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Abstract

We investigated methane-derived authigenic carbonate (MDAC) crusts and nodules from a cold seep site on
the northern Norwegian continental shelf in ca. 220 m water depth to determine the timing and mode of their
formation. Gas bubbling observed during remotely operated vehicle (ROV)-assisted sampling of MDAC
crusts revealed ongoing seep activity. Authigenic carbonates were present as crusts on the seafloor and as
centimetre-size carbonate-cemented nodules at several intervals within an adjacent sediment core.
Aragonite-dominated mineralogy of the MDAC crusts suggests formation close to the seafloor at higher
rates of sulphate-dependent anaerobic oxidation of methane (AOM). In contrast, dolomite-cemented nodules
are consistent with the formation at the sulphate-methane-transition zone deeper within the sediment at lower
rates of AOM. The 6=C-carbonate values of bulk rock and of micro-drilled aragonite samples vary
between — 22.2%o and — 34.6%0 (VPDB). We interpret the carbon in aragonite to be mainly derived from the
anaerobic oxidation of thermogenic methane, with a minor contribution from seawater dissolved inorganic
carbon (DIC). AOM activity is supported by high concentrations of AOM-related biomarkers of archaea
(archaeol and 2-sn-hydroxyarchaeol) and sulphate-reducing bacteria (iso and anteiso-C.s, fatty acids) in the
crusts. The dolomite nodules exhibit higher 62C-carbonate values (— 12%o. VPDB) suggesting a smaller
amount of methane-derived carbon, presumably due to the contribution of DIC migrating from depth, and
lower AOM rates. The latter is supported by orders of magnitude lower concentrations of archaeol and sn-
2-hydroxyarchaeol in the sediment interval containing the largest dolomite nodules. 'O values of pure
aragonite samples and dolomite nodules indicate the precipitation of carbonate close to isotopic equilibrium
with seawater and no influence of gas hydrate-derived water. U-Th dating of two MDAC crusts shows that
they formed between 1.61 + 0.02 and 4.39 + 1.63 ka BP and between 2.65 £ 0.02 and 4.32 + 0.08 ka BP. We
infer both a spatial and temporal change in methane flux and related MDAC formation at this seep site.
These changes might be caused by regional seismic events that can affect pore pressure or re-activation of
migration pathways thus facilitating fluid flow from deep sources towards the seabed.
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1 Introduction

Seepage of hydrocarbon-rich fluids is a common feature along continental margins worldwide (Judd
and Hovland 2007). High methane fluxes in marine sediments induce high rates of sulphate-dependent
anaerobic oxidation of methane (AOM) at the sulphate-methane transition zone (SMTZ). AOM is mediated
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by a symbiotic partnership between anaerobic methanotrophic archaea (ANME) and sulphate-reducing
bacteria (SRB) (Hinrichs et al. 1999; Boetius et al. 2000; Orphan et al. 2001) resulting in increased alkalinity
in sediment pore waters. Consequently, carbonate precipitation involving Caz+ and/or Mgz+ from pore water
and bicarbonate produced by AOM can form authigenic carbonate crusts, nodules, slabs, chimneys and
extensive pavements due to the oversaturation with respect to carbonate minerals (e.g. Ritger et al. 1987,
Aloisi et al. 2002; Blumenberg et al. 2015). Such methane-derived authigenic carbonates (MDACS) are
preserved at the seafloor or within the sediment column at seep sites even after methane flux has waned and
thus form an important archive of long-term seepage history (Watanabe et al. 2008; Feng et al. 2010; Tong
et al. 2013; Crémiére et al. 2016a). Furthermore, their mineralogy and geochemical and isotopic signatures
provide information on the environmental conditions during MDAC formation and potential changes of the
ascending fluids over time (Greinert et al. 2001; Moore et al. 2004; Gieskes et al. 2005; Meister et al. 2007,
Pierre and Fouquet 2007; Haas et al. 2010). MDAC:s typically show low $=C-carbonate values reflecting the
incorporation of carbon derived from AOM (Hovland et al. 1987; Aloisi et al. 2000; Teichert et al. 2005;
Crémiére et al. 2016b). The link between MDAC formation and anaerobic methane oxidation coupled to
sulphate reduction is also indicated by the ubiquitous occurrence of =C-depleted lipid biomarkers
characteristic of methanotrophic archaea and SRB (AOM consortia) (Bahr et al. 2009; Chevalier et al. 2010;
Feng et al. 2014a; Blumenberg et al. 2015; Himmler et al. 2015).

Modern and ancient MDACs have been studied to deduce information on past methane seepage
into the ocean (Aharon et al. 1997; Peckmann and Thiel 2004; Crémiere et al. 2013; Berndt et al. 2014) and
to delineate their significance as an essential methane-carbon sink (Aloisi et al. 2002; Marlow et al. 2014;
Romer et al. 2014; Panieri et al. 2017a). Hence, the reliable dating of seep carbonates and reconstruction of
their formation may allow the assessment of factors influencing the seepage such as (1) the source of the
sub-seafloor hydrocarbon reservoir, (2) the opening of migration pathways and (3) changes in bottom water
temperature or pressure variation related to sea level changes, both of which affect gas hydrate
formation/dissociation (e.g. Teichert et al. 2003; Feng et al. 2010). U-Th chronology has so far proven to be
the most successful method of dating seep carbonates (e.g. Watanabe et al. 2008; Bayon et al. 2009; Bayon
et al. 2013; Crémiere et al. 2013; Tong et al. 2013; Berndt et al. 2014; Bayon et al. 2015; Crémiére et al.
2016a). For instance, dating of MDACs from the western Svalbard margin at 385 m water depth revealed
U-Th ages of 8.2+ 0.5 and 4.6 £ 0.5 ka BP (Berndt et al. 2014), challenging the hypothesis that methane
seepage was triggered by gas hydrate dissociation at the upper limit of the gas hydrate stability zone due to
anthropogenic bottom water warming (Westbrook et al. 2009). In another study, two samples from the
continental slope of the South China Sea were dated at 330-152 ka BP and 77-63 ka BP, respectively,
establishing a link between methane emission and gas hydrate dissociation due to reduced hydrostatic
pressure during times of sea level fall or sea level low stand (Tong et al. 2013). In the Norwegian and Barents
Seas MDACs were studied in a variety of settings including pockmark sites, and active and extinct seep sites
(Hovland et al. 1985; Hovland et al. 2005; Mazzini et al. 2006; Crémiére et al. 2016a; Crémiére et al. 2016b;
Mazzini et al. 2016). While isotopic characteristics suggested a microbial methane source of MDACS in the
Alvheim Channel, central North Sea, a predominantly thermogenic methane source was found in the SW
Barents Sea (Crémiére et al. 2016a; Crémiere et al. 2016b). A study on MDAC crusts and pockmarks above
the Troll gas field suggests extensive methane seepage in the past, but no activity at present (Mazzini et al.
2016). Methane seepage in these areas has been related to leakage from thermogenic and microbial sources
along deep-seated faults as well as from gas hydrate dissociation (Crémiere et al. 2016a; Mazzini et al. 2016),
linked to depressurizing effects of the retreating Fennoscandian Ice Sheet after the last glaciation (Crémiére
et al. 2016a). Furthermore, the dynamics of seeps and/or associated carbonate formation have, at some
locations, been tentatively linked to regional tectonic or hydrological changes as, for example, on the
accretionary margin off New Zealand and the Central American forearc (Kutterolf et al. 2008; Liebetrau et
al. 2010). Earthquakes have been identified as main trigger for fracturing in gas-hydrate bearing sediments
leading to hydrocarbon seepage on the convergent margin off Pakistan (Fischer et al. 2013). As described
by Fischer et al. (2013) or Hong et al. (2017) a combination of pore water modelling and sediment chemistry
data can be used to reconstruct SMTZ fluctuations and both temporal and spatial variability of methane flux.
This may allow the interpretation of causative triggers of methane flux variations such as earthquake activity,
glacial-interglacial cycles and changes in fluid flow pathways caused by hydrate formation or carbonate
precipitation.

