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Marine pockmarks are globally widespread seabed depressions, conventionally thought to be formed by the
accumulation and expulsion of microbial and thermogenic gas. However, other putative fluids and processes
have been implicated in pockmark formation and gas escape to the atmosphere may be underestimated. Given
the complex spectrum of aquatic settings, morphologies and sizes, there may also exist a spectrum of physical,
chemical and biological processes that form pockmarks. Pockmarks in shallow coastal waters are now under-
stood to be widespread, but the influence of physical dynamics (e.g. tides, storms, etc.), terrestrial processes and
anthropogenic activities add considerable spatiotemporal complexity and uncertainty to our understanding of
these features. Here, we revisit a field of small (ca. 2 m diameter), shallow (<1 m depth) pockmarks in Dunmanus
Bay, Ireland. The presence of muddy surface sediments overlying sand in the pockmarked area indicates that gas
accumulation within fine-grained surface sediments contributes to formation of the features. Previous work
indicates that CHy4 is an important seepage fluid in Dunmanus and neighbouring bays. However, based on evi-
dence from multiple surveys, we observe considerable spatiotemporal complexity, and the transient nature of the
gas within sediments points to the potential for fluids other than traditional microbial or thermogenic CHy,
migrating from sources tens to hundreds of metres below the seafloor. We observed atypical porewater profiles
where millimolar concentrations of H,S concentrations are observed in surface sediments in the absence of SO%’
depletion, together with NH4 build-up from ammonification of sedimentary organic matter. Archaeal metha-
nogens, anaerobic methanotrophic archaea and SO3 -reducing Deltaproteobacteria co-occur in surface sediments
in the pockmark field and NMR revealed the presence of non-competitive substrates for methanogens. We hy-
pothesize that in-situ methanogenesis and production of other volatile metabolites besides CH4 (e.g. COq,
dimethyl disulfide) from microbial degradation of organic matter are potential gaseous fluids and could
contribute to the formation of small pockmarks.

1. Introduction also in shallow coastal settings such as estuaries and bays (Brothers

et al., 2011; Garcia-Gil et al., 2002; Jordan et al., 2019; Szpak et al.,

Pockmarks are circular or sub-circular seabed depressions, which
may reach diameters of hundreds of metres and depths of tens of metres
(Judd and Hovland, 2007; King and MacLean, 1970). It is now under-
stood that pockmarks are globally widespread, occurring in the abyssal
plains and continental margins (Nelson et al., 1979; Paull et al., 2002;
Picard et al., 2018; Pilcher and Argent, 2007; Skarke et al., 2014), but
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2015; Wildish et al., 2008) and freshwater lakes (Pickrill, 2006; Wirth
et al., 2020). Recent surveys highlight very high densities of pockmarks,
or ‘pockmark fields’ in shallow coastal settings: for example, densities of
up to 1200 km? in the German Bight (Kramer et al., 2017) and up to
5500 km? in the Bay of Concarneau, France (Baltzer et al., 2014). CHy
migration via permeable strata and accumulation below sediments with
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low permeability (clay and silt), followed by the eventual expulsion of
free CHg4, interstitial water and sediment into the water column is the
standard formation mechanism proposed for pockmarks (Hovland,
1989).

Sedimentary CH4 is produced by microbial methanogenesis during
degradation of organic matter, or from thermogenic gas produced by
high-temperature cracking of organic matter at considerable burial
depths (Reeburgh, 2007). Both microbial and thermogenic sedimentary
CH4 are consumed by microbial anaerobic oxidation of CH4 (Boetius
et al., 2000; Knittel and Boetius, 2009). Anaerobic oxidation of CHy4
manifests itself as globally widespread methane-derived authigenic
carbonate (Judd et al., 2007; O'Reilly et al., 2014). Apart from being of
potential interest for the oil and gas industry (Hovland, 1981) and of
concern as geohazards for man-made marine installations and devel-
opment (e.g. wind turbines (Coughlan et al., 2021)), there are implica-
tions for global carbon cycling since CH4 is a major greenhouse gas.
Oceanic emissions of CHy to the atmosphere are estimated to be 6-12 Tg
CH4 yr—' (Weber et al., 2019). Although low when considering the
overall CH4 atmospheric flux from all sources - 5-20% of net modern
atmospheric flux (20-100 Tg CH, yr ~}, Valentine and Reeburgh, 2000) -
shallow coastal waters dominate oceanic CH4 contributions (Weber
etal., 2019). This is because CH, is consumed in the water column as gas
bubbles rise, so seabed seepage in shallow water is more likely to be
released to the atmosphere than CH4 from deepwater pockmarks and
seeps (Judd, 2004). In addition, continental margins account for
approximately 90% of global sedimentary organic matter and cycling
(Hedges and Keil, 1995). Thus, the recent discoveries of high densities of
pockmarks in shallow (<50 m water depths) coastal settings is signifi-
cant. Given the sparsity of surveys and lack of curated databases on
seafloor fluid expulsion (Phrampus et al., 2020), the atmospheric flux of
CH4 and other greenhouse gases from coastal marine settings could be
substantially underestimated.

