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A GEOCHEMICAL INVESTIGATION OF SEAFLOOR METHANE SEEPAGE AT THE 
LANDWARD LIMIT OF THE HYDRATE STABILITY ZONE OFFSHORE WESTERN 

SVALBARD 

by Carolyn Alice Graves 

A significant proportion of the world’s organic carbon is trapped in submarine methane 
hydrates. When ocean bottom waters warm, these hydrates may be destabilised, releasing 
gaseous methane into the surrounding sediments and potentially into the overlying water 
column and atmosphere. Increased atmospheric methane contributes to further warming as 
methane is a potent greenhouse gas. Release of methane from hydrate may have accompanied 
some paleoclimate warming events, but observations of hydrate destabilization due to current 
global warming remain unconfirmed. The discovery of more than 250 seafloor methane bubble 
plumes close to the limit of the gas hydrate stability zone offshore Western Svalbard has 
recently been linked to increases in bottom water temperature in this region over the past 30 
years. To assess the source and fate of this methane, this thesis presents a geochemical study of 
hydrate, sediments, seawater, and gas in the vicinity of the seafloor methane seepage. 

  Analyses of the gas molecular and isotopic compositions reveals that hydrate-bound gas, free 
gas in shallow sediments, and gas bubbles entering the water column at seafloor seep sites all 
have the same source. The gas is thermogenic gas produced offshore that has migrated laterally 
to the continental slope and shelf region. Transport-reaction modelling of pore water chemistry 
shows that active anaerobic oxidation of methane in sediments is an effective barrier to release 
of methane into ocean bottom waters. However, small fractures and faults allow ~90% of the 
methane that enters near-surface sediments to bubble into the water column at localized 
seafloor seeps. Analyses of the methane distribution in the water column indicate that the 
methane in the bubbles rapidly dissolves in seawater, and is transported northwards at depth in 
the West Svalbard Current. As a result, there is limited vertical exchange of methane between 
deep and surface waters. Surface waters are nevertheless supersaturated due to isopycnal 
mixing with methane-rich waters from the shallow shelf onto the upper slope. Measurements 
of methane mixing ratios in air indicate that the sea to air methane flux offshore Western 
Svalbard does not make a significant contribution to the local atmospheric methane budget. 

  Sedimentary records of the δ13C-CH4 signature of benthic foraminifera provide evidence for 
intermittent methane seepage at the current limit of hydrate stability (~400 m water depth) over 
the last ~20,000 years. Although this is likely due to changes in hydrate stability as a result of 
changes in bottom water temperature, we find no evidence for this in the current data set. 
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Chapter 1. Introduction 

In the context of ongoing global warming and atmospheric greenhouse gas forcing, it is 

critical to understand how the many interconnected parts of the climate system are 

responding, and how this response might change in the future. Insight into these processes 

lies in the geological record of past periods of climate forcing and climate shifts, as well as 

in the detailed investigation of specific environments which provide examples of active 

climate response. This chapter outlines the global context for the role of marine methane 

hydrate in the earth’s climate system in the past, present, and future.  

1.1. Methane in the atmosphere 

1.1.1. Greenhouse gases 

The presence of greenhouse gasses in the earth’s atmosphere is an important control on 

global climate. Greenhouse gases (GHGs) absorb the long wave solar energy reflected back 

into the atmosphere by the earth, acting to trap energy as heat near the earth’s surface (Figure 

1.1; Cubasch et al. [2013]). The natural greenhouse effect results in an average surface 

temperature 32 °C warmer than would be experienced without GHGs [IPCC, 1990]. 

 

Figure 1-1 Schematic representation of the greenhouse effect. SWR: short wave radiation; LWR: long wave 
radiation; GHG: greenhouse gas. Adapted from Cubasch et al. [2013]. 

GHSs include water vapour, carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and 

many others. The relative importance of the GHGs is determined by the efficiency with 

which they trap energy (their radiative forcing), and their concentration and persistence in 

the atmosphere. Water vapour makes the strongest contribution to the natural greenhouse 
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Chapter 1. Introduction 

effect, but is not typically considered in the discussion of climate warming because 

concentrations are controlled largely by temperature, and it therefore responds to rather than 

forces climate [Myhre et al., 2013]. The concentrations, lifetimes, radiative forcing, and rate 

of concentration increase of the well-mixed greenhouse gases are shown in Table 1-1 

[Archer et al., 2009b; Hartmann et al., 2013].  

A molecule of methane traps solar energy ~ 25 times more efficiently than CO2, but is two 

orders of magnitude less abundant in the atmosphere and persists for only ~ 10 years. These 

parameters are considered together to estimate the global warming potential of CH4 relative 

to CO2: 85 over 20 years, and 29 over 100 years [Myhre et al., 2013]. 

Table 1-1 Atmospheric lifetimes, radiative efficiencies, concentrations, and recent concentration increases of 
the well-mixed greenhouse gases. Data from Hartmann et al. [2013]. Concentrations are in parts per thousand 
except where otherwise noted. No lifetime is given for CO2 because its decay in the atmosphere is extremely 
non-linear, with substantial climate effects of strong emissions expected to persist for tens to hundreds of 
thousands of years [Archer et al., 2009]. 

 Lifetime 
(yr) 

Radiative Efficiency 
(W m-2 ppb-1) 

Concentration 
(ppt, in 2011) 

Concentration Increase 
from 2005 to 2011 (ppt) 

CO2 (ppm) ** 1.37 x 10-5 390.48 ± 0.28 11.67 ± 0.37 
CH4 (ppb) 9.1 3.63 x 10-4 1803.1 ± 1.2 28.9 ± 6.8 
N2O (ppb) 131 3.03 x 10-3 324 ± 0.1 4.7 ± 0.2 
SF6 3200 0.6 7.26 ± 0.02 1.64 ± 0.1 
CF4 50,000 0.1 79 ± 0.1 4 ± 0.2 
C2F6 10,000 0.26 4.16 ± 0.02 0.5 ± 0.03 
HFC-125 28.2 0.219 9.58 ± 0.04 5.89 ± 0.07 
HFC-134a 13.4 0.159 62.4 ± 0.3 28.2 ± 0.4 
HFC-143a 47.1 0.159 12.04 ± 0.7 6.39 ± 0.1 
HFC-152a 1.5 0.094 6.4 ± 0.1 3 ± 0.2 
HFC-23 222 0.176 24 ± 0.3 5.2 ± 0.6 
CFC-11 45 0.263 236.9 ± 0.1 - 12.7 ± 0.2 
CFC-12 100 0.32 529.5 ± 0.2 - 13.4 ± 0.3 
CFC-113 85 0.3 74.29 ± 0.06 - 4.25 ± 0.08 
HCFC-22 11.9 0.2 213.4 ± 0.8 44.6 ± 1.1 
HCFC-141b 9.2 0.152 21.38 ± 0.09 3.7 ± 0.1 
HCFC-142b 17.2 0.186 21.35 ± 0.06 5.72 ± 0.09 
CCl4 26 0.175 85 ± 0.1 - 6.9 ± 0.2 
CH3CCl3 5 0.069 6.3 ± 0.1 - 11.9 ± 0.2 

1.1.2. Sources and sinks of atmospheric methane 

The atmospheric concentrations of GHGs are a balance of their sources and sinks; increasing 

concentrations result from a net excess of sources over sinks. Total global methane emissions 

are relatively well-constrained, but the contributions of individual sources remain much 

more uncertain [Dlugokencky et al., 2011]. Important sources of atmospheric methane and 
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their contributions to the total atmospheric methane inventory over the last decade (2000-

2009) are shown in Table 1-2 and Figure 1-2 [Kirschke et al., 2013]. 

Table 1-2 Sources of atmospheric methane for the period between 2000 and 2009. Numbers in square brackets 
indicate maximum and minimum values. Top-down estimates employ inversion models to fit atmospheric 
observations, while bottom-up estimates model specific processes using global datasets [Ciais et al., 2013; 
Kirschke et al., 2013]. 

  Tg CH4 yr-1 
  Top-down Bottom-up 
Natural sources 218 [179 - 273] 347 [238 - 484] 
Natural wetlands 175 [142 - 208] 217 [177 - 284] 
Other sources 43 [37 - 65] 130 [61 - 200] 
Lakes and rivers  40 [8 - 73] 
Wild animals  15 [15 - 15] 
Wildfires  3 [1 - 3] 
Termites  11 [2 - 11] 
Geological (including oceans)  54 [33 - 75] 
Hydrates  6 [2 - 9] 
Permafrost (excluding lakes and wetland)  1 [0 - 1] 
Anthropogenic sources 335 [273 - 409] 331 [304 - 368] 
Agriculture and water 209 [180 - 241] 200 [187 - 224] 
Biomass burning 30 [24 - 45] 35 [32 - 39] 
Fossil fuels 96 [77 - 123] 96 [85 - 105] 
Total 548 [526 - 569] 678 [542 - 852] 
Growth rate 6  

The dominant sink of atmospheric methane is oxidation by the hydroxyl radical (HO• ; 

Myhre et al. [2013]). The rate of methane removal from the atmosphere is therefore sensitive 

to the availability of this oxidant. Many atmospheric species including methane and its 

oxidation products are involved in the production and removal of atmospheric HO•, which 

leads to a variable and uncertain methane atmospheric lifetime in the past and in future 

projections [Holmes et al., 2013]. The net result of the chemical coupling between 

atmospheric methane and HO• concentrations is an amplification of the effect of methane 

emissions on the climate system [Myhre et al., 2013]. The final carbon-containing product 

of methane oxidation in the atmosphere is carbon dioxide. Methane emissions therefore 

continue to contribute to the greenhouse effect over longer periods as carbon dioxide (e.g. 