In this study, we investigate both MDAC crusts from the seafloor and carbonate nodules from a
sediment core in the Hola trough on the northern Norwegian continental shelf (Fig. 1), to reconstruct the
history of the hydrocarbon seepage system and the factors influencing it. The aim of the study is to constrain



the episodes of past methane seepage and changes in methane flux and to determine whether there is a
relationship between the deglaciation of the shelf and hydrocarbon seepage.
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Fig. 1 Multibeam echosounder bathymetry and shaded relief of the Hola trough (from Sauer et al. 2015).
The red box outlines the location of Fig. 2a. Morphological features of the Hola trough are sandwaves,
cold water coral reefs and a grounding zone wedge crossing the trough. The grounding zone wedge was
formed between 17.5 and 18 cal ka BP due to the deposition of sediments caused by the halt of the
retreating ice sheet (\Vorren et al. 2015). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Hydrocarbon sources at this seep site have earlier been assessed using pore water data and
headspace gas data (Sauer et al. 2015). We apply mineralogical and petrographical analyses on MDAC crusts
and nodules to elucidate carbonate growth, seepage intensity and the environment of carbonate precipitation.
Stable carbon (6:C) and oxygen (61O) isotopes on bulk and micro-drilled samples are used to constrain the
carbon sources and assess the possible influence of seawater and gas hydrate water in the carbonate
precipitation environment. We further use lipid biomarker analyses to investigate AOM-performing
microbial consortia involved in the formation of the MDACSs. Finally, U-Th geochronology of MDAC crusts
from the Hola trough is used to constrain the times of carbonate precipitation and thus, by inference, the past
seepage activity.

2 Oceanographic and geological setting

The continental shelf offshore the Vesteralen Islands, northern Norway, is relatively narrow and
characterized by alternating shallow banks and deeper troughs, which were formed during the last glaciations
(Bge et al. 2009). The study area lies within the Hola trough, which is confined by the Vesteralsgrunnen



bank to the NE and Eggagrunnen bank to the SW, and contains sandwave fields, cold water coral reefs, and
a grounding zone wedge assumed to have formed around 17.5-18 cal ka BP (Vorren et al. 2015) (Fig. 1).
The water depth in the Hola trough is ca. 200 m and bottom water temperature is around 6.5_°C (Sauer et al.
2015). The water mass is influenced by the Norwegian Coastal Current and the Norwegian Atlantic Current
as well as by bidirectional tidal currents that strongly affect the bottom currents (Bge et al. 2009).

Basement ridges and large Cretaceous basins which run mainly in a NE-SW direction, and are
bounded by a complex extensional fault system, characterize the Lofoten—Vesteralen margin (Blystad et al.
1995; Loeseth and Tveten 1996; Bergh et al. 2007; Ferseth 2012). The boundary between basement and
sedimentary rocks in this part of the Norwegian shelf coincides with an angular unconformity and has been
correlated to regional uplift in Early to early Middle Jurassic times (Lgseth 1999). The geological succession
offshore Vesteralen comprises Precambrian crystalline basement, Lower Jurassic to Upper Cretaceous
sedimentary rocks and a Quaternary sediment cover, which was formed during several glacial cycles
(Ottesen et al. 2002; Ottesen et al. 2005). The uppermost sediment layer is a lag deposit created by sediment
winnowing due to strong bottom currents (Elvsborg 1979; Bee et al. 2009; Bellec et al. 2012) and is present
in many parts of the shelf. At present, there is no sediment deposition at our study site in the Hola trough
(Sauer et al. 2016).

The Fennoscandian Ice Sheet reached the edge of the continental shelf of the Vesteralen-Lofoten
margin during the Last Glacial Maximum (LGM) and the deglaciation of the shelf took place in several
stages of waxing and waning of the ice sheet (Brendryen et al. 2015). Deglaciation of the Hola trough likely
started around 22 cal ka BP, with the major phase of deglaciation of the Vesteralen shelf between 19 and
16 cal ka BP (Vorren et al. 2015).

3 Materials and methods
3.1 Sampling

During a RV G.O. Sars cruise in August 2014 we used the remotely operated vehicle (ROV) Argus
(Argus Remote System AS) for video documentation of the seafloor and for sampling of MDAC crusts
(MDAC 2 and 5, Fig. 2) atacold seep site in the Hola trough at water depths of around 220 m. The locations
were chosen based on an autonomous underwater vehicle (AUV) survey of the area in 2013 (Sauer et al.
2015) which identified MDAC crust occurrences (Fig. 2a). Gravity core GC 51 was retrieved in April 2013.
The locations of the MDAC samples and gravity core GC 51 are shown and listed in Fig. 2 and Table 1.
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Fig. 2 a) High resolution synthetic aperture sonar (HiSAS) map of the studied area in the Hola trough
(Sauer et al. 2015) showing a cold water coral mound, a field of methane-derived authigenic carbonate
crusts (outlined by the dashed line), positions of the MDAC samples studied here and by Crémiére et al.
(2016a)(yellow dots), occurrence of bacterial mats (violet triangles) and location of the gravity core GC 51
(red square, Sauer et al. 2015), b) seafloor image of MDAC 2, ¢) seafloor image of MDAC 5, d) living
cold water coral, €) carbonate crust field and attached macrofauna, f) bacterial mats and g) cold water coral
debris. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1 Coordinates and water depth of MDAC samples and the gravity core GC 51.

Latitude (N) Longitude (E) Water depth (m)
MDAC 2 68.9183 14.2836 ca. 220
MDAC 5 68.9170 14.2847 ca. 220
GC51 68.9179 14.2858 222

In the laboratory, the MDAC crusts were cleaned from loose sediment and large fauna and dried at
40 °C for 24 h. Subsequently, they were cut vertically into slabs to obtain cross sections which were further
subsampled for X-ray diffraction (XRD) analysis, X-ray fluorescence (XRF) analysis, LECO elemental
analysis and stable isotope analyses (Fig. 3a and b). The subsamples were crushed using a jaw crusher and
subsequently ground and homogenized using an agate mill.
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Fig. 3 Photos of slabs cut from MDAC 2 (a) and MDAC 5 (b) with yellow boxes indicating subsamples
and how they are referred to in the following. The orange dotted line indicates the boundary between early-
stage carbonate-cemented crust and later-stage carbonate precipitate. ¢) Photos of the upper part of core
GC 51 (from Sauer et al. 2016) and the carbonate nodules/crust that were found in four depth

intervals. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

The parts of the slabs, with the purest carbonate precipitates (Fig. 3a and b), were fixed with epoxy
resin and were used to prepare 4 x 5 cm thin sections for petrographic examination (Figs. S1 and S2), as well
as for sampling by micro-drilling (U-Th, 8=C, $0). Additionally, carbonate nodules were collected from
four light-coloured intervals identified in core GC 51, which was split into two halves (Fiure). These nodules
were washed, dried, and subsampled for further petrographic-mineralogic and chemical analyses. Sediment
samples were taken at 5 cm intervals for lipid biomarker and XRF analyses from core GC 51.

3.2 Analyses
3.2.1 Petrography

We carried out petrographical characterization of the carbonate samples using an optical
microscope with transmitted light. Scanning electron microscope (SEM) analyses were performed on both
the MDAC samples from the seabed and the carbonate nodules in GC 51 at the Geological Survey of Norway
(NGU) using a Leo 1450 VP with a tungsten emitter, backscatter electron mode and Energy Dispersive X-
ray Spectroscopy (EDS).

3.2.2 Mineralogy (XRD)

Mineralogy was determined by XRD on milled and homogenized bulk powders from the MDAC
sample pieces as outlined in Fi g. 3 and four nodules (one from each interval) from GC 51. Prior to analysis,
all samples were ground in isopropanol in a McCrone mill. Unoriented specimens of the dried powders were
prepared by side-loading. All samples were measured at the NGU on a BRUKER D8 Advance diffractometer
with Lynxeye XE detector and the following settings: Cu Ka radiation, angle range 3-75 20, step size
0.02°with 1 s per step, primary and secondary soller slits of 2.5°, fixed divergence and fixed 0.6 mm
antiscatter slits. Mineral identification was performed with automatic/manual peak search with BRUKER's
Diffrac.EVA 3.1. Both ICDD's PDF4 Mineral database as well as Crystallographic Open Database (COD)
were used for identification purposes. Mineral quantification was performed with Rietveld refinement using
TOPAS 5. Refined parameters included background coefficients, sample displacement, scale, and unit cell
parameters of all phases as well as preferred orientation. Depending on the mineral phase, the lower limit of
quantification is commonly 1-2 wt% and the uncertainty 2-3 wt%. To confirm results from Rietveld
refinement, the quantified minerals were re-calculated into element oxide concentrations for comparison
with XRF data.