There is further uncertainty around pockmarks because other
mechanisms including non-hydrocarbon fluids have also been impli-
cated in pockmark formation: CO, (Stott et al., 2019), compaction of
pore water (Harrington, 1985), groundwater seepage (Christodoulou
et al., 2003; Wirth et al., 2020), iceberg scouring (Pilcher and Argent,
2007), anthropogenic activities such as trawling (Fader, 1991) and
biological activity (Szpak et al., 2012). Thus, significant questions
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remain regarding the formation, longevity and extent of atmospheric
greenhouse gas emissions from the thousands of shallow pockmarks in
existence today.

In this study, we returned to a small pockmark field in Dunmanus
Bay, South-West Ireland, originally identified in 2007 during a multi-
beam mapping survey carried out by the RV Celtic Voyager as part of the
Integrated Mapping For Sustainable Development of Ireland’s Marine
Resources (INFOMAR) programme. Based on the data collected in 2009,
Dunmanus Bay pockmark field consists of 121 circular, shallow units
ranging from 5 to 17 m in diameter and not exceeding 1 m in relief
(Szpak et al., 2015). Acoustic signatures revealed shallow gas accumu-
lation in the subsurface and signals of ascending bubbles were captured
in echo sounder data. Pockmark features closely correlated with con-
centration of sub-surface CH4 but CH4 concentrations in the water col-
umn directly above the features were close to typical background values
suggesting mild periodic venting. No evidence of freshwater was found
indicating that CH4 gas is the main fluid involved in pockmark forma-
tion. We revisited the site in 2013 and carried out a multidisciplinary
investigation of sediment cores from pockmarked and non-pockmarked
sediments within the Dunmanus Bay pockmark field, and surrounding
areas. Our aim was to investigate CH4 seepage and study potentially
distinct microbial processes in this shallow pockmark site.

1.1. Environmental and geological setting

Dunmanus Bay is in southwest Ireland and is 7 km wide from Sheep’s
Head to Three Castles Head and 25 km long from its mouth (Fig. 1). It is
a rias setting with only one small river, the Durrus, and several streams
draining into the bay. Water depth ranges from below 20 m in the inner
bay to over 70 m at its mouth. The area is strongly influenced by coastal
upwelling but tidal activity is low as Dunmanus Bay is out of the main
tidal flow (Edwards et al., 1996). The in-depth environmental and
geological setting is reported by Szpak et al. (2015). Core sampling
(below) was guided by previously reported detailed multibeam bathy-
metric mapping and backscatter mapping of pockmarks and sub-bottom
acoustic profiling for acoustic turbidity. Acoustic turbidity - chaotic
seismic facies masking nearly all other reflections - can be caused by
gravel or sand beds or from interstitial gas bubbles in the sediment
(Missiaen et al., 2002; Schubel, 1974). Geophysical studies in Dunmanus
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Fig. 1. Dunmanus Bay map showing the location and outline of Dunmanus Bay pockmark field (shallow gas) and core sampling points. Bathymetry, structural

features, major faults and pockmark field are shown in greater detail in Szpak et al. (2016
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and neighbouring Bantry Bay have identified interstitial gas as the main
source of acoustic turbidity. Ground-truthing has demonstrated milli-
molar concentrations of CHy in subsurface sediments in Bantry Bay
(Jordan et al., 2019) and bubbles seeping from the water column at
Dunmanus Bay (Szpak et al., 2015).

2. Materials and methods
2.1. Core sampling

Based on previous geophysical surveys and ground-truthing (Jordan
et al., 2019; Szpak et al., 2015), three 6 m vibrocores were collected in
2011 using a GeoResources Geo-Corer 6000 aboard the RV Celtic Ex-
plorer (CE11_017). One core was sampled from a composite pockmark
with evidence of shallow subsurface acoustic turbidity (VC1; Latitude:
51.5590, Longitude: —9.7130), one from sediments exhibiting previous
evidence of acoustic turbidity, but which was non-pockmarked sediment
(VC2; Latitude, Longitude: 51.5600, —9.7101) and one core was
sampled from typical marine sediment at 1.5 km to the southwest of the
pockmark field (VC3; Latitude, Longitude: 51.5513, —9.7322).

10 mL sediment plugs were sampled from windows cut in the core
liner, transferred to a 20 mL headspace vial and 1.2 M NacCl solution
containing approximately 70 mg L™! thimerosal (CoHoHgNaO,S, Sigma
Aldrich, Dorset, UK) was then added to the vial leaving a 3 mL head-
space. Sealed vials were stored in the dark at 4 °C prior to analysis back
in the laboratory. Between 3 mL and 10 mL of porewater was sub-
sampled from core liner windows using Rhizon samplers (Rhizosphere
Research Products, Wageningen, NL). 1 mL aliquots for HyS analysis
were preserved by addition of 400 pL 50 mM Zn(CHsCO2)2. 1 mL aliquots
were preserved with 1-2 drops of chloroform for PO3~ and NHJ anal-
ysis. Sediment sub-samples were taken from working sections after gas
and porewater sampling, and stored onboard at —20 °C, and at —80 °C
back in the laboratory. Sub-samples for bulk chemical and physical
parameters were stored at 4 °C.