Archer et al. [2009a]). Other atmospheric methane sinks are oxidation in soil and loss to the 

stratosphere, which account for ~ 7 and 5 % of total methane removal from the atmosphere, 

respectively [Wuebbles and Hayhoe, 2002]. 

Methane isotopic signatures provide important constraints on the atmospheric budget. The 

relative abundance of the two stable carbon isotopes (12C and 13C), as well as the presence 

of radiocarbon (14C), and hydrogen isotopic ratios (1H and deuterium: D), distinguish sources 
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that variably favour incorporation of different isotopes [Dlugokencky et al., 2011; 

Kvenvolden and Rogers, 2005; Neef et al., 2010]. Isotopic signatures are reported relative 

to standards Vienna Pee Dee Belemnite (VPDB) for 13C/12C and Vienna Standard Mean 

Ocean Water (VSMOW) for D/H, in per mil (‰) notation [Whiticar, 1999]: 

δ C13 =
� C13 C12� �

sample
-1

� C13 C12� �
standard

∙1000 ‰ ; δD=
(D H⁄ )sample-1
(D H⁄ )standard

∙1000 ‰    (1-1) 

δ13C of atmospheric methane sources range from -17 ‰ for biomass burning to – 70 ‰ for 

enteric fermentation, while δD range from -175 ‰ for energy production to -323 ‰ for rice 

agriculture [Dlugokencky et al., 2011]. Fossil, or geological, methane which contains no 14C 

is made up of carbon from organic matter more than 35,000 years old, and accounts for 18 

to 30 % of the atmospheric methane budget [Kvenvolden and Rogers, 2005; Neef et al., 

2010].  

 

Figure 1-2 Sources of atmospheric methane between for the period 2000 and 2009. Uncertainties are given in 
Table 1-2. Data from Kirschke et al. [2013]. 

1.1.3. Atmospheric methane concentrations 

The current global average atmospheric methane concentration is ~ 1800 ppb, with a δ13C ~ 

-52.9 ‰ and a δD ~ -280 ‰ [Dlugokencky et al., 2011]. Since pre-industrial times (1750 

AD), the amount of methane in the atmosphere has more than doubled (Figure 1-3B; 

Hartmann et al. [2013]). However, the rate of methane concentration increase slowed after 

1990, and concentrations remained relatively constant from 1999 to 2006 before beginning 
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to increase again from 2007 onwards (Figure 1-3C; Hartmann et al. [2013]; Nisbet et al. 

[2014]). These recent changes in atmospheric methane concentrations remain poorly 

understood, highlighting the complexity of the overall atmospheric methane budget [Nisbet 

et al., 2014]. 

Considering longer timescales, methane concentrations during glacial cold periods were 

approximately half as high as during warm interstadials [Dlugokencky et al., 2011]. Ice cores 

from Greenland and Antarctica extend methane and temperature records beyond ~ 40,000 

years before present (BP), covering four glacial cycles (Figure 1-3A; Chappellaz et al. 

[1993]; Ciais et al. [2013]; Moller et al. [2013]; Wuebbles and Hayhoe [2002]). The 

correlation between high methane concentrations and warm climate in the ice core record 

prompted debate of the role of different methane sources in forcing and/or responding to 

climate. For example, Kennett [2000]; [2003], Nisbet [2002] and O'Hara [2008] suggest that 

large-scale methane release following temperature-driven methane hydrate destabilization 

(see Sections 1.2.3 and 1.4) played an important role in glacial-interglacial global 

atmospheric methane concentration shifts. Other studies propose that variability of wetland 

and/or boreal methane sources dominates the atmospheric glacial-interglacial methane 

concentration changes in the ice core record based on isotopic data [Bock et al., 2010; 

Petrenko et al., 2009; Schaefer et al., 2006], comparison of Arctic and Antarctic ice core 

records [Baumgartner et al., 2012; Brook et al., 2000; Chappellaz et al., 1997], and the 

relative timing of changes in methane concentration and temperature [Brook et al., 2000; 

Chappellaz et al., 1993; Rosen et al., 2014]. 

Beyond the ice core record, large inputs of methane to the ocean and atmosphere carbon 

system during climate warming events such as the Palaeocene-Eocene thermal maximum 

(PETM) at ~ 55.5 Mya BP (before present) are inferred from negative carbon isotopic 

excursions (CIE) in the carbonate record [McInerney and Wing, 2011; Zachos et al., 2007]. 

The PETM is characterized by rapid global warming of 5-8 °C over less than 20,000 years 

accompanied by a 3-6 ‰ negative CIE [Bowen et al., 2014]. Carbon system mass balance 

supports a large methane-derived carbon source with a light carbon isotopic signature, rather 

than an incredibly large carbon dioxide source with a heavier δ13C. The role of different 

possible carbon sources continues to be debated, with large-scale destabilization of marine 

hydrates remaining a potential mechanism for the PETM CIE [Bowen et al., 2014; Dickens, 

2003; 2011; McInerney and Wing, 2011]. 
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1.2. Methane in marine sediments 

The principal sources and fate of methane in marine sediments, described in the following 

sections, are summarized in Figure 1-4, [Judd, 2004]. 

 

Figure 1-4 Principle sources and fates of methane in marine sediments. Modified from [Judd, 2004]. 

1.2.1. Methane formation 

In marine sediments, methane is produced by the reduction of carbon dioxide derived from 

organic matter degradation [Regnier et al., 2011]. Methanogenesis occurs in sediments 

where the organic carbon supply is large and sedimentation rates are high [Reeburgh, 2007]. 

Remineralisation of organic carbon which accumulates in marine sediments occurs through 

a series of microbially-mediated reactions separated into depth zones on the basis of the 

chemical energy they release (Figure 1-5; Emerson and Hedges [2003]; Froelich et al. 

[1979]). With the exception of minor non-competitive processes [Valentine, 2011], 

microbial methanogenesis does not occur until the chemical species involved in more 

energetically favourable reactions are exhausted, and sulphate reducing bacteria become 

inactive [Whiticar, 1999]. When organic matter is buried to depths where sediments reach 

temperatures above ~ 100 °C [Pape et al., 2010], thermogenic methanogenesis occurs [Judd 

and Hovland, 2007]. Microbial and thermogenic methanogenesis yield characteristic 

molecular and isotopic signatures (Figure 1-6: Whiticar [1999]). In hydrothermal vent 
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systems another process,  abiogenic methanogenesis occurs [Judd and Hovland, 2007; Judd, 

2003]. 

 

Figure 1-5 Depth zones of organic carbon remineralisation in marine sediments due to the availability of 
electron donors and energy yield of reactions. Redn: reduction. Reproduced from [Emerson and Hedges, 2003]. 

1.2.2. Migration of methane in marine sediments 

After formation, methane migrates towards the seafloor driven by buoyancy [Boudreau, 

2012; Judd and Hovland, 2007]. As free gas and dissolved in pore water, methane is advected 

and diffuses through permeable sediment strata and high-permeability paths such as faults 

and fractures. Methane accumulates where migration is restricted by low permeability 

features, and is trapped in the solid phase where sufficiently high concentrations are reached 

within the gas hydrate stability zone (GHSZ; see Section 1.2.3). Hydrate formation reduces 

the permeability of sediments. This leads to accumulation of high concentrations of free gas 

beneath the hydrate stability zone, and can also direct migration along the base of hydrate 

deposits (e.g.: Milkov et al. [2005]; Naudts et al. [2006]). In high gas flow regions, methane 

is often observed to migrate through the hydrate stability zone in the gas phase (e.g. Bünz et 

al. [2012]; Liu and Flemings [2006]; Smith et al. [2014]). Furthermore, hydrate 

destabilization may contribute to increased local permeability due to pressure from the 

release of a large volume of gas (e.g. Milkov et al. [2005]; Thatcher et al. [2013]). Methane 

seepage and methane hydrate are often associated with mud volcanoes and diapers: 

mobilized gas-containing pore fluids which rise from several sediment kilometres depth due 

to overpressure, liquefaction, and pressure inversions, predominantly near subduction zones 

and orogenic belts [Kopf, 2003]. Both thermogenic and biogenic gas are associated with 

high and low methane flux regimes in sediments [Milkov, 2005]. 
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1.2.3. Methane hydrate 

 

Figure 1-7 (A) Schematic molecular structure of the hydrate lattice, reproduced from Maslin et al. [2010]. (B) 
Hydrate recovered in a sediment core offshore Western Svalbard (890 m water depth, > 1.2 m sediment depth), 
photo curtesy of R. H. James. (C) Subsample of hydrate dissociating at room temperature (RT) in a 20 mL 
glass vial with methane gas collection into a bag connected through a septum. 