3.2.3 Organic and inorganic carbon

Analyses of total carbon (TC) and organic carbon (TOC) were performed with a LECO SC-632 at
the NGU of the same subsamples used for XRD analyses. For TC determination, 300-400 mg of subsample
was combusted at 1350 °C and the production of CO; determined with an infrared cell. For TOC analysis,
400-450 mg of subsample was placed in carbon-free pervious ceramic combustion boats. These were placed
on a heating plate at 50 °C (£ 5 °C) and samples treated with 10 vol% hydrochloric acid (HCI) to remove
inorganic carbon (carbonate) and subsequently rinsed with distilled water and dried in the drying oven prior
to analysis in the same way as TC. Results are given in weight percent (wt%) and the standard deviation of
the TC and TOC measurements based on the repeated measurement of a standard was * 0.03 wt% (abs) (1o,
n=6) and £ 0.03 wt% (abs) (lo, n=11), respectively. Calcium carbonate content was calculated as
CaCO; = (TC — TOC) x 8.33, and dolomite content as CaMg(CO3), = (TC — TOC) x 7.676.

3.2.4 Carbon and oxygen isotopes

Stable carbon and oxygen isotopes were determined on the same subsamples used for XRD and
LECO analyses. Furthermore, 20 ca. 100-200 pg subsamples for §*C and §'®0 analyses were micro-drilled
with a 2 mm drill bit from epoxy-fixed slabs (Fig. S1 and S2, Supplementary data).

Stable carbon and oxygen isotopes of hand drilled carbonate and homogenized bulk sample pieces
were analysed with a GasBench Il preparation line connected to a Delta VV Advantage IRMS (Thermo Fisher
Scientific) at Tallinn University of Technology in Estonia. Stable isotope compositions are reported in
conventional delta (8) units relative to the Vienna Pee Dee Belemnite (VPDB) reference. Reproducibility is
better than £ 0.2%o for both 6:C and §+0.

All 520 values were calculated using the acid fractionation factor for aragonite (Kim et al. 2007a)
since most samples consisted dominantly of aragonite. There is thus some uncertainty regarding the
dolomite 6O values because the dolomite-acid fractionation factor could be slightly different. We still used
the aragonite-acid fractionation factor due to only basic estimates of the dolomite-acid fractionation factor
(Rosenbaum and Sheppard 1986).

To calculate the 6O of the fluid from which the aragonite samples precipitated we used the
fractionation  factor-.14 and the equation 6*O,.. (SMOW) = §+0,,, (PDB) — (19.7 — t(°C))/4.34
(SMOW - Standard Mean Ocean Water) (Grossman and Ku 1986). For the dolomite nodules, we used the
fractionation factor-temperature relationship from Vasconcelos et al. (2005): 1000 In a dolomite-
water = 2.73 * (10%T(Kelvin)?) + 0.26.

3.2.5 U-Th geochronology

Ten subsamples were micro-drilled from MDAC 2 and eight subsamples from MDAC 5 in selected
locations of late-stage pure aragonite for U-Th dating. Sample weight was between 3.7 and 10.5 mg (Table
S1, Supplementary material). U and Th chemical separation and mass spectrometry (Thermo Neptune
multicollector ICP-MS) were carried out at the NERC Isotope Geosciences Laboratory (NIGL), British
Geological Survey, Keyworth, following the analytical protocols outlined by Crémiere et al. (2016a, 2016b).
U-Th age calculations were performed using an in-house Excel spreadsheet using the 23°Th and 2**U decay
constants of Cheng et al. (2013), and a detrital correction based on average measured
(%2Th/?28U), (3°Th/?8U), and (2*U/7%U) activity ratios of carbonate-free detritus samples (detrital
correction option 3 from Crémiére et al. 2016a) and ages are reported as ka before present (BP = before
1950).

3.2.6 Inorganic sediment geochemistry

3.2.6.1 XRF core scan

XRF core logging was carried out with a DELTA Handheld XRF sensor on a Standard MSCL
(MSCL-S) core logger (GeoTek Ltd., UK). The XRF sensor is equipped with a 4 W Rh-tube anode and Si
Drift detector. Prior to core measurements the XRF sensor was standardized and SRM 2710a Montana soil
| standard (Mackey et al. 2010) was stationary measured for sensor-control purposes. To prevent
contamination of the XRF sensor during scanning the soft, wet sediment was covered with 4 pm thick
Ultralene® window film. Down core XRF measurements were taken incrementally along the longest axis in
the centre of the split core surface with 0.5 cm steps. Two measurements in succession with 40 keV and
10 keV currents a nd 10 s exposure time each provided spectra covering chemical elements from Mg to Pb,
of which only the ratio of Ca and Ti was used in this study.



3.2.6.2 XRF

Sediment samples taken for XRF analysis were milled, homogenized_and subsequently analysed
at the NGU with a PANalytical Axios sequential wavelength-dispersive X-ray spectrometer operating with
a 4 kW Rh-tube. For major element analysis, the sample material was fused to glass beads with Li,B4O7 at
1200 °C at NGU. Loss on ignition was determined after two hours at 1000 °C. The major elements generally
have a lower limit of detection of 0.01 wt%. The analytical uncertainty is concentration-dependent, but
usually better than 5% rel. (20).

3.2.7 Organic geochemistry

The isotopic composition of the organic material (6=C-TOC) in the carbonate crust was analysed
on the bulk decarbonated (15% HCI) sample on an Isoprime mass spectrometer connected to an elemental
analyser (Carlo Erba 2500). Triplicates of each sample were performed. The uncertainty was up
to + 0.3%oand values are reported against the international standard Vienna Pee Dee Belemnite (VPDB).

For the analyses of neutrals and fatty acids (FA) ca. 10 g of decarbonated and freeze-dried crust (or
sediment sample) were extracted using dichloromethane/methanol (7:3 volume) in a microwave. By running
the extract over a sodium sulphate column and a Cu column, traces of water and sulphur were removed,
respectively. After saponifying the extract with 6% KOH in MeOH for 3 h at 80 °C, the neutral fraction was
extracted with hexane and the acid fraction was extracted with hexane from the aqueous phase after the
addition of HCI (pH below 2). Traces of water were again removed using a sodium sulphate column.
Subsequently, neutrals were derivatised with BSTFA (Sigma) and FAs were methylated with 10%
BF3s/MeOH (Sigma) for 2 h at 100 °C to produce methyl esters (FAMEs). Concentrations of neutrals and
fatty acids were examined using GC-FID (Shimadzu GC-2010 Plus with an Inert Caps 5MS/NP column).
Identification of the individual FAs (iso- and anteisoi-Cis.0) was done by comparison of retention times by
commercially available standards (BAME and FAME, Supelco) and by gas chromatography-mass
spectrometry (GC-MS, Shimadzu GCMS-QP 2010 Ultra equipped with a Phenomenex Zebron phase ZB-
5MSi column). Archaeol and sn-2-hydroxyarchaeol were identified by mass spectrometry using published
mass spectra. Gas chromatography coupled with isotope ratio-mass spectrometry (GC-IRMS, Thermo with
Restek RXi 5 ms column) was used to analyse compound specific 6:C values [%o Vienna Pee Dee Belemnite
(VPDB)]. The analytical uncertainty was below 2%o (C4 n-alkane standard, Schimmelmann).

4 Results

4.1 Seafloor visual observations

MDAC crusts were found on the seafloor in close association w ith coral mounds (Fig. 2a). The
crusts are up to several tens of centimetres thick and occur in one main carbonate crust field, which covers
an area of ca. 2000 m? and several smaller patches in the vicinity (Fig. 2). The MDAC crusts provide a
habitat for abundant living macrofauna, some of which are attached to the crusts (Fig. 2e). The seafloor
around the carbonate crust area is characterized by a lag deposit, which is ca. 10 cm thick and dominated by
coarse sediments up to boulder size (Fig. 2b—g). Close to the sampling sites of MDAC 2 and 5 we observed
whitish bacterial mats at the sediments surface (Fig. 2b and c) and gas bubbling during sampling indicating
gas saturated sediment.

4.2 Petrography of MDAC crusts and nodules

MDAC 2 was ca. 60 cm long, 30 cm wide and 8 cm thick, whereas MDAC 5 was ca. 40 cm in
diameter and 15 cm thick (Fig. 2b and c). Both MDAC 2 and 5 consist of carbonate-cemented sediments and
pure carbonate (Fig. 3a and b). The carbonate cement represents the earliest stage of carbonate precipitation,
whereas the pure carbonate represents later-stage carbonate precipitation filling cavities (e.g. Crémiére et al.
2016a). In core GC 51, the upper 91 cm contain 4 light-coloured intervals reflecting the presence of finely
dispersed authigenic carbonate (0-2 cm, 20-22 cm, 25-26 and 39-44.5cm) with abundant carbonate
nodules (Fig. 3c). The sedimentology of GC 51 has been described in more detail by Sauer et al. (2016). The
nodules are variably cemented, ranging from rather poorly cemented nodules (between 20 and 26 cm) to
well-cemented larger nodules (39.5-44 cm). The nodules from the three lowermost intervals (2-4) are
similar in terms of shape and incorporate mostly silt-sized silicate detritus, whereas the carbonate piece in
the topmost interval (1) of GC 51 is more angular and contains coarser grained, sand-sized sediments,
visually similar to MDAC 2 and 5.