2.2. Gas and porewater analysis

CHj4 analysis was performed on an Agilent 7820A gas chromatograph
with a flame ionisation detector with a 30 m HP-PLOTQ column (Agi-
lent, Santa Clara, USA). Column conditions were isothermal (50 °C). CH4
was quantified using calibration standards prepared from a 99.995%
CH4 standard (Sigma Aldrich, Dorset, UK). Analytical precision was
calculated to be between 5 and 10% ([c x 100]/x , where ¢ is the
standard deviation of the peak areas and x is the mean of the peak areas
for replicates of a standard concentration). Selected gas samples were
sent to Woods Hole Oceanographic Institute for stable carbon isotope
analysis of CH, (**Ccpa). Triplicate analyses were performed on all gas
samples. Isotope data are reported in the “del” notation (i.e., 8*>C):

5= 1000[(Ryum / Rua) — 1)]

where Rgq, is the isotopic ratio *3c/'2C) of the sample and Rgyq is the
isotopic ratio of the referenced standard (Pee Dee belemnite (PDB)). The
units of § are permil (%o). The analytical errors for stable isotopic ana-
lyses are +0.4%o for 5'3Cana

Spectrophotometric analysis of HaS was performed using leuco-
methylene blue (Cline, 1969). Spectrophotometric analysis of POﬁ_ was
performed using phosphomolybdate complexation (Towns, 1986).
Analysis for both HyS and PO3~ was conducted on a BIOTEK Powerwave
HT plate reader and calibration standards were prepared in artificial
seawater prepared from commercially available sea salts (Sigma
Aldrich, Dorset, UK). H,S and PO%’ analytical precision was calculated
to be between 1 and 5%. NH{ analysis was performed using a SCHOTT
NH1100 ion selective electrode and using manufacturer calibration so-
lution and ion strength adjustment buffer (Reagecon, Clare, Ireland).
Calibration and quantification was performed according to
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manufacturer guidelines but scaled down to analysis of 1 mL water al-
iquots. SO3~ was determined by suppressed ion chromatography on a
DX-120 Dionex Ion Chromatograph with an eluent generator (KoCO3)
and an anion exchange column (IonPak AS18). The mobile phase was
Nanopure grade water (18MQ), which was automatically amended with
hydroxide ions to a preset concentration (15 mM OH™). The mobile
phase flow was set to 1.0 ml min~! and suppressor current was set to 25
mA. Data processing and peak integration was conducted using the
Chromelion software package. Analytical precision was calculated to be
<8% based on duplicate analysis of standards and samples.

2.3. Bulk physical and chemical analysis

Particle size analysis was performed using laser granulometry
(Malvern MS2000) for sediment fractions <1000 pm and dry sieving for
fractions >1000 pm. Percentage per size class calculated using the
MS2000 were converted to total sample percentages and integrated with
the >1000 pm data. Total organic carbon and total nitrogen was ana-
lysed using an Exeter Analytical CE440 elemental analyser, after oven-
drying and removal of inorganic carbonate using 1 M HCl. Loss-On-
Ignition was determined in higher resolution by combusting 300-500
mg oven-dried sediment to constant weight at 440 °C for 8 h in a muffle
furnace.

2.4. 16S rRNA gene profiling of microbial diversity

DNA was extracted using the POWERSOIL DNA isolation kit (MO
BIO, Carlsbad, US) according to manufacturer guidelines. Barcoded
bacterial 16S rRNA gene pyrosequencing was carried out on 9 samples
according to (Berry et al., 2011) and as previously described (O’Reilly
et al., 2016). During polymerase chain reaction (PCR), long oligonu-
cleotides consisting of the gene-specific PCR primer sequences tagged
with the sequencing adapters for GS FLX Titanium chemistry were used
and the reverse primer included an 8 base pair barcode identifier
(Hamady et al., 2008). Archaeal 16S rRNA gene pyrosequencing was
carried out on two samples (VC1 1.3 m and VC2 1.3m) using the same
approach but using the established archaeal Arch-21F and Arch-958R
primers (Vetriani et al., 1999). Purified amplicons of known concen-
tration were submitted to the sequencing facility in the Department of
Biochemistry, Cambridge University (UK), where pyrosequencing was
performed using a Roche 454 Junior sequencer (detailed in SI methods).
For the resulting amplicon dataset, distance matrices between samples
were determined using the Bray-Curtis dissimilarity index (Vigneron
et al.,, 2017). Statistical analysis was performed using PAST Software
v4.03 (Hammer et al., 2001). All sequences have been uploaded to NCBI
under BioProject accession number PRINA717047.

2.5. Sedimentary organic matter composition

Sedimentary organic matter was isolated according to previously
described methods (Gongalves et al., 2003). Freeze-dried sediment (ca.
120 g accurately weighed) was extracted with deionized water (x3).
Organic matter was concentrated, and ferromagnetic minerals removed
by shaking samples overnight in 10% 1:1 (v/v) HCI/HF (x2), followed by
10% HF (x8). Concentrated organic matter was then exhaustively
extracted with 0.1 M NaOH. Water and NaOH extracts were centrifuged
and supernatants were filtered through 0.22 pm polyvinylidene fluoride
membrane filters (Merck Millipore, Billerica, USA). Water extracts were
combined and dried by rotary evaporation and stored at —80 °C. NaOH
extracts were ion-exchanged using AMBERJET 1200H cation exchange
resin to remove Na't ions. NaOH extracts were subsequently freeze-dried
and all extracts were desiccated for 48 h prior to further analysis.