Methane hydrate (clathrate) is an ice-like solid, in which cages of water molecules are 

stabilized by enclosed guest methane molecules (Figure 1-7, Hester and Brewer [2009]; 

Sloan and Koh [2008]). The hydrate structure allows accumulation of large amounts of gas: 

1 L of hydrate dissociates to yield more than 160 L of gas at standard temperature and 

pressure [Kvenvolden, 1993]. Hydrate is stable at low temperature and high pressure, and 

forms naturally from methane-saturated water within this stability field (Figure 1-8A,B; 

Clennell et al. [1999]; Henry et al. [1999]; Hester and Brewer [2009]; Xu and Ruppel 

[1999]). 

The geochemistry of hydrate-bound methane spans the range of molecular and isotopic 

signatures observed in natural gases [Kvenvolden, 1995; Milkov, 2005]. No isotopic 

fractionation occurs during methane hydrate formation [Lapham et al., 2012], while the 

incorporation of small amounts of heavier hydrocarbons can lead to molecular fractionation 

and formation of different crystal structures (e.g. Sassen et al. [2004]). The crystal structures 

are differentiated by the sizes and arrangement of the water molecule cages: structure I 

hydrates contain only small host molecules (methane and minor amounts of ethane), while 

structure II and structure H hydrates contain larger cages and are stabilized by incorporation 

of heavier hydrocarbons [Sloan, 2003]. The removal of water and exclusion of dissolved 

ions leads to enrichment of ionic species in pore fluids during hydrate formation, while 

hydrate dissociation dilutes surrounding pore fluids (e.g. Torres et al. [2004]). 

Methane hydrate is found in sediments around the world (Figure 1-9A). It has been identified 

in both terrestrial and marine sediments (Milkov [2005]), forming stratigraphic-type (Figure 

1-8C), structural-type (Figure 1-8D), and mixed deposits [Milkov and Sassen, 2002]. The  
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Figure 1-8 Schematic overview of the occurrence and distribution of marine hydrate deposits. (A) shows how 
the intersection of the hydrothermal and geothermal gradients with the hydrate stability curve determines the 
depth interval in which hydrates will form if pore water is saturated with methane. (B) illustrates the geometry 
of the landward limit of the hydrate stability zone on continental slopes. (C) and (D) show how the sub-seafloor 
morphology affects the type of hydrate deposit. (C) stratigraphic accumulation: the distribution of methane 
hydrates in relatively permeable sediments is controlled by sediment accumulation, pore fluid flow and 
microbial methanogenesis at depth. (D) structural accumulation: the distribution of methane hydrates is 
controlled by the supply of gaseous methane through faults or porous channels. Adapted from Hester and 
Brewer [2009]; Milkov and Sassen [2002] and Westbrook et al. [2009].   
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presence of hydrates is inferred from geophysical and geochemical evidence, including the 

presence of bottom simulating seismic reflectors (BSR; Haacke et al. [2007]; [2008]) and 

freshening of sediment pore fluids due to hydrate destabilization following core recovery 

[Hesse, 2003; Hesse and Harrison, 1981]. 

 

Figure 1-9 Known methane hydrate global distribution in 2005 (A) and inventory estimates (B), with 
increasing knowledge of natural hydrates indicated by the rise in relevant publications. Modified from Milkov 
[2004]; [2005]. 

While scientific research and understanding of natural methane hydrates have increased 

exponentially since their discovery in the 1960s, considerable uncertainty and debate 

remains about the current size of the global hydrate inventory in marine sediments (Figure 

1-9B,C; Dickens [2011]; Hester and Brewer [2009]; Milkov [2004]). Dickens [2011] 

presented a detailed discussion of the challenges involved in estimating the amount of 

methane associated with hydrate in marine sediments. First, the volume of the gas hydrate 

stability zone must be calculated, which depends on ocean water depths and temperatures. 

Assumptions must then be made to determine the proportion of the stability zone which 

actually contains methane hydrate, and the volume percent of hydrate within those 

sediments. The distribution of methane-saturated pore fluid conditions necessary for hydrate 

formation within the GHSZ can be estimated by extrapolating limited observations, or 

modelled from organic carbon deposition and resulting methanogenesis in sediments. The 

problem is complicated by the dynamics of the ocean system through time. The long 

timescales associated with methane hydrate accumulation (> 10,000 years), require 

consideration of the variability of ocean bottom water temperature, sea level, and organic 

carbon deposition over glacial-interglacial cycles. While these factors have thus far 
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precluded agreement on the volume of hydrate-associated methane, there is a consensus that 

hydrates are a significant piece of the global carbon system. 

From the early ‘consensus’ global marine hydrate inventory estimate of approximately 

10,000 Gt methane carbon (20 x 1015 m3 STP, Kvenvolden [1993]), there has been a 

generally decreasing trend in published estimates which reflects better constrained but still 

widely varying underlying assumptions. Milkov [2004] reviewed available estimates and 

proposed 500 – 2,500 Gt (1 – 5 x 1015 m3 STP) as the most appropriate estimate. Dickens 

[2011] reviewed estimates presented in the intervening years which ranged from 4 – 995 Gt 

[Burwicz et al., 2011] to 74,400 Gt [Klauda and Sandler, 2005], while subsequent 

publications propose ≥ 455 Gt [Wallmann et al., 2012] and ~ 550 Gt [Piñero et al., 2013]. 

Large quantities of free gas accumulate in sediments underlying hydrates in addition to the 

methane contained in the hydrate phase. For example, the modelling approach of Archer 

[2007] indicates the presence of  500 – 3,000 Gt of carbon in methane gas associated with 

an equal amount of hydrate-bound methane. To put the inventory in context, global fossil 

fuels (including coal) are estimated at 5,000 Gt carbon [Krey et al., 2009]. 

1.2.4. Oxidation of methane 

The microbially-mediated oxidation of methane to form carbon dioxide occurs in the 

presence of an appropriate electron acceptor. In oxic environments including the seafloor, 

near surface sediments, and oxygenated ocean waters, aerobic methane oxidation is 

ubiquitous (Equation 1-2; Boetius and Wenzhofer [2013]; Hanson and Hanson [1996]; 

Valentine [2011]). In anoxic marine sediments, methane oxidation is coupled to sulphate 

reduction. When methane reaches sulphate-containing sediments, anaerobic oxidation of 

methane (AOM: Equation 1-3) occurs in a reaction zone termed the sulphate-methane 

transition zone (SMTZ; Knittel and Boetius [2009]; Reeburgh [2007]; Valentine and 

Reeburgh [2000]). Below the SMTZ sediments contain methane both produced in situ and 

migrated from depth. Above the SMTZ sediments contain sulphate which diffuses 

downwards from the overlying seawater. Within the SMTZ the concentrations of both 

reagents are reduced to approximately zero. Small amounts of methane are observed 

associated with non-competitive methanogenesis above the SMTZ [Valentine, 2011], and 

below the SMTZ low concentrations of sulphate (< 0.5 mM) are involved in geochemical 

cycling [Treude et al., 2014]. The SMTZ is also marked by depth profiles of other dissolved 

species involved in associated biogeochemical reactions, including sulphide (S2-), dissolved 

inorganic carbon (DIC) and the carbon isotopic signatures of methane and DIC. 
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CH4 + 2 O2 → CO2 + 2 H2O  (1-2) 

CH4 + SO4
2- → HS- + HCO3

- + H2O (1-3) 

Figure 1-10 Profiles of methane (red, solid line), sulphate (dark blue, dotted line), and δ13C-CO2 (green, dashed 
line) in sediments across the sulphate-methane transition zone (grey bar) in a diffusion dominated methane 
flow regime. Adapted from Reeburgh [2007]. 

The widespread observation of SMTZ in pore fluid geochemical profiles (Figure 1-10; 

Reeburgh [2007]) provides strong evidence for sulphate-driven methane oxidation. 

Boetius et al. [2000] identified a consortium of methane-oxidizing archaea and sulphate-

reducing bacteria which facilitate the reaction. Methanotrophic archaea are hypothesized 

to operate reverse methanogenesis to provide electrons to sulphate-reducing partners in 

syntrophic cooperation [Hoehler et al., 1994; Knittel and Boetius, 2009]. Subsequent 

studies have shown that AOM can be coupled with metal oxide reduction [Beal et al., 

2009], performed by a bacterium which mediates methane oxidation by producing an 

oxygen intermediate from nitrite ions [Ettwig et al., 2010], and that some anaerobic 

methanotrophic archaea can operate without a bacterial partner by mediating sulphate 

reduction to a zero-valent sulphur product [Milucka et al., 2012]. Active microbial 

populations have been shown to be closely associated with near-seafloor methane 

hydrates and may slowly oxidize hydrate-bound methane [Orcutt et al., 2004]. 

The sediment depth at which the SMTZ occurs is related to the upward flux of methane. 

Where the methane flux is diffusive and high enough to dominate net sulphate removal from 

sediments, linear downwards diffusive sulphate profiles can be used to estimate the methane 

flux from depth [Borowski et al., 1996]. In these settings oxidation of methane is essentially 

complete [Knittel and Boetius, 2009]. More sophisticated models are required to determine 

methane fluxes in advective settings, and in non-steady-state situations (e.g. Hong et al. 

