaityg that there is are distinct
bacterial and archaeal populations, which have peeviously associated with active
methane and hydrocarbon seepage environments. Howpvevious results
suggesting microbial activity is reduced within #eature could also mean that the
major portion of DNA extracted is detrital and icgive of previously active
biomass. Indeed detrital DNA is considered to antéor the major proportion (up to
90%) of total DNA in marine sediments (DellAnnarBpadre and Danovaro 2002).

4.4.3 Evidence of genetic population divergence
In stark contrast to microbial growth and divisian laboratory conditions, low
growth rates, or intermittent periods of rapid gtiownterspersed by long periods of

non-growth and starvation is the norm for microbesature, for which doubling
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times can be as long as millennia (Price and So2@04). It has been demonstrated
that in methane-rich ocean-margin and sulphate-ojgbn-ocean marine sediments
down to several hundreds metres depth, specifialmét rates were three orders of
magnitude lower at sulphate-rich sites than methghesites, and that sub-seafloor
microbial metabolic activity is greatly concenticia relatively narrow ocean margin

zones and most microbes in subseafloor sedimeatadapted for extraordinary low
metabolic activity (D'Hondt and Rutherford 2002)hid is in stark contrast to

metabolic activity and the rate of genetic divergerachieved in the lab (Korona
1996).

A previous study analysed 16S rRNA gene clusteohglones from the
marine planktonic SAR11 cluster and phylogenetigstdring of populations was
observed based on depth distribution and nicheiaEation, and resulted primarily
from macroevolutionary divergence (Field, et al971p Figure 31. displays clear
clustering of both thésychrobacterand SulfitobacterOTU’s, both the major OTU
groups in clone libraries in this study, and intksamacroevolutionary divergence.
While the primary factor or factors controlling shdivergence are numerous and
likely complex in nature, and include for exampelisnent depth, sulphate reduction,
and availability of organic matter, we hypothesitteat these populations have
undergone niche specialization in the sedimentatynen and become genetically
divergent over geological timescales. While exatind) is not available within this
core, the 6m core spans the Holocene era and tedpeetween the surface and
6mbsf is likely 8000-10,000 years.

4.5 Conclusion

Both bacterial DGGE and clone library results shbat the predominant bacterial
populations belong to the phyla and a-proteobacteria, in particular the genera
Psychrobacterand Sulfitobactey which have been extensively reported previously i
polar marine water column and sedimentary enviransél his study further extends
the habitat range of these bacteria. Both of thma@r groups were observed to
display distinct clustering based on depth andciagi a divergence of populations,
likely due to niche specialization and sedimeng@gchemical zonation. The findings
that there were distinctly different populationsRsychrobacteand Sulfitobactersp.
above and below the SMTZ suggests these groupsapfagviously unreported role
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in sedimentary geochemical cycling and may be detnating divergence of the
populations over geological timescales based agedietic zonation.

DGGE and clone results indicate minor but sigaific populations of
uncultured bacteria and archaea previously repantedtive cold seep environments,
which suggest that a proportion of the microbiamaoaunity may currently be
supported by minor seepage or have been periodipage in the past. Previous
results, which indicated reduced microbial actiwitith the pockmark support the
latter conclusion, and indicate that much of theADN representative of relict or
dormant bacteria. Bacterial OTU groups found eitbely above the SMTZ or in
greater abundance were distantly related to sudphetucers, which suggest a
previously undescribed population is mediating Batp reduction at the pockmark.

Overall findings here agree with previous repdhat currently the Malin
pockmark is not characterized by enhanced fluigp@ge to the surface and is not
supporting distinct biological diversity as repartén previous active cold seep
environments. However questions regarding the teahpactivity of the pockmark
and subsequent effect on microbial activity and mamity dynamics are a topic

requiring further inquiry.
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