Each sample (40 mg) was resuspended in 1 mL of D0 and titrated to
pH 13 using NaOD (40% by wt) to ensure complete solubility. Samples
were analysed using a Bruker Avance 500 MHz NMR spectrometer
equipped with a 'H-1°F-13C-!>N 5 mm, quadrupole resonance inverse
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probe fitted with an actively shielded Z gradient. 1-D solution state 'H
NMR experiments were performed at a temperature of 298 K with 128
scans, a recycle delay of 3 s, 16,384-time domain points, and an
acquisition time of 800 ms. Solvent suppression was achieved by pre-
saturation utilising relaxation gradients and echoes (Simpson and
Brown, 2005). Spectra were apodised through multiplication with an
exponential decay corresponding to 1-Hz line broadening, and a
zero-filling factor of 2. Diffusion-edited experiments were performed
using a bipolar pulse longitudinal encode-decode sequence (Wu et al.,
1995). Scans (n = 1024) were collected using a 1.25 ms, 52.5 G cm’l,
sine-shaped gradient pulse, a diffusion time of 100 ms, 16,384 time
domain points and 819 ms acquisition time. Spectra were apodised
through multiplication with an exponential decay corresponding to 10
Hz line broadening and zero-filling factor of 2.

2.6. Porewater dissolved organic matter composition

At least 10 mL aliquots of selected porewater samples were addi-
tionally filtered through 0.22 pm Polyvinylidene fluoride membrane
filters and dissolved organic matter was subsequently preserved in so-
dium azide (final concentration of 0.1%). All NMR experiments were
carried out according to (Lam and Simpson, 2008) on a Bruker Avance
500 MHz equipped with a 5 mm 'H-BB-'3C TBI probe with an actively
shielded Z-gradient. 1D solution state 1H NMR experiments were ac-
quired with a recycle delay of 2 s, and 32,768 time domain points.
Spectra were apodised by multiplication with an exponential decay
producing a 10 Hz line broadening in the transformed spectrum, and a
zero-filling factor of 2. Where appropriate, pre-saturation was applied
on resonance generated by a 60 W amplifier attenuated at 50 dB during
the relaxation delay. Direct 'H NMR was performed using WATER
suppression by GrAdient-Tailored Excitation (WATERGATE) and was
carried out using a W5 train and a 125 ps binomial delay such that the
‘sidebands’ occurred at ca. 12 ppm and 2 ppm and were outside the
spectral window. W5-WATERGATE was preceded by a train of selective
pulses: 2000, 2 ms, calibrated = (180°) pulses were used, each separated
by a 4 ps delay.

3. Results
3.1. Lithology

Sediment core VC1 consisted of poorly sorted mud (average silt
content 74.2%) in the top 150 cm, followed by a sharp transition to
poorly sorted/very poorly sorted sandy mud to 3 mbsf (Fig. 2). Below 3
mbsf, sediment coarsens to muddy sand, before a sharp transition to
gravel at approx. 4 mbsf. Below 4 mbsf, sediment was well sorted sand.
VC2 contained lower clay and higher sand content, and overall a more
variable lithology in the first 2 mbsf compared to VC1. Below about 2
mbsf, VC1 and VC2 grain and sediment type are similar, while VC3 was
dominated by quite homogeneous sandy sediment throughout, apart
from a surface layer of shell, shell-hash and organic detritus. In all three
cores a distinct gravel stratum was observed at about 4 mbsf, and is the
source of the enhanced reflector in acoustic profiles (Szpak et al., 2015).
The occurrence of finer-grained muddy sediment coincides with the
highest concentrations of organic matter (Fig. 2 and Supplementary
Information).

3.2. Porewater and CH4 geochemistry

Geochemical profiles for VC1, VC2 and VC3 are presented in Fig. 2.
Due to the compaction caused by vibrocore sampling and the potential
for vibrations to disturb the sediment-water interface, geochemical
zonation across the sediment-water interface and to an estimated depth
of about 10 cm below the seafloor are likely disturbed. Sediment
pushcores were not taken during this survey to complement our vibro-
core data. As in 2009 (Szpak et al., 2015), interstitial CH4 concentrations
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were in the low micromolar range in both VC1 and VC2 in 2011.
Interstitial CH4 concentrations were negligible below 3 mbsf in the
sandy strata in VC1 and VC2 and throughout the core at VC3. §'3Cgpa
values were obtained for 0.5 m core depth in VC 1 and for 1.85 and 2.0 m
core depth in VC2. The VC1 samples measured —77%o, while the samples
from VC2 measured —49%o and —50%o respectively.

Millimolar (up to 2.2 mM) concentrations of HoS were detected in
porewater collected from the upper muddy sediment in VC1 and VC2.
H,S was negligible in deeper sands and throughout VC3. HyS concen-
trations were higher closer to the seafloor in VC2 (1.2 mM) compared to
VC1 (0.4 mM). NHJ concentrations increase linearly with depth in both
VC1 and VC2, but concentrations were between 2 and 3 times higher for
the upper 3 mbsf in VC2. NH7 concentrations in VC3 were substantially
lower than VC1 and VC2. PO3~ profiles for VC1 showed maximum
concentrations around 0.7 mbsf to 1.25 mbsf, after a comparatively
sharp increase from close to the sediment-water interface, while in
contrast maximum PO3~ concentrations were detected close to the
sediment-water interface in VC2 (and a clear linear decreasing trend
with depth). PO~ concentrations in VC3 were as much as an order or
magnitude lower than VC1 and VC2.