[2014]; Vanneste et al. [2011]). Increases and decreases in methane supply and sediment 
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transport events lead to kink-type sulphate profiles which can persist over thousands of years 

[Henkel et al., 2011; Hensen et al., 2003; Zabel and Schulz, 2001].  

When the SMTZ is fixed in a given sediment interval for long periods of time, it leaves a 

geochemical imprint on the sediment solid phase which can be used to trace the evolution of 

methane fluxes in time. Proxies include: (i) precipitation of 13C-depleted authigenic 

carbonates due to methane oxidation in the SMTZ (e.g. Luff et al. [2004]; Nöthen and Kasten 

[2011]), (ii) remobilization of biogenic barium sulphate from the sulphate-undersaturated 

sediments below the SMTZ and re-precipitation into barite fronts just above the SMTZ (e.g. 

Dickens [2001]; Kasten et al. [2012]; Nöthen and Kasten [2011]; Riedinger et al. [2006]; 

Snyder et al. [2007a]; Torres et al. [1996a]; Torres et al. [1996b]) and (iii) alteration of the 

magnetic properties of sediments through reductive dissolution of iron (oxyhydr)oxides by 

sulphide at the SMTZ, and precipitation of paramagnetic pyrite and ferrimagnetic greigite 

(e.g. Dewangan et al. [2013]; Garming et al. [2005]; Riedinger et al. [2005]).  

 

Figure 1-11 (A) global distribution of seafloor methane seeps [Judd, 2003]. (B) distribution of seeps in shallow 
continental shelf settings showing the scarcity of measurements up to 2004 [Judd, 2004]. Notable more recently 
discovered and studied shallow seeps in the Arctic are added as yellow stars: East Siberian Arctic Shelf 
[Shakhova and Semiletov, 2007; Shakhova et al., 2010a; 2010b; 2014], and off Western Svalbard [Sahling et 
al., 2014]. 

Where high methane fluxes allow high concentrations of methane to reach the seabed, 

distinct cold-seep chemosynthetic communities are established. Seafloor methane seeps are 

observed globally in a broad range of oceanographic and geological settings (Figure 1-11, 

Judd [2003]). AOM fails to efficiently remove methane beneath the seafloor where fluxes 

are high and focused [Knittel and Boetius, 2009]; gas phase methane is not available to 

microbes. Cold seep environments are characterized by dramatic spatial heterogeneity and 

sharp biogeochemical gradients [Niemann et al., 2006]. Thick authigenic carbonate crusts 

can form on the seafloor (e.g.: Joseph et al. [2013]; Luff et al. [2004]). The type of 
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chemosynthetic community is related to the underlying methane flux regime (Figure 1-12; 

Suess [2010]). 

While no species are endemic to seep environments, benthic foraminifera have been found 

to live in active cold-seep settings. Methane-derived 13C-depleted carbon is incorporated into 

their tests as they calcify, apparently both from locally 13C-depleted dissolved inorganic 

carbonate in pore water, and from ingestion of 13C-depleted biomass (e.g. Hill et al. [2004]; 

Mackensen et al. [2006]; Martin et al. [2010]; Panieri et al. [2014a]). Foraminiferal calcite 

can thus provide an additional proxy for past seafloor seepage activity. 

Figure 1-12 Schematic representation of methane-seep associated chemosynthetic communities associated 
with different methane flux regimes. Green circles and red bars represent microbial consortia mediating 
anaerobic oxidation of methane. Methane fluxes decrease from left to right. Modified from Suess [2010] and 
Sahling et al. [2002]. 

1.3. Methane in the water column 

1.3.1. Bubbles 

Where methane escapes oxidation in sediments it enters the ocean in the dissolved phase, 

and in high volumes as streams of gas bubbles. Bubble dynamics are parameterized by 

models which account for a long list of interrelated properties including bubble shape, size 

and rigidity, rise speed, the presence of contaminants or surfactants and aqueous phase 

salinity, gas partial pressure, solubility, diffusion and internal circulation [Leifer and Patro, 

2002; McGinnis et al., 2006]. As a bubble rises, the ambient pressure decreases, allowing 

the gas to expand. Concentration gradients between dissolved and gaseous phases dictate the 

flow of material across the gas-water interface (Figure 1-13). Methane in a rising bubble 

dissolves and is subsequently oxidized, while dissolved gasses in the water column 

(predominantly oxygen and nitrogen) flow into the bubble. The balance between decreasing 
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bubble size as methane is dissolved and increasing bubble size as the pressure is reduced is 

complicated by the inflow and subsequent re-dissolution of other gasses [McGinnis et al., 

2006]. Smaller bubbles dissolve faster because of their high surface to volume ratio, and 

therefore only large bubbles are likely to reach the surface from depth [McGinnis et al., 

2006]. However, due to gas inflow, bubbles which reach the ocean surface will often contain 

mostly oxygen and nitrogen, and only minor amounts of methane. Modelling and 

observation in the Black Sea and the North Sea indicate that methane does not reach the 

atmosphere from depths greater than 200 m [McGinnis et al., 2006; Schmale et al., 2005; 

Schneider von Deimling et al., 2011].  

Figure 1-13 Schematic representation of the flow of gasses between dissolved and gas phases as an isolated 
methane bubble rises through the water column. Red circles represent methane molecules, black carbon 
dioxide, green nitrogen and purple oxygen. Initially (A) the bubble contains only methane gas, as the bubble 
rises (B) methane is dissolved and subsequently oxidized to carbon dioxide while nitrogen and oxygen enter 
the bubble from the water column, overall the bubble shrinks with rise height as a balance of evasion and 
invasion of gaseous species and the decreasing pressure. 

The rise height of bubbles can be enhanced by the formation of outer films or coatings which 

restrict mass transfer between the bubble and the surrounding water. Coatings form from 

higher hydrocarbons and biological material [Leifer and Patro, 2002]. Methane hydrate 

shells are observed within the hydrate stability field [Rehder et al., 2002; Rehder et al., 2009; 

Warzinski et al., 2014]. Localized enhanced methane concentrations in the dissolved phase 

and strong upwelling flows resulting from rising dense bubble streams can further provide 

mechanisms for bubbles to survive closer to the seafloor than is expected from single bubble 

models [Leifer et al., 2006]. Solomon et al. [2009] found that significant methane reached 

the surface mixed layer from depths of > 500 m in the Gulf of Mexico as a result these 

processes, and suggested that conventional shipboard methods of observing methane seeps 

were poorly-suited for measurement of these localized processes. 
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Recent advances have been made in quantifying the amount of methane input to the water 

column at seafloor seepage sites using shipboard echosounder sonar supported by ground-

truthing observations by submersible and remotely operated vehicles (e.g.: Kannberg et al. 

[2013]; Sahling et al. [2014]; Weber et al. [2014]). Significant uncertainty remains due to 

the spatial heterogeneity and temporal variability of these environments. 

1.3.2. Dissolved methane in seawater 

Dissolved methane in seawater is subject to mixing away from the point of input by 

diffusion, dilution, and advection with ocean currents. These processes occur simultaneously 

with aerobic oxidation, reducing methane to background ocean concentrations of 

approximately 3 nM [Rehder et al., 1999; Yoshikawa et al., 2014]. The rates of aerobic 

oxidation span several orders of magnitude, generally decreasing with methane 

concentrations such that they are highest near methane seeps, and low in the open ocean 

[Elliott et al., 2011]. The fate of methane input from seafloor seeps into the water column 

has been investigated by combining methane concentration and isotopic measurements with 

local current speeds and oxidation rates, and applying simplified box models (e.g. Heeschen 

et al. [2005]; Mau et al. [2007]). Significant uncertainties as to the final downstream fate of 

dissolved methane remain due to both the limited temporal and spatial resolution of direct 

observations, and the temporal and spatial small scale heterogeneity of all processes 

involved. 

1.3.3. Sea-air gas exchange 

Methane in the surface mixed layer of the ocean equilibrates with the overlying atmosphere. 

Significant surface water methane supersaturation can result from local seafloor seepage 

(e.g.: Shakhova et al. [2010a,b]; Solomon et al. [2009]). Slight supersaturation in open ocean 

environments and in the absence of seafloor sources is attributed to aerobic methanogenesis 

at the pycnocline (e.g. Florez-Leiva et al. [2013]; Karl et al. [2008]; Rhee et al. [2009]). 

Equilibration between sea surface and atmospheric methane depends on a number of 

physical parameters in addition to the concentration gradient, most notably wind speed 

[Wanninkhof et al., 2009]. The development of equilibrator systems which allow near-

continuous measurement of methane concentrations in surface waters at sea (e.g. Gülzow et 

al. [2011]) has dramatically improved the temporal and spatial resolution of sea-air methane 

fluxes. 
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The global ocean sea to air methane flux has recently been estimated at 0.6 – 1.2 Tg CH4 

yr-1 based on an Atlantic ocean measurement transect [Rhee et al., 2009]. However, the 

atmospheric methane flux associated with seafloor seepage observed on the shallow East 

Siberian Arctic Shelf is an order of magnitude higher (> 10 Tg CH4 yr-1; Shakhova et al. 