Two carbonate phases were identified in the MDAC crust samples: aragonite accounting for up to
98 wt% of all carbonate, and calcite. The carbonate piece from interval 1 in core GC 51 shows the same
carbonate mineralogy as the MDAC crust samples with dominantly aragonite and some calcite. Conversely,
the carbonate mineralogy of the nodules from intervals 2 to 4 is dominated by dolomite, with minor amounts
of Mg-calcite (Table 2).

Table 2 Concentration of organic and inorganic carbon (recalculated to CaCO; and CaMg(COs),) and mineral composition
of MDAC 2 and 5, and carbonate nodules from core GC 51. For almost all samples, the carbonate content determined by
XRD analyses was slightly higher compared to carbonate content determined by the LECO elemental analyser. The reason
for this discrepancy could be that for XRD mineral quantification the sum of the identified minerals is assumed to be 100%,
and hence minor mineral phases are not counted, which is increasing the relative proportion of the major minerals. Another
reason could be that LECO values for inorganic carbon are too low, or that the samples were not thoroughly enough
homogenized before splitting for the different analyses.

Leco (in wt%)

XRD (in wt%)

TOC CaCOs CaMg(COs), Quartz K- Plagio- Aragonite Calcite (Mg)calcite Dolomite Illite/Muscovite Amphibole Chlorite
feldspar clase
MDAC 0.2 41 16 8 19 49 4 Traces? 2 2
2-top
MDAC 0.6 61 10 4 11 72 3 <1
2 - mid
MDAC 0.3 73 6 3 8 74 9 Traces
2-
bottom
MDAC 0.4 51 10 7 18 63 2 Traces
5-top
MDAC 0.5 93 <1 <1 97 2
5-
bottom
Interval 0.2 44 17 10 21 36 6 4 4 2
1
Interval 0.3 39 17 10 19 2 42 2 6 2
2
Interval 0.3 37 18 10 20 2 38 3 6 3
3
Interval 0.3 44 15 8 17 3 46 3 5 3
4

The CaCO;, content of bulk samples from MDAC 2 and MDAC 5 determined by LECO analysis
ranged from 41 to 73 wt% and from 51 to 93 wt%, respectively (Table 2). The CaCOj3 content of the
carbonate piece of interval 1 was 44 wt%. Carbonate in nodules of interval 2—4 was converted to dolomite
content (39-44 wt %), since this was the dominant carbonate phase determined via XRD analyses (Table 2).

The average TOC content for the MDAC crust samples and the nodules is 0.4 wt% + 0.2 and
0.3 wt% =+ 0.1, respectively. These values are similar to sedimentary TOC values of the upper 1 m of core
GC 51 which range between 0.2 and 0.7 wt% (Sauer et al. 2016).

Optical microscopy and SEM images of MDAC 2 (Fig. 4a) confirm that aragonite occurs either as
microcrystalline cement between (1) detrital grains of mostly quartz and feldspar in the sand size fraction
(Fig. 4a-2), (2) between detrital grains mixed with bioclasts such as foraminifera tests and echinoderm
skeletal fragments (Fig. 4a-3), or (3) as pure aragonite phase lining the cavities (Fig. 4a-4 and -5).
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Fig. 4 a) (1) Thin section image of MDAC 2 indicating the location of the SEM images and
photomicrographs; (2) SEM backscatter electron image showing microcrystalline aragonite cement, quartz
and feldspar grains which form the majority of the detrital grains, and white grains which are Fe-Ti oxides;
(3) a more weakly cementing aragonite matrix with more bioclasts; (4) optical microscope
photomicrograph of clotted aragonite (lower part of image) and lucent botryoidal aragonite; (5) botryoidal
aragonite forming isopacheous layers between 100 and 500 pm thickness. b) (1) Thin section image of
MDAC 5 (location outlined in Fig. S2 in the Supplementary material); (2) SEM backscatter electron image
showing microcrystalline aragonite cementing quartz and feldspar grains tightly and (3) loosely. (4) SEM
backscatter electron image of framboidal pyrite precipitation within a foraminifera shell. (5) Optical
microscope photomicrograph of mostly clotted aragonite and (6) mostly lucent aragonite.

The pure aragonite phase can be divided into whitish to slightly yellowish clotted aragonite and
lucent botryoidal aragonite. The clotted aragonite consists of aragonite crystal aggregates (or microclots)
and is dark brown in transmitted light (Fig. 4a-4), probably due to organic remains within the carbonate.
These microclots are the nucleation point of aragonite needles growing radially around them (a fabric
typically observed in microbialites) (Fig. 4a-4) and then turning into isopacheous, 100-500 pm thick layers
as the very last stage of carbonate precipitation (Fig. 4a-5). In MDAC 2 botryoidal aragonite is
volumetrically more abundant than clotted aragonite.

MDAC 5 shows a fibrous aragonite matrix cementing detrital sand-sized grains, with areas of
denser cement (Fig. 4b-2) and areas of less dense cement (Fig. 4b-3). The pure carbonate phase is dominated
by clotted aragonite (Fig. 4b-5).

The carbonate crust from interval 1 in core GC 51 is cemented by microcrystalline aragonite (mostly
aragonite needles), whereas the carbonate cement of intervals 2—4 is composed of microcrystalline dolomite
(Fig. 5). Furthermore, we identified authigenic barite crystals and crystal aggregates in all the intervals
(e.g. Fig. 5¢), as well as pyrite and other iron sulphides. Authigenic barite crystals occur predominantly in
interval 3 (Fig. 6).



Interval-1

microcrystalline dolomite cement
Fig. 5 SEM backscatter electron images of carbonate crust/nodules from core GC 51. (a,b): Interval 1-crust
contains microcrystalline aragonite cement. (c,d,e): The nodules from Fig. 5 cemented by microcrystalline
dolomite. Barite crystals and crystal aggregates were observed in several nodules (e.g. image c).
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Fig. 6 Elemental and organic geochemical characteristics of the upper 91 cm of core GC 51. From left to
right: colour photo of the core, Ca/Ti ratio determined by XRF scanning, Ba/Ti ratio determined on
discrete sediment samples by XRF analysis, archaeol and sn-2-hydroxyarchaeol concentration in the
sediment. The inset shows a SEM image of a dolomite nodule from interval 3 containing large amounts of
authigenic barite (white). The two light red bands indicate the location of the present and suggested past
sulphate-methane-transition zone. The blue bands represent intervals of Ba enrichment in the

sediment. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

4.3 Element ratios in the sediment



The Ca/Ti ratio varies between 3.5 and 31 in the upper 91 cm of core GC 51 (Fig. 6). The highest
values are found in the following intervals: 0-5 cm (up to 25), 20-23 cm (up to 15), 24-27 cm (up to 19.5),
39—44.5 cm (up to 31) and 80-—85 cm (up to 10). Furthermore, the Ba/Ti ratio of discrete samples varied
between 0.16 and 0.75 and showed two intervals with higher values: 20-30 cm and 65-75 cm (Fig. 6, Table
S2 Supplementary material). A detailed description of the sedimentology of core GC 51 can be found
in Sauer et al. (2016).