3.3. Microbial community composition

Phylogenetic analysis of 16S rRNA gene sequences showed clear
differences in bacterial communities at the phylum to genus level in
surface sediments between mud and sand, and between mud within the
Dunmanus Bay pockmark field (Fig. 3). Cluster analysis of Operational
Taxonomic Unit’s (OTUs; Fig. 3B) shows that bacterial populations in
surface sediment at VC3 were most distinct, followed by the bacterial
population at 1 mbsf depth in VC2. The bacterial populations at 0.1 and
2 mbsf in VC2 and 1 and 2 mbsf in VC1 formed a cluster with 79%
similarity.

In the pockmark field, most sequences were affiliated with Plancto-
mycetes (33% on average), followed by Proteobacteria (13%), candidate
CD12 (8%), GN04 (8%), OP8 (6.6%), OP9 (5.2%), Bacteroidetes (4.5%)
and OD1 (3.7%). In contrast, in VC3 Proteobacteria dominated (23%),
followed by Planctomycetes (18%), Bacteroidetes (11%), CD12 (5%),
GNO04 (4%), OP8 (3%), OP11 (2.4%), Verrucomicrobia (2.3%), Elusi-
microbia (2%), Actinobacteria (2%) and Acidobacteria (1.9%). In total
uncultured candidate phyla accounted for between 33 and 45% of all
sequences, apart from at 1 mbsf in VC2 (20%) and 0.1 mbsf in VC3 (3%).
Few sequences could be assigned to known taxa at greater than the
phylum level. However, 12% of sequences from 0.1 mbsf in VC1 and
from 1.0 mbsf in VC3 were affiliated to Desulfobacteraceae (12%). 7% of
sequences at 1.0 mbsf in VC2 clustered within Desulfobulbaceae and 20%
of the sequences at 0.1 mbsf in VC3 were related to Flavobacteriaceae.

Archaeal community composition and diversity was investigated in
two sub-bottom samples, from VC1 and VC2 at 1.3 m core depths. These
coincided with the highest concentrations of CH4. Thermoplasmata
OTUs accounted for 44% and 25% of 16S rRNA genes at VC1 and VC2
(respectively), while the candidate Miscellaneous Crenarchaeota group
(MCQG) represented 35% and 26% of VC1 and VC2 archaeal 16S rRNA
genes. Marine Benthic Group B (MBGB) was the only other archaeal OTU
that represented greater than 4% of 16S rRNA archaeal genes (14% of
total), while Thaumarchaeota and an unclassified OTU were other major
OTU groups in VC2 (7% and 21%, respectively). Methanobacteria rep-
resented 1.1% of archaeal 16S rRNA genes in VC1 but 2.1% in VC2 and
anaerobic methanotrophic (ANME) archaea from the clades 1 (ANME-1)
were only detected in VC2 (1% of archaeal 16S rRNA genes).

3.4. Characterization of sedimentary organic matter

Alkaline extracts of sediment from four depths from each core were
analysed by 'H-NMR to characterize sedimentary organic matter
composition (Fig. 4). The 0.75-2.5 ppm region contains aliphatic and
amino acid side chain signals and signals for carbohydrates and O-alkyl
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Fig. 3. 16S rRNA gene 454-pyrosequencing of bacterial (A) and archaeal (B) community composition and hierarchical cluster analysis (beta-diversity, C).

groups on amino acids exist in the 3.5-4.5 ppm region. The abundance
of carbohydrate resonances and broader unresolved peaks in the surface
spectra of VC1 and VC2 reflects a larger input of OM in this area from
both allochthonous and autochthonous sources compared with the
surface sediments around VC3. This is also reflected in bulk Loss-On-
Ignition profiles (Fig. 2). The amount of labile organic matter, based

on the region characteristic of carbohydrates and amino acids, decreases
from the surface to ca. 1 mbsf in both VC1 and VC2, while only slight
differences were observed for VC3. Protons associated with N-ace-
tylmuramic acid — one of the primary constituents of the bacterial cell
wall polymer, peptidoglycan — are based on the characteristic resonance
peak for the N-acetyl functional group at 2.03 ppm, as previously
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Fig. 4. Partial 1D 'H NMR spectra from NaOH ex-
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described (Szpak et al., 2012).

3.5. Characterization of the porewater dissolved organic matter

Direct NMR analysis of porewater was performed to investigate
microbially-mediated reactions between sedimentary aqueous and solid
phases (Fig. 5). Specific spectral characteristics in the chemical shift
region from 1.7 to 3.3 ppm are present in a majority of 'H NMR spectra
for both marine and freshwater dissolved organic matter, and attributed
to a complex mixture of compounds known as carboxyl-rich alicyclic
molecules (CRAM) (Hertkorn et al., 2006; Lam et al., 2007). CRAM is
now recognized as a major refractory component of global marine and
freshwater dissolved organic matter derived from terpenoids with car-
boxyl-to-aliphatic carbon ratios of approximately 1:2 to 1:7 (Lam et al.,
2007). Interestingly, the classic “hump” in this region of the spectrum
for CRAM is not prevalent on any of the core samples indicating that
down-core, porewaters do not share the same chemical properties as

globally consistent dissolved organic matter. Nevertheless, the pore-
water spectra illustrate the presence of a complex mixture of organic
matter where the highest relative abundance of total dissolved organic
matter resides in VC1 and VC2 in the first 1 m and a comparable
composition between cores in deeper sandy strata. A range of volatile
organic acids and microbial metabolic end-products were identified in
porewater TH NMR spectra (Fig. 5), including acetic acid, formic acid,
lactic acid and pyruvic acid.