[2014]; [2010a,b]). Similar large localized fluxes are reported by Solomon et al. [2009] from 

discrete water column measurements in the Gulf of Mexico near seafloor seepage into deeper 

water, in disagreement with a subsequent study of the same area using near-continuous 

surface seawater measurements from which Hu et al [2012] concluded that the region is not 

a significant source of atmospheric methane. Additional measurements are needed to further 

constrain the ocean methane source now and in the future. 

1.4. Temperature-driven methane hydrate destabilization 

Dissociation of hydrates in warming continental margin sediments is likely occurring both 

in the Arctic [Ferré et al., 2012; Sahling et al., 2014; Thatcher et al., 2013; Westbrook et al., 

2009] where current global warming is amplified (e.g. Parmentier et al. [2013]), and also at 

lower latitudes [Hautala et al., 2014; Phrampus and Hornbach, 2012; Skarke et al., 2014]. A 

number of modelling studies have investigated local [Ferré et al., 2012; Frederick and 

Buffett, 2014; Hautala et al., 2014; Marín-Moreno et al., 2013; Phrampus and Hornbach, 

2012; Reagan and Moridis, 2007, 2008, 2009; Thatcher et al., 2013], regional [Biastoch et 

al., 2011; Elliott et al., 2011], and global [Archer et al., 2009a; Buffett and Archer, 2004; 

Hunter et al., 2013; Lamarque, 2008] methane hydrate stability in the recent past and the 

future. 

Models of the response of marine hydrates to changes in temperature are subject to the same 

uncertainties which limit estimates of the global methane hydrate inventory, with the 

additional uncertainty of the evolution of climate in the future. Predicted changes in sea level 

are expected to have a relatively minor effect on the hydrate stability field (e.g. Buffett and 

Archer [2004]; Hunter et al. [2013]; Reagan and Moridis [2008]). Methane release in 

response to on-going and modelled future warming is likely to be concentrated where 

hydrate has accumulated near the limits of the current stability zone. This includes near-

surface high concentration deposits such as those in the Gulf of Mexico, and hydrate in 

continental margin sediments, particularly in the Arctic (e.g. Reagan and Moridis [2007]; 

[2008]). The recent modelling of Hunter et al. [2013] indicates that business-as-usual climate 

warming scenarios predict that methane release from hydrates could exceed estimated 

natural methane fluxes (> 30 – 50 Tg CH4 yr-1) fluxes within the next century. 
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To establish a climate feedback, methane released from hydrate must reach the atmosphere. 

The physical barriers of the overlying sediments and water column and the biogeochemical 

filters they contain are expected to significantly limit direct gas escape. For example, in their 

model Hunter et al. [2013] consider that only 0.5 % of methane released from temperature-

driven shallow hydrate destabilization reaches the atmosphere. Sediment instability caused 

by hydrate destabilization is proposed as a potentially important mechanism for more 

substantial gas escape (e.g.: Archer [2007]; Kvenvolden [1999]).  

Large amounts of methane released from hydrates can also impact the ocean and atmospheric 

systems after oxidation to carbon dioxide. Archer et al. [2009a] consider scenarios in which 

methane released from hydrates is oxidized to carbon dioxide before and after reaching the 

atmosphere and demonstrate the long-term (> 10,000 year) impacts of large-scale methane 

release on the climate system in both scenarios. Recent work coupling potential hydrate-

destabilization-driven escape of methane from Arctic continental margin with ocean 

circulation and biogeochemical models indicates limited direct methane release to the 

overlying atmosphere, but potential ocean acidification and deoxygenation resulting from 

aerobic methane oxidation [Biastoch et al., 2011; Elliott et al., 2011]. 

The emerging consensus on the potentially serious, but unlikely catastrophic, result of 

temperature-driven methane hydrate destabilization in the Arctic is exemplified by the 

response to the recently published ‘Comment’ article in Nature entitled “Vast costs of Arctic 

change” by Whiteman et al. [2013]. The authors use an integrated assessment model which 

calculates the costs of mitigation of and adaption to climate change to investigate the societal 

impacts of the release of 50 Gt of CH4 from hydrate on the East Siberian Arctic Shelf over 

decadal timescales, providing an estimate of > $ 73 trillion. Responses from the international 

community recognized the importance of this type of impact modelling in the discussion of 

Arctic methane climate feedbacks, but categorically condemned the absence of any 

consideration of the significant outstanding uncertainty related to both the magnitude, 

duration, and sources of current and future Arctic methane fluxes [Nisbet et al., 2013; Notz 

et al., 2013; Parmentier and Christensen, 2013].  

1.5. Rationale and project objectives 

Current increases in atmospheric greenhouse gas concentrations and the associated global 

warming could release significant amounts of methane from gas hydrates into marine 

sediments. If this methane is able to escape the sediments, rise through the overlying ocean, 
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and equilibrate with the atmosphere, a climate feedback would be established. In the Arctic 

region offshore Western Svalbard, seafloor methane seepage from sediments where 

observed rises in temperature predict recent hydrate destabilization provides the first 

opportunity to study the processes involved in hydrate climate feedback in an active setting. 

Specific objectives of this work were: 

• To further constrain the source of methane to seafloor seeps at on the upper

continental slope offshore Western Svalbard;

• To determine the role of anaerobic methane oxidation in limiting methane escape

from shallow sediments in which hydrate has recently destabilized;

• To quantify dissolved-phase methane fluxes from sediments into the overlying water

column in the vicinity of seafloor methane seeps at the limit of hydrate stability

offshore Western Svalbard;

• To determine the relative importance of different chemical and physical processes in

the water column on the fate of seafloor methane inputs at the limit of hydrate

stability;

• To assess the linkages between methane seepage and climate offshore Svalbard in

the past.

1.6. Thesis structure 

This dissertation presents a geochemical study of seafloor methane seepage offshore 

Western Svalbard. This site is the first known example of present-day methane seepage from 

temperature-sensitive shallow methane hydrates in marine sediments. Knowledge of the 

distribution and origin of methane in sediments, the water column, and the atmosphere 

offshore Western Svalbard is summarized in Chapter 2, along with the relevant 

oceanographic and geological background. 

In Chapter 3, the geochemistry of methane and other associated geochemical species in 

shallow sediments is presented. Characterization of the molecular composition of gases and 

the isotopic signatures of methane in hydrate, sediments, and bubble plume gas provides 

new insight into the shallow gas flow system. Depth profiles of dissolved species altered by 

anaerobic oxidation of methane allow modelling of local methane fluxes, and investigation 

of their temporal stability. Comparison of sediments from the active seepage region with 

sediments at (i) shallower water depths where hydrate has not been stable in recent times, 

and (ii) deeper water depths where hydrate is presently stable, shows the spatial 

heterogeneity within and between these environments. 
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In Chapter 4, observations of methane in the water column and the atmosphere above the 

seepage area are presented in order to evaluate the fate of methane released in the seafloor 

bubble plumes. Dissolved methane concentrations were measured along depth transects in 

the study area during two summer seasons. An extensive survey of surface waters was 

achieved using an equilibrator-system. Concentration data are complemented by methane 

oxidation rate measurements and observations of physical parameters. The data set is used 

to inform a model of the methane budget in the water column and to calculate the present-

day methane contribution to the atmosphere. 

To order to assess the future importance of seafloor seepage from methane hydrate 

destabilization offshore Svalbard, geochemical proxies for methane seepage are investigated 

in Chapter 5. Bulk sediment magnetic susceptibility, sedimentary barium, and carbonate 

data are presented along with preliminary results of a micropalaeontological study of 

planktonic and benthic foraminiferal δ13C. Sediment cores provide a record of shallow 

sediment methane fluxes over the past ~ 25,000 years. 

On-going, past, and future methane hydrate destabilization in upper continental margin 

sediments offshore Western Svalbard are discussed in Chapter 6. Key conclusions are 

presented, and recommendations for future work to further improve understanding of the 

role of temperature-driven methane destabilization in global climate events are provided. 
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2.1. Geological setting 

The West Svalbard margin (Figure 2-1) was shaped by the Pleistocene-Pliocene advance 

and retreat of the Svalbard-Barents Sea ice sheet [Sarkar et al., 2012]. It is punctuated by 

cross-shelf troughs and trough mouth fans of eroded glacial sediments deposited by ice 

streams connected by inter-fan segments [Sarkar et al., 2011]. The continental slope is 

relatively steep (up to 5°), and the shelf is relatively narrow (60-85 km wide; Elverhøi et al. 

[1995]). The most recent full glaciation of the shelf occurred approximately 21 ka BP (before 

present) during the last glacial maximum (23 – 19 ka BP) with deglaciation interrupted by a 

glacial re-advance at 14.5 ka BP at the beginning of the Bølling-Allerød interstadial, which 

preceded the Younger Dryas stadial from ~12.8 to ~11.6 ka BP [Elverhøi et al., 1995; Jessen 

et al., 2010; Zamelczyk et al., 2014]. Figure 2-2 shows a timeline of global and local climate 

events focusing on the past 30,000 years. 

Figure 2-1 Evidence for gas in sediments of the West Svalbard continental margin. (A) shows the regional 
bathymetry, faults (black lines), and the location of the area expanded in (B), which shows the extent of bottom 
simulating reflectors (BSR) and seismic lines (white) and the location of the area expanded in (C), which shows 
seismic lines (black and white), the depth of the BSR beneath the seafloor, the location of a sediment core in 
which hydrate was recovered, and locations of seafloor seeps. COT: Continent-ocean transition, TWTT: two 
way travel time. Modified from Sarkar et al. [2012]. 