4.4 Carbon and oxygen stable isotopes of carbonate

We obtained carbon and oxygen stable isotope data of carbonate from homogenized bulk
subsamples of crust (5 samples, Fig. 3) and from micro-drilled powder from locations close to spots where
samples for U-Th dating were micro-drilled (20 samples, Fig. S1 and S2, Supplementary material). The
isotope data of whole rock and micro-drilled samples show §*C values ranging between
— 22.2%o0 and — 34.6%o with an average of — 29.7%. (VPDB) for MDAC 2, and
between — 25.3%0 and — 33.5%o with an average of —29.4%. (VPDB) for MDAC 5 (Fig. 7a). The §*3C
values of the carbonate nodules/crust from core GC 51 are less negative and range
between — 9.2%o and — 12.5%o (Fig. 7b, Table S3, Supplementary material). For MDAC 2 and 5 the 50
values of both bulk subsamples and micro-drilled samples range between 2.5%.and 3.4%o (average
3.0%0 (VPDB)) and between 2.0%0 and 3.7%o (average 3.1%o (VPDB)), respectively (Fig. 7b, Table S3).
The 60 values of the nodules/crust from GC 51 are notably higher and vary between 3.7%. and 5.3%o.
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Fig. 7 a) Comparison between =C results of bulk and micro-drilled samples of MDAC 2 and MDAC 5. b)
Plot of stable carbon and oxygen isotope composition of the MDAC samples and the carbonate nodules
from core GC 51. The difference in §'30 (VPDB) can be mostly accounted for by the difference in
carbonate mineralogy. The dashed lines represent the 520 values of aragonite-1 (Kim et al., 2007b)
aragonite-2 (Grossman and Ku 1986) and dolomite (Vasconcelos et al. 2005) in equilibrium with present
bOttom Wa.ter (T = 65 OC, 8180 seawater = 0%0)

4.5 Organic geochemistry

We analysed two samples (MDAC 2 and MDAC 5) for their concentrations of archaeal lipids,
archaeol (Ar) and sn-2- hydroxyarchaeol (OH-Ar), and of bacterial lipids, iso Cis:o (i-C1s:0) and anteiso-
Cis:0 (ai-C1s:0) fatty acids, and their compound specific 6'3C signatures as well as the ¢*3C of bulk organic
matter (Table 3). In MDAC 2 and MDAC 5 the concentration of archaeol was 2.11 and 7.3 ug/g dry weight,



respectively, and the concentration of sn-2-hydroxyarchaeol was 3.55 and 12.72 ug/g dry weight,
respectively. The compound-specific isotopic signature was — 108%o (Ar) and — 104%. (OH-Ar) in MDAC
2 and — 107%o (Ar) and — 103%o (OH-Ar) in MDAC 5.

Table 3 Concentrations and compound-specific 6:°C values of selected alcohols and fatty acids (and total organic carbon,
TOC) extracted from MDAC 2 and MDAC 5.

MDAC 2 MDAC 5
TOC 8%3C (%o V-PDB) —54.2 -60.5
Alcohols Archaeol (ng/g dry weight) 21 7.3
83C(%o V-PDB) -107.6 -106.9
sn-2-hydroxyarchaeol (ng/g dry weight) 3.6 12.7
83C(%o V-PDB) -104.1 -103.0
OH-Ar/Ar 1.7 1.7
Fatty acids Iso - C15:0 (ng/g dry weight) 1.8 6.0
313C (%0 V-PDB) -624 -91.2
Anteiso - C15:0 (ng/g dry weight) 1.6 44
313C (%o V-PDB) -63.3 -88.2
Anteiso/iso 0.9 0.7

The concentration of bacterial lipids was 1.84 pg/g dry weight (i-Cis,) and 1.64 pg/g dry weight (ai-
Cis0) in MDAC 2 and 5.99 ng/g dry weight (i-Cis) and 4.41 ng/g dry weight (ai-Cis,) in MDAC 5 (Table 3).
Compound-specific 6=C values of the bacterial lipids were less negative than the measured archaeal lipids
and showed a greater variation between the 2 samples. MDAC 2 showed the highest 5!C values of fatty
acids  with —62%o (i-C1s0) and — 63%eo (ai-Cis:0). In MDAC 5 the values were — 91%o (i-Cis:0)
and — 88%o (ai-C15;o).

In the sediment samples of the upper 91 cm of core GC 51 the concentrations of Ar and OH-Ar
varied between 0.003 and 0.135 ug/g dry weight and 0.004-0.029 ng/g dry weight, respectively (Fig. 6,
Table S2 Supplementary material). Ar concentrations were highest in the interval 40-50 cm and at 85 cm
coinciding with the depths where OH-Ar was detected. The §*3C of bulk organic carbon was — 54.2%o in
MDAC 2 and — 60.5%0 in MDAC 5 based on three duplicate measurements. In the analysed core interval
the 8!3C values of sedimentary organic carbon varied between — 26.2%o and — 24.6%o (Sauer et al. 2016).

4.6 U-Th geochronology

Eighteen samples from two MDAC crusts were dated using U-Th geochronology. All samples are
from later stage cavity infills of pure aragonite with as little as possible detrital components. However, two
samples from MDAC 2 were excluded from the interpretation due to high Th contribution from detrital
material. The remaining samples showed U concentrations of 1.7-6.8 ppm and 2*?Th concentrations of 1—
257 ppb (Table S1, Supplementary material). 2°Th/?*2Th activity ratios varied between 2.4 and 211 (Table
S1). Calculated initial 8*3*U values ranged between 145.9 and 164.8 (Fig. S3), slightly above average
seawater composition of 146.6 + 2.5%. (Robinson et al. 2004).

The obtained ages from MDAC 2 range between 1.61 +0.02 and 4.39 £ 1.63 ka BP and from
MDAC 5 between 2.65 + 0.02 and 4.32 + 0.08 ka BP (Fig. 8a and b). All relevant isotopic data for the U-Th



dating are summarised in Table S1 in the Supplementary material. The estimated carbonate growth rate
within one cavity in the MDAC 2 sample, which shows distinct layers of lucent isopacheous aragonite
(Fig. 4a-5) and a clear uniform growth direction (dates 3 and 4 in Fig. 8a) isaround 5.3 mm/ka.
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Fig. 8 Plots of U-Th dating results (left) of MDAC 2 (a) and MDAC 5 (b) and photos of the crust pieces
with locations of sample spots (right).

5 Discussion

5.1 Formation environment of methane-derived authigenic
carbonates

5.1.1 Mineralogy

A variety of carbonate minerals have been found in cold seep carbonates including aragonite,
calcite, low-Mg calcite (LMC), high-Mg calcite (HMC), protodolomite, dolomite, ankerite and siderite
(e.g. Lu et al. 2015, and references therein). Several factors have been found to influence the Mg-Ca-
carbonate mineralogy such as the degree of supersaturation, the concentration of Mgz+and Caz+in pore
water/seawater, sulphate and phosphate concentration, temperature, partial pressure of CO,, microbial
activity, hydrocarbon flux and available nucleation sites/templates (Walter 1986; Aloisi et al. 2000;
Peckmann et al. 2001; Lopez et al. 2009; Roberts et al. 2010; Krause et al. 2012; Roberts et al. 2013; Panieri
et al. 2017Db).

The crust samples from the Hola trough are predominantly aragonite, whereas the carbonate nodules
from within the sediment column are mostly cemented by dolomite (Fig. 9). This difference in seep carbonate
mineralogy has been observed and reported previously and is ascribed to the different formation
environments (e.g. Aloisi et al. 2000; Greinert et al. 2001). Generally, aragonite-dominated seep carbonates



found close to the seafloor were interpreted as the result of higher sulphate concentration which favours the
precipitation of aragonite over the precipitation of calcite/high-Mg calcite/dolomite (Baker and Kastner
1981; Bohrmann et al. 1998; Aloisi et al. 2000; Aloisi et al. 2002; Han et al. 2004; Teichert et al. 2005; Haas
et al. 2010; Crémiére et al. 2016b). A recent study of carbonate-associated-sulphate (CAS) in authigenic
carbonates supports the theory of aragonite formation close to the seafloor based on 834S and 8180 of
sulphate and Sr isotope data (Feng et al. 2016). High-Mg calcite and dolomite, on the other hand, are
favourably precipitated at low sulphate concentrations when the sulphate-methane transition zone (SMTZ)
occurs deeper within the sediment (Greinert et al. 2001; Moore et al. 2004; Gieskes et al. 2005; Meister et
al. 2007; Pierre and Fouquet 2007) or in association with pore waters exhibiting different Ca/Mg ratios than
seawater (e.g. Crémiere et al. 2012). The mechanism by which sulphate can influence the carbonate
mineralogy is related to ion complexing, where the Mg2 + and SO42 — ions form strongly bonded ion pairs
(and weaker Ca-SO4 ion bonds). This process increases Mg solubility, and thus hinders dolomite
precipitation. Vice versa, dolomite precipitation can be promoted by sulphate removal through sulphate-
reducing bacteria (SRB) (Baker and Kastner 1981; Slaughter and Hill 1991; Wright and Wacey 2004).
Furthermore, a study by Zhang et al. (2012) found that dissolved sulphide at concentration levels of a few
millimoles, often found in sediment pore water where bacterial sulphate reduction coupled to AOM is active
(Fig. 10), can promote the crystallization of disordered dolomite.
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Fig. 9 Results of mineral quantification using XRD for MDAC crust samples 2 and 5 and carbonate
nodules from core GC 51.