4. Discussion

4.1. Microbial activity and biogeochemical cycling in Dunmanus Bay
pockmark field

During decomposition of complex organic nitrogen compounds (e.g.
proteins, nucleic acids), amino acids are mineralized to NH4 via mi-
crobial ammonification (Froelich et al., 1979). In combination with
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Fig. 5. 1D water-suppressed 'H NMR spectra of porewater dissolved organic matter from selected depths in VC1, VG2 and VC3. Specific assignments correspond to
leucine (1), ethanol (2), lactic acid (3), acetic acid (4), dimethyl sulphide (5), acetone (6), pyruvate (7), methanol (8) and glycerol (9). Tyrosine, phenylalanine and
formate were also identified in the 6.8-8.5 ppm region but are not included for clarity.

microbial Ny fixation and dissimilatory nitrate reduction to ammonium
(Gardner et al., 2006; Giblin et al., 2013), and in the absence of bio-
logical or physicochemical removal of NHJ, microbial ammonification
can accumulate NHJ up to several millimolar in porewater (Batley and
Simpson, 2009). While the sediment-water interface may not have been
preserved, our combination of porewater data indicates rapid accumu-
lation of >1 mM NHj within at least the first 10 cm of the seafloor. The
surface 3 m of pockmark and nearby muddy sediment also displayed
PO3~ porewater profiles that were very different to the control site. In
shallow marine sediment, PO}~ in porewater reflects microbial degra-
dation of protein and generally active microbial metabolisms (released
from adenosine triphosphate). Porewater PO3~ also tends to become
more concentrated with depth, reaching levels of up to several hundred
micromolar. This scenario depends on several factors such as the type
and rate of organic matter supply (Schulz et al., 1994). Porewater and
sediment NMR provide an opportunity to study the metabolic products
from microbial metabolisms in the Dunmanus Bay pockmark field and
degradation stage of different classes of organic matter. Our NMR data
show that labile organic matter is deposited in surface sediments but is
readily decomposed, based on the loss of solid phase sedimentary
organic signals with depth and the presence of amino acids (leucine,

tyrosine, phenylalanine) as major components of porewater dissolved
organic matter. Peptidoglycan is a major component in bacterial cell
membranes and the higher relative abundance of peptidoglycan in VC2
suggests a higher abundance of bacterial-derived organic matter in VC2
(Kelleher et al., 2007; Simpson et al., 2007).

SO%~ reduction and H,S production in marine sediments is generally
linked by the process of dissimilatory SO%~ reduction (Jorgensen, 1977).
The presence of millimolar concentrations of HyS in VC1 and VC2
without substantial observed SO3~ depletion indicates that HyS in
Dunmanus Bay has several sources and is not efficiently removed from
porewater. SO3 -reducing bacteria, particularly Desulfobacteraceae, were
major OTUs at all depths in all cores, including surface samples, indi-
cating SO3~ reduction is still a significant process in the muddy surface
sediments near the pockmark field. H,S is typically precipitated as pyrite
or re-oxidized to SO?{ (Jgrgensen, 1982). In all cores, shallow muddy
sediments were olive-green to grey in colour and did not exhibit reduced
black sediments typical of pyrite precipitation. In the neighbouring
Bantry Bay, millimolar concentrations of HyS were also observed in
sediments in the presence of SO%’ (Jordan, unpublished results), indi-
cating this may be typical of sediments in this region. Although we did
not measure porewater Fe species (e.g. Fe?") or solid phase mineralogy,
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it is likely that FexOy minerals are not dominant or that the rate of FeZ*
supply is insufficient to remove porewater HyS as solid FeS, FeS; or other
FeS minerals.

Acetic, formic, lactic and pyruvic acid were detected as major com-
ponents of porewater and are important intermediate products of the
anaerobic metabolism of higher molecular weight organic matter to CHy
and CO, (Sansone and Martens, 1982; Sgrensen et al., 1981). Their
accumulation in porewater, together with the NHj, H,S and PO3~
porewater profiles we observed, indicates the surface muds associated
with the pockmark field quickly become oxygen-depleted and are
dominated by anaerobic processes. Bacterial communities were domi-
nated by candidate bacterial phyla, with no cultured representatives. As
such, limited insights can be gleaned about the metabolic potential and
biogeochemical impact of these taxa. 16S rRNA genes for Candidate
Phylum (OP8), occur in diverse settings, with high relative abundance
(2-10% of total bacterial 16S rRNA genes) in groundwater, hydrother-
mal vents, coral microbiomes and anoxic marine and freshwater envi-
ronments (Farag et al., 2014). The OP9 (or ‘Atribacteria’) lineage were
also abundant in Dunmanus; comparative genomic analysis has revealed
that members of OP9 are likely to be heterotrophic anaerobes that lack
respiratory capacity, with some lineages predicted to specialise in either
primary fermentation of carbohydrates or secondary fermentation of
organic acids, such as propionate (Nobu et al., 2016). Candidate CD12
(‘Aerophobetes’) may be facultative anaerobic, potentially more closely
associated with cold seeps (Wang et al., 2016), although currently only
described in deep-sea sediments. SO -reducing clades within the class
Deltaproteobacteria were also abundant, and are predominantly
anaerobic bacteria involved in sulfur cycling (Anantharaman et al.,
2018; Miyatake et al., 2009).