On the shelf and upper slope, patchy glacial sediments overlie a sequence of seaward-

dipping marine hemipelagic sediments [Rajan et al., 2012; Sarkar et al., 2012]. Rapid bottom 

water currents over the upper slope lead to a low accumulation environment [Winkelmann 

and Knies, 2005]. Sediment cores reveal highly variable sedimentation rates and broad 

hiatuses (e.g. Elverhøi et al. [1995]; Jessen et al. [2010]; Zamelczyk et al. [2014]). 
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Figure 2-2 Timeline of global and local climate events focusing on the last 30,000 years.. 

2.2. Oceanographic setting 

The westward branch of the West Spitsbergen Current (WSC) carries warm saline Atlantic 

Water over the upper continental margin [Aagaard et al., 1987; Saloranta and Haugan, 2004]. 

The WSC provides the dominant transport of water and heat towards the Arctic Ocean. North 

of Svalbard, the current splits into two main branches with shallower waters continuing 

along the shelf edge while deeper waters follow the western edge of the Yermak Plateau 

[Schauer, 2004]. On the continental shelf, the slower East Spitsbergen Current (ESC) carries 

fresher colder polar water northward. Surface water consists of an onshore-thickening wedge 

of fresh Arctic Water [Saloranta and Svendsen, 2001]. Oceanographic currents and the front 

between the WSC and ESC are shown schematically in Figure 2-3 [Saloranta and Haugan, 

2004]. 
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Figure 2-3 (A) Schematic illustration of principal ocean currents off Western Svalbard. The warm West 
Spitsbergen Current (WSC) is shown in red, and the cold East Spitsbergen Current (ESC) and Bear Island 
Current (BIC) are shown in blue. (B) Schematic representation of the front between WSC and ESC waters near 
the shelf break. Thick black arrow indicates increasing temperature, speed, and topographic steering of the 
WSC. Dashed vertical lines indicate the upper slope domain (~1200 - 300 m water depth). Modified from 
[Saloranta and Haugan, 2004] 

Recent warming of the WSC is documented in the observational record over the last 30 

[Westbrook et al., 2009] and 60 [Ferré et al., 2012] years. The sediment record indicates that 

the current warming is unprecedented in the last 2,000 years [Spielhagen et al., 2011]. 

Modern sea level was established at ~ 5.2 ka BP [Werner et al., 2013]. Isostatic rebound 

following deglaciation led to an approximately 50 m lowering of local sea level 

[Winkelmann and Knies, 2005]. 

2.3. Seafloor methane seepage 

The continental margin offshore Western Svalbard is underlain by extensive gas hydrate 

deposits at water depths of >700 m [Carcione et al., 2005; Eiken and Hinz, 1993; Fisher et 

al., 2011; Smith et al., 2014; Vanneste et al., 2005; Vogt et al., 1999]. The presence of 

hydrate is both inferred from extensive bottom simulating reflectors (BSR), and directly 

evidenced by recovery of hydrate samples in sediment cores (Figure 2-1). The absence of a 

BSR at shallower water depths is attributed to the change in lithology, as the upper slope is 

dominated by low permeability glaciomarine sediments [Sarkar et al., 2012]. Hydrate may 

be present at low concentrations (4- 5 %) in the sediment pore space [Chabert et al., 2011]. 

Patchy shallow gas is observed in sediments of the upper slope (e.g. Ker et al. [2014]). 

Drilling during Ocean Drilling Program (ODP) leg 151 west of the Knipovich ridge at > 

1200 m water depth and north of Svalbard on Yermak Plateau at < 1000 m water depth 

provides evidence for biogenic methanogenesis beginning between 25 and 90 m below the 
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seafloor [Stein et al., 1995]. At the deepest site near the Knipovich Ridge hydrocarbon 

measurements indicate significant thermogenic gases below ~ 1 km sediment depth, 

potentially due to migration from deeper sediments. Active methanogenesis is attributed to 

high sedimentation rates and organic content, conditions typically favouring methane 

production by promoting rapid depletion of oxygen and other terminal electron acceptors in 

near-surface sediments and survival of reactive organic matter to burial depths where 

methanogenesis can be established. 

At the present-day, the gas hydrate stability zone (GHSZ) is expected to taper out at its 

landward limit at water depths of ~ 400 m [Berndt et al., 2014; Ferré et al., 2012; Westbrook 

et al., 2009]. A downslope retreat of the GHSZ limit from 360 m water depth resulted from 

a 1 °C average bottom water warming over the last 30 years, which corresponds to potential 

hydrate destabilization beneath a 950 m segment of upper slope sediments due to the shallow 

slope gradient [Westbrook et al., 2009]. Seasonal bottom water temperature variability of 

1.5° C leads to a maximum wintertime GHSZ limit at 410 m water depth, and a minimum 

summertime GHSZ limit at 360 m [Berndt et al., 2014]. For comparison, the maximum 

expected GHSZ extent in the historical temperature record was to 338 m water depth in 1978 

[Ferré et al., 2012]. Hydrate dissociation modelling based on past temperature data supports 

methane hydrate destabilization as a contributing source present-day seafloor seepage 

[Reagan and Moridis, 2009; Thatcher et al., 2013], and models of future climate warming 

indicate significant ongoing methane release at the landward limit of the GHSZ [Marín-

Moreno et al., 2013]. 

Seafloor seepage was discovered offshore Western Svalbard in 2008, with the observation 

of more than 250 bubble plumes rising from the seafloor into the water column aligned 

upslope of the present-day GHSZ limit offshore Prins Karls Forland, in the inter-fan region 

between the Isfjorden and Kongsfjorden cross-shelf troughs [Westbrook et al., 2009]. 

Seepage from shelf sediments was reported in the detailed mapping and bubble 

quantification work of Sahling et al. [2014] (Figure 2-4). Gas appears to migrate into the 

area from further offshore through permeable prograding hemipelagic sediment sequences 

which are variably capped by less permeable glaciogenic sediments on the upper slope and 

shelf [Rajan et al., 2012; Sarkar et al., 2012; Thatcher et al., 2013]. In the northern segment 

of the seepage region, the presence of a low-permeability glaciogenic sequence shifts gas 

escape into the water column upslope to ~ 240 m water depth [Rajan et al., 2012]. No 

geological control is observed to explain the focusing of the majority of seeps between 360 

and 410 m water depth [Sarkar et al., 2012]. 
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Prior to the discovery of the seafloor seeps, emissions of methane from upper slope and shelf 

sediments was inferred from the presence of pockmarks [Forwick et al., 2009] and from high 

concentrations of methane in shallow sediments [Knies et al., 2004] and parts of the water 

column [Damm et al., 2005; Knies et al., 2004]. However, dating of 13C-depleted authigenic 

carbonates at the present-day seepage site indicates that they precipitated, in association with 

shallow anaerobic oxidation of methane, between 3 and 23 ka BP [Berndt et al., 2014]. 

Further offshore, where shallow methane hydrate and seafloor methane seepage are 

associated with faults providing a gas conduit through the GHSZ [Fisher et al., 2011; Smith 

et al., 2014; Vogt et al., 1994], the foraminiferal calcite carbon isotopic record suggests 

intervals of seepage and quiescence during the last 23.5 ka BP [Panieri et al., 2014b].  

Figure 2-4 (A) Echosounder detection of seafloor seeps offshore Svalbard, (B-D) photos of methane seeps at 
the seafloor. White lines indicate the path of rising bubble streams, scale bar is 10 cm, arrow in (C) indicates 
filamentous (probably sulphur-oxidizing) bacteria and pogonophora. (B and D) are ~ 240 m water depth 
(northern segment of seepage), (C) shows seepage at ~ 400 m water depth. Modified from [Sahling et al., 
2014]. 

At present, the total methane flux into the water column from both the main and northern 

seepage areas, quantified by combined acoustic and direct (remotely operated vehicle) 

measurements, is ~53 x 106 mol CH4 yr-1 [Sahling et al., 2014]. Seep gas is > 99.7 % 
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methane, with δ13C-CH4 -55.7 ‰ [Sahling et al., 2014]. Bubbles appear to dissolve 

completely in the lower ~200 m of the water column, losing the majority of their methane in 

the lower ~100 m [Gentz et al., 2014]. This results in bottom waters containing > 500 nM 

CH4 and 4 -11 nM in overlying surface waters [Berndt et al., 2014; Chabert et al., 2011; 

Gentz et al., 2014; Westbrook et al., 2009]. Supersaturation of surface waters relative to 

atmospheric equilibrium (~ 3 nM) implies transfer of methane to the atmosphere, though 

shipboard air sampling in 2008 and 2009 did not indicate a local seep contribution to 

atmospheric methane [Fisher et al., 2011]. 
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Abstract 

Plumes of gas bubbles rising from the seafloor at the landward limit of the gas hydrate 

stability zone (GHSZ; ~400 m water depth) were discovered offshore Western Svalbard in 

2008 and thermal modelling indicates that hydrate in the sediments beneath the plumes may 

be releasing methane gas as it dissociates in response to recent warming of bottom waters. 