At our study site we thus interpret aragonite-dominated samples MDAC 2 and 5 and the crust piece
from core GC 51 interval 1 to be precipitated in an environment close to the seafloor where sulphate-rich
seawater/pore water was present and PO4>~ concentrations were low. To achieve precipitation close to the
seafloor a high methane flux is required. The presence of the MDAC crusts above the seafloor today is the
result of erosion by high-velocity bottom currents in the Hola trough (Bge et al. 2009). In contrast, the
dolomite nodules of interval 2-4 (Fig. 6), coinciding with high sedimentary Ca/Ti values, are interpreted to
have formed deeper within the sediment at or close to the SMTZ in an environment more restricted from
seawater influence, lower sulphate concentrations and higher dissolved sulphide concentrations. Dolomite
precipitation in low methane flux settings has also been described e.g. from Hydrate Ridge (Greinert et al.
2001), but other studies also find high-Mg calcite precipitation (instead of dolomite) in methane-rich
sediments (Naehr et al. 2007; Lim et al. 2009; Néthen and Kasten 2011). We cannot ascertain which factor
exactly favoured dolomite over HMC precipitation at our study site, but suppose that it could be the pore
water Mg/Ca ratio (e.g. Feng et al. 2014b).



5.1.2 Stable oxygen isotopes

The 620 values of MDAC have been widely used to retrieve information on fluids involved in the
precipitation of carbonates such as gas hydrate-derived water, clay dehydration water or seawater (Bohrmann
et al. 1998; Aloisi et al. 2000; Han et al. 2004; Bahr et al. 2009; Haas et al. 2010; Bian et al. 2013; Feng et
al. 2014a; Mazzini et al. 2016). Evaluation of 5O signatures of MDAC requires knowledge of the ambient
water temperature during formation, carbonate mineralogy and the 60 of the ascending fluid. We calculated
the 50O of the fluid from which our carbonate samples precipitated assuming equilibrium isotopic
fractionation, using the present bottom water temperature of 6.5.°C (Sauer et al. 2015). For the MDAC
samples, we only used the micro-drilled samples of presumably pure aragonite and compared the results of
two different equations from the literature (Grossman and Ku 1986; Kim et al. 2007b). Resulting 620 of the
precipitating fluid varied between —0.1%0 and 0.3%o (SMOW, Grossman and Ku 1986) and between
0.6%ocand 1.0%0 (SMOW, Kim et al. 2007b) (Table S3). For the dolomite nodules, the §'30 (SMOW) values
of the precipitating fluid varied between 0.1%. and 0.5%. (Table S3) (Vasconcelos et al. 2005). The present
seawater 3*0 values show regional differences but the global data set of LeGrande and Schmidt
(2006) suggests a value around 0%o (SMOW) on the Norwegian margin. As seawater 5O between the LGM
and present day has varied between ca. 1%o and 0%, SMOW (Fairbanks 1989), we interpret the aragonite of
the MDAC samples and the dolomite nodules to have precipitated close to equilibrium with seawater isotopic
composition. Although the results of the two different equations for the aragonite samples vary by around
0.7%o, they are still all within the range of equilibrium precipitation, especially considering that bottom water
temperatures also can have varied increasing the uncertainties of our 52Oy, estimates. Thus, we infer that
probably no fluids from dissociating gas hydrates were involved in the formation of the dolomite nodules or
the aragonite crusts. The 61O values of other MDAC crusts from the Norwegian margin (Nyegga Pockmark
G11) have also been interpreted to reflect the formation in equilibrium with seawater (Chevalier et al. 2010).
The absence of gas hydrate influence is in line with modelling results suggesting that our study area in the
Hola trough is outside the gas hydrate stability field at present (Vogt et al. 1999; Crémiere et al. 2016a).

5.1.3 Carbon isotope signatures of MDAC

The distinct difference between aragonitic carbonate crusts at the seafloor and the dolomitic
carbonate nodules within the sediment column is also reflected in their carbon isotopic composition (Fig.7b).
The 8C values of aragonite-dominated MDAC crusts (both micro-drilled and bulk samples) (average
ca. — 29.5%o) are around 18%o lower than those of the dolomite nodules (average ca. — 12 %o) (Fig. 7b). The
aragonite crust piece from interval-1 in core GC 51, however, can be grouped with MDAC 2 and 5 from a
mineralogical point of view, but based on its §*3*C-carbonate value it falls in the same field as the dolomite
nodules, i.e. with heavier §3C values up to — 9%o (Fig. 7b).

Several carbon sources are generally considered for the formation of authigenic carbonate. The
isotopically lightest carbon derives from the oxidation of methane via AOM. In the Hola trough 6=C of
methane from sediment samples was found to be ar ound — 55%. (VBDP) (Sauer et al. 2015) and
predominantly of thermogenic origin. Another source is dissolved inorganic carbon (DIC) from the
degradation of organic matter. Average §*3C of organic carbon from core GC 51 is — 25%o (VPDB) (Sauer
et al. 2016), which would produce DIC with almost the same carbon isotope composition (Presley and
Kaplan 1968). However, organic carbon content in Hola sediments is only 0.5 wt% on average and
degradation rates by sulphate reduction are rather low (Sauer et al. 2016) implying that organic matter
degradation is not adding significant amounts to the DIC pool. Seawater §*C-DIC of ca. 0%. (Walter et al.
2007) might be an additional source of isotopically heavier carbon for the authigenic carbonates.
Higher 8**C-DIC values may be a result of methanogenesis (producing **C-enriched DIC) or derived from
deeper fluids influenced by anaerobic hydrocarbon biodegradation and secondary methanogenesis
(e.g. Crémiére et al. 2013). This has been suggested for §3C values as high as + 14%. (PDB) in carbonates
reported by Dimitrakopoulos and Muehlenbachs (1987). Sauer et al. (2016) considered deep-sourced DIC
influenced by secondary methanogenesis as a reason for pore water DIC values of up to + 18%. (VPDB) in
Hola sediments (GC 51) below the SMTZ which also can be incorporated during authigenic carbonate
formation. A quantification of the relative contribution from different carbon sources to the formation of the
authigenic carbonates in the Hola trough is difficult based only on the *3C values because there are more
than two possible sources. Nevertheless, we suggest that MDAC samples 2 and 5 with §'C values as low
as — 35%o indicate a higher contribution of methane-derived carbon. We support this inference by
mineralogical evidence of aragonite precipitation close to the seafloor, which requires a shallow SMTZ and
high methane flux, and thus high rates of AOM. In contrast, dolomite nodules from GC 51 with much
higher 6'3C values of around — 12%o presumably formed deeper within the sediment at lower methane fluxes



and lower AOM rates than the MDAC crusts and, thus, incorporated less methane-derived carbon. We
suggest the contribution of DIC from methanogenesis or deep fluid sources as the carbon source responsible
for those higher 3=C values, rather than the influence of seawater. This was inferred from the 6=C-DIC at
the present SMTZ in core GC 51 (— 12%o, Sauer et al. 2015) (Fig. 10), showing the same §*3C value as the
dolomite nodules, suggesting a mix of DIC sources from AOM and methanogenesis and/or deep fluids
(Sauer et al. 2016).
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Fig. 10 Pore water profiles of core GC 51 including sulphate, methane and dissolved sulphide
concentrations, and the 6:2C of dissolved inorganic carbon (DIC) (Sauer et al. 2015). The thin grey bars
indicate the intervals of authigenic carbonates (including their =C values marked as black squares), the
thick grey bar shows the present depth of the sulphate-methane transition zone (SMTZ).

5.1.4 Lipid biomarkers

To study the involvement of AOM consortia in the formation of authigenic carbonates we analysed
the concentration and compound specific isotope composition of known biomarkers for archaea (the
diphytanylglycerol diethers archaeol (Ar) and sn-2-hydroxyarchaeol (OH-Ar) (Kate 1993)) and SRB (i-
and ai-Cs, fatty acid) that have been found in connection with AOM activity (Aloisi et al. 2002; Bahr et al.
2009; Gontharet et al. 2009; Guan et al. 2016). Ar is a common membrane lipid of archaea and is associated
to AOM if it shows very low &=C values indicating the utilization of methane-derived carbon (e.g. Elvert et
al. 2000). OH-Ar with very low 6=C values has also been found at various cold seep settings indicating AOM
(Elvert et al. 2000, and references therein). Most of the AOM relevant archaea are assigned to two distinct
phylogenetic clusters, ANME-1 and ANME-2 (Orphan et al. 2002; Blumenberg et al. 2004) where high
ratios of OH-Ar/Ar point to the ANME 2 group archaea (Blumenberg et al. 2004; Elvert et al. 2005).