The major archaeal clades in Dunmanus Bay pockmark sediments
were the Miscellaneous Crenarchaeotic Group (MCG), the Deep-Sea
Hydrothermal Vent Euryarchaeotic Group I (DHVEG-1, within the
class Thermoplasmata) and the crenarchaeotal marine benthic group-D
(MBG-D). Based on the evidence available, these clades appear to be
very cosmopolitan generalist sedimentary archaea (Cao et al., 2015;
Fillol et al., 2016; Lloyd et al., 2013). MCG and MBG-D appear to play a
key role in protein remineralization in anoxic marine sediments (Lloyd
et al., 2013). Several OTUs were related to clades known to be involved
in methanogenesis or anaerobic oxidation of CHy4 Meth-
anomassiliicoccaceae (Thermoplasmata) accounted for 1.2% of archaeal
16S rRNA genes in VC2 but were not detected in VC1; evidence to date
indicate that archaea in this clade are methylotrophic methanogens,
whereby they produce CH4 from methylated compounds like methanol
(CH30H) and methanethiol (CH3SH) (Vanwonterghem et al., 2016).
These clades could produce CHy at or above the SOZ% /CHj transition
zone, in the presence of SO?C (Lazar et al., 2012; Oremland et al., 1982).
ANaerobic MEthanotropic (ANME) archaea clade 1 (ANME-1) are well
established uncultured microorganisms associated with anaerobic
oxidation of CH4 in marine sediments (Boetius et al., 2000) and also
capable of methanogenesis (Lloyd et al., 2011). The occurrence of
ANME-1 suggests anaerobic oxidation of CH4 was occurring in VC2 at
1.3 mbsf at the time of sampling but not at VC1. Overall, 16S rRNA data
suggest methanogenesis and anaerobic oxidation of CH4 to CO2 was
occurring in VC2, within non-pockmarked sediment in the pockmark
field but not in the sampled pockmark clusters (VC1).

4.2. Lithological controls on sediment biogeochemistry in Dunmanus Bay

The presence of CHy at low micromolar concentrations in sediments
within the Dunmanus Bay pockmark field in 2011 (this study) and in
2009 (Szpak et al., 2015) suggest that: sub-bottom acoustic evidence for
gas (acoustic turbidity, blanking etc.) is caused by features other than
gas, both sampling surveys occurred during a period of low CH4 accu-
mulation in sediments or that acoustic features were caused by fluids
other than CH4 (e.g. CO,, freshwater etc.). Evidence of groundwater
discharge is lacking from multiple surveys to date as evidenced by
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seawater concentrations of major anions in porewater profiles. The
presence of gas bubbles in the water column above the Dunmanus Bay
pockmark field previously (Szpak et al., 2015) and confirmation of high
production and consumption of CH4 in the neighbouring Bantry Bay
(Jordan et al., 2019), point towards gas rather than groundwater or
porewater as the fluid responsible for pockmark formation in this region.

Differences in permeability is a major control on fluid and solute
transport in sediments, and the degree of sediment-water column ex-
change of solutes and particles (Huettel et al., 1998). In addition, the
interface between sediment particles and porewaters are key sites of
biogeochemical processes and microbial activity. In this way, lithology
and particle size are major controlling factors governing geochemical
zonation and associated microbial population structure (Santos et al.,
2012; and references therein). As for other locations with pockmarks,
hydrodynamic conditions and resulting favourable deposition of
fine-grained muddy sediment is a major factor governing the distribu-
tion of pockmarks (Jordan et al., 2019; Szpak et al, 2012, 2015). The
rapid loss of HyS and CH4 from sandy sediments at depth in the cores
indicates transport of oxygenated seawater in permeable sands and
gravel layers below the muddy surface sediment below Dunmanus Bay
pockmark field. We observed similar SOZ~ reduction in the Dunmanus
Bay pockmark field in the first 1 m before increasing again with depth
(Szpak et al., 2015). The consistent higher concentration of CHy, NHZ,
PO;  and the increased relative abundance of methanogens and
anaerobic methanotrophic archaea at the non-pockmarked VC2 site
compared the pockmarked VCI1 site suggests higher microbial activity in
sediments surrounding the formed pockmarks in Dunmanus Bay pock-
mark field.