To better constrain the role of hydrate in the supply of methane to the seafloor sediments, 

and the role of anaerobic oxidation of methane (AOM) in regulating methane fluxes across 

the sediment-seawater interface, we have characterised the chemical and isotopic 

compositions of the gases, and sediment pore waters. Molecular and isotopic signatures of 

gas bubble plumes (C1/C2+: 1 × 104, δ13C-CH4: -55 to -51 ‰, and δD-CH4: -187 to -184 ‰) 

indicate lateral migration of thermogenic gases produced at depth further offshore. Sediment 

methane and sulphate concentration profiles indicate upward diffusive methane fluxes of 30-

550 mmol m-2 yr-1 into shallow subsurface sediments within the bubble plume region, and 

less than 20 mmol m-2 yr-1 at water depths of > 400 m where gas hydrate is expected to be 

stable or absent. AOM prevents transport of dissolved methane into ocean bottom waters, 

but most (>90%) of the methane that enters the shallow subsurface sediments is transported 

through small fractures and fissures in the gas phase, which bypasses the AOM filter and 

provides a mechanism for substantial methane release into the water column. Pore water 

sulphate profiles indicate that subsurface methane fluxes are predominantly at steady state 

in the bubble plume region at the GHSZ limit, but may be increasing in sediments 

immediately downslope, where hydrate is currently stable. This is evidence for movement 

of hydrate towards the seafloor in response to changes in bottom waters temperatures 

offshore western Svalbard. 
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3.1. Introduction 

Methane (CH4) is a potent greenhouse gas, and its atmospheric concentration has increased 

by more than 10% over the past three decades [Nisbet et al., 2014]. Atmospheric methane 

concentrations are closely correlated with temperature over glacial-interglacial cycles (e.g. 

Moller et al. [2013]), and methane emissions may have played a key role in major climate 

excursions in the past, including the Paleocene-Eocene thermal maximum (e.g. Bowen et al. 

[2014]; Dickens [2011]). Many natural sources of methane are sensitive to climate including 

wetlands, permafrost, and methane hydrate in terrestrial and marine environments [Ciais et 

al., 2013]. Characterization of emissions from these sources is paramount to the assessment 

of how levels of atmospheric methane will evolve in the context of a changing global 

climate. 

In marine sediments, methane is produced by microbial and thermal remineralisation of 

organic carbon. If sediment pore waters become methane saturated, and temperature is low 

and pressure relatively high, then methane hydrate, an ice-like solid in which gas molecules 

are trapped in cages of water molecules, may form [Sloan and Koh, 2008]. Methane hydrate 

is stable on the continental margins at water depths > 200 m at high latitudes (or shallower 

in some permafrost settings [Sloan and Koh, 2008; Krey et al., 2009]), and on a global scale 

may contain > 500 Gt carbon, more than 10 % of that stored in fossil fuels [Archer 2007; 

Milkov, 2004; Pineiro et al, 2013; Wallmann et al, 2012]. 

A key uncertainty for climate models is the proportion of methane produced in deep marine 

sediments that escapes to reach the sediment-seawater interface and potentially the 

atmosphere. Methane rises from depth through permeable sediment strata, faults, fractures 

and cracks in solution, and as gas if sediment pore waters are supersaturated [Judd and 

Hovland, 2007]. In near-surface sediments, dissolved methane is oxidised where it comes 

into contact with pore waters that contain sulphate (SO4), which diffuses downwards from 

overlying seawater, in a microbially-mediated process known as anaerobic oxidation of 

methane (AOM, Equation 3-1) [Boetius et al., 2000]:  

CH4 + SO4
2- → HCO3

- + HS- + H2O       (3-1)  

The sub-seafloor depth interval in which concentrations of methane and sulphate fall to zero 

as a result of consumption by AOM is known as the sulphate-methane transition zone, or 

SMTZ. Bicarbonate (HCO3
-) ions produced by AOM subsequently react with calcium ions 
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present in sediment pore waters to form calcium carbonate [Sun and Turchyn, 2014] such 

that AOM acts to trap carbon in the solid phase (Equation 3-2): 

Ca2+ + 2HCO3
- → CaCO3

 + CO2 + H2O      (3-2) 

However, if the methane flux is sufficient to overwhelm the oxidising capacity of the 

microbial consortia [Archer et al., 2009a], or the re-supply of sulphate from seawater by 

diffusion [Knittel and Boetius, 2009], then methane is released into the water column and 

potentially into the atmosphere. Methane in the gas phase is not available to microbes.  

As the Earth and its oceans warm, there is concern that hydrate in marine sediments will be 

destabilized, releasing sufficient quantities of methane gas to reinforce the warming (e.g. 

Krey et al. [2009]). The recent discovery of more than 200 methane bubble plumes rising 

from the seabed at water depths close to the limit of the gas hydrate stability zone (GHSZ) 

offshore Western Svalbard [Westbrook et al., 2009] is suggested to be related to warming-

induced dissociation of hydrate-bound methane in shallow sediments. In this study, we 

characterise the chemical composition of gases in sediments from offshore Svalbard and 

assess the spatial distribution and temporal variability of methane fluxes into the shallow 

sediments and across the sediment-seawater interface. We investigate the potential role of 

gas hydrate dissociation in regulating the supply of methane to the shallow sediments, and 

the role of AOM in regulating methane release from the seafloor.  

3.2. Study area and sampling 

The continental margin offshore Western Svalbard (Figure 3-1) was shaped by the 

Pleistocene-Pliocene advance and retreat of the Svalbard-Barents Sea ice sheet [Sarkar et 

al., 2012]. Glacial ice withdrew from the continental shelf about 13 thousand years ago 

[Elverhøi et al., 1995; Jessen et al., 2010]. On the shelf and upper slope, patchy glacial 

sediments overlie a sequence of seaward-dipping marine sediments [Rajan et al., 2012; 

Sarkar et al., 2012]. Sediments are underlain by extensive gas hydrate deposits at water 

depths of > 700 m [Carcione et al., 2005; Eiken and Hinz, 1993; Fisher et al., 2011; Smith 

et al., 2014; Vanneste et al., 2005; Vogt et al., 1999]. At the present-day, the GHSZ is 

expected to taper out at its landward limit at water depths of ~400 m [Berndt et al., 2014; 

Ferré et al., 2012; Westbrook et al., 2009].  

The present-day landward limit of the GHSZ at the seabed is defined by water depth 

(pressure) and the temperature of overlying bottom water of the West Spitsbergen Current 
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(WSC) which flows along the upper slope. Observations indicate that the WSC has warmed 

over the last 30 – 60 years [Ferré et al., 2012; Westbrook et al., 2009], and the present rate 

of warming appears to be unprecedented in the last 2,000 years [Spielhagen et al., 2011].  

 

Figure 3-1 Location of the West Svalbard continental margin and the study area. (A) Regional map indicating 
the locations of hydrate samples (blue symbols) and the main study site (yellow rectangle labelled B), 
bathymetry data from GEBCO (The GEBCO_08 Grid, version 20100927, http://www.gebco.net) with 1000 m 
depth contours. (B) Main study site, showing shipboard bathymetry (cruise JR253), 400 m depth contour (white 
line), seafloor gas bubble plumes (black crosses), sediment core locations (red circles), and bubble plume 
sampling sites (grey symbols). 

The distribution of seafloor bubble plumes offshore Western Svalbard is shown in Figure 3-

1b. Critically, the seaward limit of the occurrence of bubble plumes, approximately along 

the ~400m bathymetric contour, coincides with the landward limit of the GHSZ [Berndt et 

al., 2014; Sahling et al., 2014; Westbrook et al., 2009]. Prior to the discovery of the seafloor 

bubble plumes, emissions of methane from the upper slope and shelf area were inferred from 

the presence of pockmarks [Forwick et al., 2009] and from high concentrations of methane 

in shallow sediments [Knies et al., 2004] and parts of the water column (Damm et al., 2005; 

Knies et al., 2004). Dating of authigenic carbonates that form as a result of methane 

oxidation (Equation 3-2) indicates that the seeps have been active for more than 500 years 

[Berndt et al., 2014]. 

Sediment samples for this study were collected from the continental slope offshore Svalbard 

at water depths of between 320 and 460 m during RRS James Clark Ross cruise 253 in July   
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Chapter 3. Shallow subsurface sediments 

and August 2011 (Table 3-1). Locations of methane seeps were determined using the ship’s 

hull-mounted sonar systems (Simrad EK60 and Simrad EM122, Figure 3-1b). A series of 

gravity and piston cores were collected aligned roughly along two transects from water 

depths shallower than the GHSZ through the region of the seafloor bubble plumes to greater 

water depths within the GHSZ. Samples of gas bubbles emanating from the seafloor were 

collected in a pressurized gas sampler using the manned submersible JAGO during RV 

Maria S. Merian cruise 21/4 in August and September 2012. Locations of the sediment cores 

and bubble plume samples are shown in Figure 3-1b. Hydrate was recovered in sediment 

cores during RRS James Clark Ross cruise 211 in August and September 2008 from two 

sites: a pockmark at 890 m water depth located ~30 km northwest of our study site, and from 

Vestnesa Ridge at 1,210 m water depth [Fisher et al., 2011]. Locations of these samples are 

shown in Figure 3-1a and listed in Table 3-1. 