In our samples MDAC 2 and MDAC 5, high concentrations of Ar and OH-Ar were found with very
low 5:C values between — 103%o0 and — 108%o, which clearly indicates the involvement of AOM-performing
archaea during MDAC formation. Furthermore, the high OH-Ar/Ar ratio (1.7, Table 3) in both samples
suggests a predominance of ANME 2 archaea (Blumenberg et al. 2004; Elvert et al. 2005) which
corroborates findings from MDACSs from the Norwegian margin (Nyegga Pockmark G11) (Chevalier et al.
2010). Moreover, we find high concentrations of bacterial lipids, the i- and ai-branched Cis.o fatty acids, in
our MDAC 2 and 5 samples, which indicate the presence of SRB (e.g. Hinrichs and Boetius 2003) which
have been found in virtually all AOM environments (Niemann and Elvert 2008, and references therein). In
combination with the low §3C values (- 62 to — 91%o) of these two compounds (although less **C-depleted
than the archaeal lipids, Table 3) we infer that the SRB are part of the AOM-performing microbial
consortium and that, thus, sulphate-dependant AOM has led to the precipitation of MDAC 2 and 5. The
compounds i- and ai-Cis.0 showed a similar §C range of —99%o to — 55%0 in Marmara sea cold seep
sediments (Chevalier et al. 2013), and were also found in an MDAC crust from the Nyegga Pockmark
(Chevalier et al. 2010). Furthermore, the ratio between i- and ai- Cisg can indicate SRB types (Niemann and
Elvert 2008). A lower value of this ratio (< 2), as found in our samples (0.7-0.9), suggests a Seep-



SRB1/ANME-2 consortium which is consistent with the OH-Ar/Ar ratios found in our MDAC samples
suggesting ANME-2.

Comparing the concentration of Ar and OH-Ar between the samples of sediment core GC 51 and
the MDAC 2 and MDAC 5 samples reveals a difference of more than an order of magnitude for Ar, and two
orders of magnitude for OH-Ar (Table 3, Fig.6). The concentrations of AOM biomarkers show a
relationship with AOM rate (Elvert et al. 2005), thus indicating significantly higher AOM rates during the
formation of the MDAC crusts than within the sediment column at site GC 51. Furthermore, 5'C of bulk
organic matter extracted from the crusts is as low as — 60%o, whereas the most negative value of 8C of
sedimentary organic matter from GC 51 is — 26%o (Sauer et al. 2016) supporting a high fraction of
methanotrophic biomass in the MDAC samples.

Apart from low §*3C values of AOM biomarkers in MDAC 2 and 5, we found other indications for
the involvement of microbes performing AOM in the formation of the MDAC crusts. The microscopic
investigations revealed that the whitish clotted aragonite in MDAC 2 and 5 (opaque in transmitted light)
probably contains organic remains. Clotted aragonite has been previously found to contain high
concentration of organic matter (Himmler et al. 2010), and fossilized microbial filaments (Teichert et al.
2005) which could be remains of AOM consortia. This is supported by a study of Leefmann et al.
(2008) which found that > 90% (by weight) of AOM specific biomarkers are present in the whitish clotted
aragonite of MDACs and that these represent fossilized biofilms of AOM consortia. This is consistent with
the photomicrographs of our samples showing that the clotted aragonite associates with microbial structures
that also form the origin of radial aragonite growth (Fig. 4a-4).

5.1.5 Carbonate nodules as palaeo-SMTZ indicators?

The present SMTZ in core GC 51 is located at 80-110 cm below seafloor (Sauer et al. 2015). A
peak in the Ca/Ti profile in core GC 51 suggests that there is authigenic carbonate precipitation induced by
AOM between 80 and 85 cm (Fig. 6). The activity of AOM is also supported by a peak in Ar concentration
and the presence of OH-Ar in this depth interval (Fig. 6).

Even higher concentrations of Ar, OH-Ar, the largest peak in Ca/Ti and the biggest dolomite
nodules (Interval 4) were found between 40 and 50 cm depth which we interpret as the former location of
the SMTZ (Fig. 6). The SMTZ was probably stable at this location longer than it has been at its current
location providing the time to accumulate larger amounts of lipid biomarkers of methanotrophic archaea and
authigenic dolomite. The location of the former and the present SMTZ is also supported by peaks in the
Ba/Ti ratio around 10-15 cm above each of the SMTZ intervals (Fig. 6). Barium fronts in the form of
authigenic barite are known to form just above the SMTZ when barium-rich fluids from below get in contact
with sulphate (Torres et al. 1996a; Torres et al. 1996b; Dickens 2001; Riedinger et al. 2006; Kasten et al.
2012). Also the barium fronts suggest that the SMTZ was stable at 40-50 cm (Interval 4) longer than it has
been at its current depth due to a much more pronounced Ba/Ti peak (Ba-front).

The dolomite nodules, which are present at 20-26 cm sediment depth (Interval 2 and 3), might also
indicate a former SMTZ location, but there were no AOM-related biomarkers found in the sediment in that
interval (Fig. 6). We do not have a satisfactory explanation for this observation yet; however, it is possible
that the dolomite nodules themselves contain the AOM-biomarkers, but not the sediment around them.
Unfortunately, the dolomite nodules did not provide enough material to determine lipid biomarker
concentrations. Other possibilities are that the dolomite nodules in this interval were not formed at the
SMTZ, or microbial biomarkers for AOM that were present originally were not preserved, or the SMTZ was
not stable at this location long enough to accumulate a detectable amount of the biomarkers.

Based on the (at least) two different depth intervals of the SMTZ, we infer that at site GC 51 there
was an abrupt decrease in methane flux shifting the SMTZ downward from 40 to 50 cm to a present location
of 80-110 cm. Given the erosional regime at site GC 51 at present (Bge et al. 2009), another mechanism that
could have moved the SMTZ downward in the sediment column is the removal of sediment at the surface
through high bottom currents. However, we favour an abrupt change in methane flux as an explanation
because the shift between SMTZ intervals is very pronounced. Erosion at the surface would probably have
caused a more gradual change in SMTZ depth not providing enough time for the formation of authigenic
carbonate nodules and overlying Ba fronts at pronounced intervals.

Regarding the time of formation of the dolomite nodules, we cannot provide exact dates of
precipitation due to the lack of U-Th ages for these samples. The best estimate is based on *“C sediment ages



determined for core GC 51 (Sauer et al. 2016) which provides maximum ages for the nodule formation. This
approach places dolomite nodule formation in the Holocene.

5.2 Timing of MDAC formation and potential driving processes

To improve the time constraints on past methane seepage in the Hola trough we performed U-Th
dating on the MDAC samples 2 and 5. Our age results of both crusts range between 1.6 and 4.4 ka BP which
is significantly younger than a Hola sample previously dated by Crémiére et al. (2016a) (6-11.3 ka BP)
(Fig. 11). No specific upward or downward precipitation trend within the crusts can be deduced from our
dating results (Fig. 8). The only chronologic trend is the progressively younger ages of aragonite linings
within the cavities. (MDAC 5: age8 — age7, MDAC 2: age4 — age 3). Our estimated carbonate
precipitation rate of 5.3 mm/ka from one of the aragonite linings appears slow compared to other studies that
find rates between 4 and 50 mm/ka in a crust from the Nile deep-sea fan (Bayon et al. 2009), around 10—
20 mm/ka in the Barents Sea (Crémiere et al. 2016a), 48 mm/ka in a theoretical study of carbonate
precipitation (Luff et al. 2004), and approximately 470 mm/ka for a carbonate build-up in the northern
Arabian Sea (Himmler et al. 2016).
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Fig. 11 Compilation of U-Th dating results of samples MDAC 2 and MDAC 5 from this study and
published results on one sample from the Hola trough (Crémiere et al. 2016a).