4.3. In-situ sedimentary microbial production of gaseous metabolites

While gas is the most likely fluid involved in pockmark formation in
Dunmanus Bay, the source of this gas is not well constrained. In the
conventional model, when microbial or thermogenic CH4 exceeds the
capacity of interstitial water to take it into solution, free CH4 gas bubbles
develop in the pore spaces, building pressure in the relatively imper-
meable sediments (Hedberg, 1980). Thermogenic CHy4 typically exhibits
5'3Ccr4 of —20 to —50%0 while microbial CHy is typically characterized
by lighter carbon and 8'3Ccpa of —50 to —110%o (Stolper et al., 2015;
Whiticar, 1999). While this suggests that CH4 in VC1 and VC2 are from
different end-member sources, additional analysis of the dD-CH4 would
be needed to confirm this. Microbial CH4 production is conventionally
thought to be produced by anaerobic archaeal methanogenesis in sedi-
ments where O, and SO3~ is depleted, but a substantial proportion of
global marine CHy is produced in fully-oxygenated, high-SOF seawater
(Repeta et al., 2016) and sediments (D’Hondt et al., 2002). Although
SO%-reducing bacteria typically out-compete methanogens for sub-
strates such as acetate (CH3COO ™) or Hy, utilisation of non-competitive
substrates by methanogens has been documented in many settings,
allowing methanogenesis and sulfate reduction to occur simultaneously
(Lazar et al., 2012; Mitterer et al., 2001; Oremland et al., 1982; Orem-
land and Polcin, 1982). Our bacterial and archaeal 16S rRNA show the
co-occurrence of SO7-reducing bacteria, archaeal methanogens and
anaerobic methanotrophic archaea within the first metre of sediment.
This suggests that CH4 and CO, (the latter via anaerobic oxidation of
CHj,) are produced in-situ in the presence of seawater concentrations of
SO% and active SO%’—reducing bacteria. The main non-competitive sub-
strates known are CH3OH, methylamine (CH3NH;) and trimethylamine
(N(CH3g)3) (Finke et al., 2007). CHsOH was a major compound in
porewater dissolved organic matter from VC1 and VC2, in particular in
the first 1 m of sediment (Fig. 5). At least one OTU from VC2 was
potentially linked to methylotrophic methanogenesis
(Methanomassiliicoccaceae).

Further microbial metabolism of dissolved porewater organics would
proceed to form CO and CHg4. In addition, while most metabolites we
have detected are highly soluble in seawater, dimethyl sulfide (CoHgS) is
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only slightly soluble in water. CoHgS is a degradation product of mac-
roalgal organo-sulfur compounds (mainly dimethylsulfonioproponate)
or sulfur-containing amino acids (Kiene, 1988). CoHgS and methanethiol
(CH3SH) are important volatile components of the organic sulfur cycle
and some of the most common gaseous compounds emitted from coastal
marine environments (Bates et al., 1992; Visscher et al., 1995). We
propose that CoHgS could be a potential microbial gaseous fluid from the
Dunmanus Bay pockmark field. Microbial degradation of CyHgS (and
other metabolites) and methylotrophic methanogenesis could produce
CH4 or COj. Given that the control site is characterized by a lower
abundance of total organic matter input and more coarse-grained sandy
sediment, differences in microbial activity and organic matter cycling is
likely partly related to differences in hydrodynamic and depositional
conditions, rather than unique microbial taxa or metabolic processes.
However, could the in-situ production of gaseous microbial metabolites
from consumption of labile sedimentary organic matter within surface
sediments, result in the periodic low-scale seepage of gas and formation
of small pockmarks? We hypothesize that heterotrophic microbial ac-
tivity decomposing N- and S-containing labile organic matter can
directly produce gas or be further oxidized to CO5 or reduced to CHy.
Further investigation is needed to confirm this hypothesis and explore
the extent to which this occurs in other settings. If confirmed, the
contribution of greenhouse gases other than CHy4 from shallow water
settings could be significantly underestimated.

5. Conclusions

In Dunmanus, pockmarks and associated sediments with previous
acoustic evidence of gas accumulation display distinctly different sedi-
ment lithologies, organic matter supply and sedimentary biogeochem-
ical processes. While bacterial community composition do not reveal
unique taxa compared with control sediment, archaeal methanogens
and anaerobic methanotrophic archaea were detected in sediments with
highest CH4. We also demonstrate much higher supply and turnover of
labile organic matter, production of dissolved organic metabolites from
N- and S-containing labile polymeric organic matter, and the accumu-
lation of NHZ, PO3™ and H,S from decomposition of these organics. Our
data indicate significant NH4 and H,S production from complex pro-
teins and hydrolyzed amino acids in porewater. The localised occur-
rence of fine-grained muddy sediments in areas with pockmarks indicate
trapping and over-pressurization of fluid produces these small pock-
marks. However, unlike other active seep sites, CH4 was not present at
concentrations high enough to produce gas bubbles, either in 2009 or
2011. This suggests gas accumulation and expulsion is temporally highly
variable (over annual scales or less), and our surveys occurred during a
quiescent period. Detected methanogens could also have been relatively
inactive during the sampling period and/or CH4 being produced could
be efficiently oxidized to CO,. Alternatively, acoustic signatures could
be caused by a combination of fluids; we speculate that very shallow, in
situ microbial processes can produce gaseous metabolites and by-
products that directly contribute to pockmark formation. To fully test
this hypothesis, further high-resolution and real-time monitoring of
processes within and across bottom waters, surface and sub-surface
sediments in pockmarks will be needed. Although unlikely to
contribute to the formation of large pockmarks, similar microbial pro-
cesses in surface sediments could contribute to formation of small
pockmarks in favourable depositional conditions. Furthermore, micro-
bial volatile organic compounds from shallow marine settings are clearly
complex and could be underestimated in global atmospheric greenhouse
gas inventories.
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