A study by Crémiére et al. (2016a) focussing on MDAC samples from the Barents Sea, reports ages
suggesting a main crust-forming episode between 17 and 7 ka. They attribute the onset of enhanced methane
seepage to the dissociation of gas hydrates below the disintegrating Barents Sea ice sheet during the last
deglaciation. On the Vesterélen shelf the main phase of deglaciation took place between 19 ka and 16 ka BP
(Vorren et al. 2015; Stroeven et al. 2016). Thus, there appears to be a rather large time gap of around 5 ka
between the removal of the ice sheet and the start of the main phase of methane seepage recorded by the
carbonate precipitation in the Hola trough (11 ka BP, (Crémiére et al. 2016a)). However, we cannot
determine the exact onset of carbonate formation/methane seepage because the dating results are restricted
to later-stage cavity infills of aragonite and, hence, there is no time constraint on early-stage carbonate
cement formation. Modelling of gas hydrate stability during the LGM shows that the Hola trough was very
close to the border of the gas hydrate stability field suggesting only small amounts of gas hydrates trapped
in the sediments on the Vesteralen shelf during the LGM (Crémiére et al. 2016a). These indications together



with our 60 values of aragonite and dolomite samples suggest no involvement of gas hydrate water in the
formation of the carbonate crusts and nodules at the Hola trough seep site during the Holocene. Alternatively,
episodes of increased seismicity and earthquakes in this area of the Norwegian margin may have caused
methane seepage and periods of MDAC formation due to changes in pore pressure and/or the re-activation
of faults causing fluid flow (Jonsson et al. 2003). A compilation of seismicity since 1880 (Byrkjeland et al.
2000) shows higher seismic activity on the Lofoten-Vesteralen margin and the Nordland coast which might
have been caused by remaining glacioisostatic adjustments and/or the large scale Pliocene/Pleistocene
erosion causing stress fields due to sedimentary loading and unloading (Olesen et al. 2013). According
to Stroeven et al. (2016 and references therein), the highest rates of deglaciation of the Fennoscandian Ice
Sheet occurred at 11-10 ka BP, probably also inducing strongest post-glacial seismicity around that time
(Bungum et al. 2005). The timing coincides with the ages determined for the crust from the Hola trough
(ca. 10 ka) studied by Crémiére et al. (2016a) (Fig. 11) and could be explained by methane seepage as a
consequence of fault re-activation or pore pressure changes leading to open conduits for fluid flow from
potential reservoirs to the seabed. Furthermore, clustering of ages of MDAC 5 around 4 ka BP (Fig. 11)
suggests that MDAC formation occurred around the time when a submarine landslide took place around
250 km to the SW of the Hola trough initiated at the shelf break at the mouth of the Tranadjupet trough
(Laberg and Vorren 2000). The most recent study on the Traenadjupet slide suggests an age around 4 ka
BP based on C dating of sediment cores (Allin et al. 2016). The most likely trigger for this slide is assumed
to be one bigger earthquake or several smaller ones (Laberg and Vorren 2000), probably related to post-
glacial rebound induced seismicity. We suggest that the MDAC 5 sample could have formed due to enhanced
methane seepage that was caused by the same seismicity pulse. Thus, two of the three dated MDAC samples
from the Hola trough can tentatively be related to seismic events. To our knowledge, sample MDAC 2 with
ages clustering around 2 ka cannot yet be correlated to any known seismic event in Northern Norway.

Two other known submarine landslides, the Andgya Slide, which is located even closer to our study
area in a northern direction, and the giant Storegga Slide are also inferred to have occurred during the
Holocene. The main Storegga slide was dated to 8100 + 250 cal years. BP (Haflidason et al. 2005), whereas
no temporal constraints on the Andgya slide exist yet, except for a Holocene age (Laberg et al. 2000). Both
slides have also been linked to earthquake activity (Laberg et al. 2000; Bryn et al. 2005). This supports the
notion of several higher-seismicity periods on the Norwegian margin during the Holocene, or alternatively
a rather constant state of higher seismicity during the whole Holocene.

Considering that all three dated MDAC samples from the Hola trough show different time spans,
there is the potential for sampling bias in interpreting enhanced methane escape and carbonate formation
events. The question remains if the age clusters around 2 ka, 4 ka and 10 ka BP (Fig. 11) represent distinct
events of enhanced methane seepage, or if there was rather constant and continuous methane seepage
throughout the Holocene. However, to answer this question with more certainty requires dating of more
MDAC samples from the Hola trough.

If our U-Th ages represent temporally constrained events of enhanced methane seepage, the
different MDAC crust patches could be interpreted as the result of changing fluid conduits due to re-
activation of different faults, or by clogging of preferred fluid pathways by carbonate precipitation, which
forced the fluids to find different pathways to the sediment surface. On the other hand, the fact that this area
in the Hola trough is still an active methane seep site (Chand et al. 2008; Sauer et al. 2015) could also indicate
that it has been continuously active for around 10 ka now. The results of the U-Th dating of the MDAC
crusts from different fields suggest that the methane flux at least was varying spatially. The change in SMTZ
depth at site GC 51 inferred from intervals of authigenic dolomite nodules and archaeal biomarker patterns
in the sediments furthermore support the temporal variation of methane flux at this location. Probably, these
changes were rather abrupt followed by a constant flux for some time to enable a pronounced interval of
authigenic dolomite precipitation in the sediments, rather than dispersed carbonate precipitation due to a
slowly changing SMTZ.

6 Summary

In this study from the northern Norwegian shelf, we describe two types of methane-derived
authigenic carbonates: large aragonite-cemented crusts found on the seabed, and centimetre-size dolomite-
cemented nodules found in several intervals in the upper 50 cm of a sediment core (Table 4).

Table 4 Summary of main characteristics of the two different types of methane-derived carbonates found in the Hola trough
seep area.



Carbonate crusts Carbonate nodules

Dominant mineral aragonite dolomite
average 5'*C-carbonate  — 29%o — 12%o
(VPDB)
Carbon source AOM AOM
Seawater Deep fluid/methanogenesis
(Seawater)
Methane flux High Lower

— Higher rates of AOM

5180 fluid (VSMOW) —0.1t0 0.9%o 0.1-0.5%0
No gas hydrate influence No gas hydrate influence
Formation 1.6-4.4 ka BP (this study) Holocene

(ca. 10 ka BP, (Crémiere et al. 2016a))
Conclusion Spatial and temporal variation of methane escape over the last 11 ka

Probably in relation to seismicity induced re-activation of faults or pore pressure
changes causing fluid flow

Correlation with post-glacial uplift-induced seismicity and earthquake-induced
submarine landslides

The crusts are composed of early-stage microcrystalline aragonite cementing detrital sediments and
bioclasts and later-stage cryptocrystalline and botryoidal, lucent aragonite occurring as cavity fillings. The
nodules are composed of microcrystalline dolomite cementing detrital sediments and bioclasts. The distinct
carbonate mineralogy of crusts and nodules probably reflects different formation environments. Aragonite-
cemented crusts were likely formed close to the seafloor under greater influence of seawater and high AOM
rates, whereas dolomite nodules probably formed deeper within the sediment at or close to the SMTZ under
less seawater-influenced conditions and lower AOM rates.

The =C depleted carbon isotope composition of aragonite crusts (average 5°C — 30%o) indicates
the involvement of AOM in the carbonate formation. The dolomite nodules exhibit less **C depletion (5'*C
values around — 12%o) which under other circumstances might not have been interpreted as AOM-induced
carbonate formation. In our case, however, including information from pore water 6=C — DIC (Sauer et al.,
2015) and SMTZ depth reconstruction we also interpret the formation of dolomite nodules as a result of
AOM. This highlights the limitations of using only 5=C-carbonate values to determine carbon sources of
authigenic carbonates. In our samples, a stronger ©C depletion in aragonite (6:C on average 20%o lower than
dolomite) suggests a larger fraction of methane-derived carbon and thus higher rates of AOM during
aragonite formation. This is further supported by high concentrations of archaeol and sn-2-hydroxyarchaeol
in carbonate crust samples and a 6=C value of bulk organic carbon as low as— 60%. suggesting a



considerable amount of methanotrophic biomass within the crusts. Moreover, microscope investigations
reveal microbial structures in the late stage aragonite precipitates probably representing organic remains.

U-Th dating of two MDAC crusts from this study integrated with the geochronology of a previously
published Hola MDAC crust (Crémiére et al. 2016a) suggests that methane seepage periods and related
carbonate formation took place between 10 and 2 ka BP. The clustering of ages of two of the crusts correlates
with periods of enhanced seismic activity: 10 ka BP (Crémiere et al. 2016a) is tentatively correlated with
highest rates of ice retreat during the final stage of deglaciation of the Fennoscandian Ice Sheet and, thus,
highest seismicity induced by isostatic crustal rebound, while at around 4 ka BP a submarine landslide
occurred south of our study area which was likely triggered by earthquake activity. Hence, we consider a
relationship between periods of higher seismicity and enhanced methane flux and carbonate precipitation
along the northern Norwegian margin.
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