3.3. Analytical procedures and modelling 

3.3.1. Geochemical analyses 

Back onboard the ship, sediment cores were immediately sectioned, split, and subsampled 

under a nitrogen atmosphere. For gas analysis, ~ 3 mL of sediment was withdrawn using a 

cut-off plastic syringe and placed in a 20 mL glass vial containing 5 mL of 1 M sodium 

hydroxide to prevent microbial activity [Hoehler et al., 2000]. The vials were crimp sealed 

and shaken vigorously to release adsorbed gases from sediment. A subsample of sediment 

(~ 3 g) was placed in a pre-weighed plastic pot and stored at 4 ˚C for porosity analysis back 

onshore. Pore waters were extracted by centrifugation under a nitrogen atmosphere and 

filtered through 0.2 µm cellulose acetate filters. Subsamples for analysis of cations were 

stored in acid-cleaned low density polyethylene bottles and acidified to pH 2 with thermally 

distilled nitric acid. Subsamples for analysis of anions were diluted by a factor of 200 with 

Milli-Q water. Where present, gas hydrate was quickly removed from the spilt sediment 

core, wrapped in cotton, and stored in liquid nitrogen. 

Concentrations of methane, ethane, propane, isobutane, butane, isobutane, pentane, 

isopentane, and hexane (C1-C6) in sediment headspace gases were determined onboard the 

ship by gas chromatography (Agilent 7890). Analytical reproducibility, based on replicate 

analysis of standards (20 and 100 ppm, Air Products, UK), is better than ± 2 %, and the 

detection limits are 2 ppm for C6 and C5, 1.5 ppm for C4, 1 ppm for C3, 0.6 ppm for C2 and 

0.5 ppm for C1, which correspond to pore water concentrations of between ~0.2 μM for 
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methane and ~0.7 μM for hexane. Reported concentrations are considered to represent 

minimum values because the samples may have degassed during recovery. Gas bubble and 

hydrate hydrocarbons were determined by the same method at the National Oceanography 

Centre (NOC). 

The stable carbon isotope composition of methane was determined by trace gas isotope ratio 

mass spectrometry (IRMS, Isoprime Ltd.) at the Natural Environment Research Council Life 

Science Mass Spectrometry Facility at the Centre for Hydrology and Ecology in Lancaster, 

UK. The reproducibility of these analyses is better than ± 0.2 ‰. The hydrogen isotopic 

composition of methane was measured by a Continuous Flow-Isotope Ratio Mass 

Spectrometer (CF-IRMS) system at the Institute for Marine and Atmospheric Research 

Utrecht, Utrecht University following the method described in Brass and Röckmann [2010] 

and Sapart et al. [2011]. For δD, the analytical error is between 0.1 to 3.9‰ depending on 

the amount of methane present. Isotope data are given in δ13C and δD notation relative to 

the Vienna Pee Dee Belemnite (VPDB) and Vienna Standard Mean Seawater (VSMOW) 

standards for the carbon and hydrogen isotopic signature, respectively. 

The porosity of the sediments (φ) was calculated from the difference between the mass of 

wet sediment, and the mass of the sample after drying in an oven at ~60 °C overnight. The 

densities of the sediment and fluid were assumed to be 2.65 and 1.00 g cm-3, respectively. 

For determination of total inorganic and total carbon (TIC, TC), sediment subsamples were 

oven dried at > 70 ˚C for > 24 hours, ground to a homogenous fine powder, and measured 

using a carbon dioxide coulometer (model CM5012, UIC Inc.) equipped with an 

acidification module (model CM5130), and a furnace module (model CM5120). The 

concentration of total organic carbon (TOC) was determined by subtracting TIC from TC. 

The reproducibility of these analyses is better than ± 10 %. 

The total alkalinity of the pore waters was determined onboard ship by titration with 0.02 M 

hydrochloric acid, using a mixture of methyl red and methylene blue as an indicator while 

bubbling nitrogen through the solution. Analyses were calibrated against a seawater standard 

(IAPSO), and the reproducibility of the analyses is better than ± 1.5 %. Back onshore, cation 

concentrations in the pore waters were determined by inductively coupled plasma optical 

emission spectrometry (ICP-OES, Perkin Elmer Optima 4300DV) at the NOC. The accuracy 

and reproducibility of this technique was assessed by multiple (n = 3) analyses of a seawater 

certified reference material (High Purity Standards™). Measured concentrations agree with 

certified values to within ± 3 %, and the reproducibility of the analyses was better than ± 
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1 % for all analytes. Anion concentrations were determined at the NOC by ion 

chromatography (Dionex ICS250). Reproducibility of replicate analyses is better than ± 

0.2 % for chloride, ± 2.5 % for bromide, and ± 1 % for sulphate. Hydrogen sulphide was 

determined spectrophotometrically by absorbance at 670 nm following addition of N,N-

dimethyl-1,4-phenylenediamine dihydrochloride and an iron(III) chloride catalyst. The 

working hydrogen sulphide standard was calibrated daily by titration with sodium 

thiosulphate against a potassium iodate standard (1.667 mM, OSIL environmental 

instruments and systems, UK). The reproducibility of the sulphide analyses was better than 

± 10 %, and the limit of detection is 10 μM.  

3.3.2. Modelling 

If sulphate is principally removed by AOM, then concentrations of pore water SO4
2- will 

decrease from seawater values at the sediment-seawater interface to zero at the depth of the 

SMTZ (e.g. Borowski et al. [1996]). At steady state, the upward diffusive flux of methane 

(JCH4) is balanced by the downward diffusive flux of sulphate (JSO4), which can be calculated 

using Fick’s First Law (Equation 3-3):  

𝐽𝐽 = 𝐷𝐷0 �1 − 𝑙𝑙𝑙𝑙 (𝜙𝜙2)� −1 𝜙𝜙 �𝛿𝛿𝛿𝛿 𝛿𝛿𝛿𝛿� �  (3-3) 

where D0 is the diffusion coefficient of sulphate in water (1.7 × 10-10 m2 s-1 at 3°C and a 

salinity of 35), the term 1-ln(φ2) is the tortuosity correction, φ is the porosity, and δC/δx is 

the sulphate concentration gradient [Boudreau, 1997; Mazumdar et al., 2012]. Upward 

methane fluxes were estimated from linear least squares fitting of sulphate profiles from 

beneath the depth of the irrigated surface layer to the SMTZ. Profiles were linearly 

extrapolated to the depth of the SMTZ where this was deeper than the length of the sediment 

core. 

Even in regions of high methane flux, oxidation of organic matter using SO4
2- as the terminal 

electron acceptor also contributes to sulphate removal above the SMTZ. As a result, the 

simple model described above can only provide an upper limit on diffusive methane fluxes 

(Hoehler et al., 2000). In many cold seep environments, methane is transported by advection 

in upwelling fluids in addition to diffusion (e.g. Haese et al. [2003]; Vanneste et al. [2011]). 

If concentrations of methane in pore waters exceed saturation, methane will be transported 

in the gas phase until it reaches undersaturated pore waters. The steady-state distributions of 

methane and sulphate are therefore better described by partial differential equations that 
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account for transport by diffusion, advection, and irrigation, and for reactions including 

sulphate reduction, methanogenesis, and AOM (Equation 3-4):  

�𝛿𝛿∅𝐶𝐶𝑖𝑖
𝛿𝛿𝛿𝛿
�  = 𝐷𝐷𝑖𝑖

𝛿𝛿
𝛿𝛿𝛿𝛿
� ∅
1−𝑙𝑙𝑙𝑙 (𝜙𝜙2)

𝛿𝛿𝐶𝐶𝑖𝑖
𝛿𝛿𝛿𝛿

 � − �𝛿𝛿∅𝑢𝑢𝐶𝐶𝑖𝑖
𝛿𝛿𝛿𝛿

� − ∅ 𝛼𝛼(𝑥𝑥) �𝐶𝐶𝑖𝑖(𝑥𝑥) − 𝐶𝐶𝑖𝑖(0)�  + ∅ �𝑅𝑅SO4 + 𝑅𝑅CH4� (3-4) 

where 

𝛼𝛼(𝑥𝑥) =  𝛼𝛼′𝑒𝑒−(𝑥𝑥𝑏𝑏−𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚) 

𝑅𝑅SO4 = −𝑘𝑘𝐺𝐺
𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜
2

𝐶𝐶SO42−

𝐾𝐾𝑆𝑆𝑆𝑆4 +𝐶𝐶SO42−
− 𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴 

𝑅𝑅CH4 = 𝑘𝑘𝐺𝐺
𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜
2

𝐾𝐾𝐾𝐾𝑆𝑆𝑆𝑆4
𝐾𝐾𝐾𝐾𝑆𝑆𝑆𝑆4 + 𝐶𝐶SO42−

− 𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴 

and 

𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐾𝐾𝐴𝐴𝐴𝐴𝐴𝐴𝐶𝐶CH4
𝐶𝐶SO42−

𝐾𝐾𝑆𝑆,𝐴𝐴𝐴𝐴𝐴𝐴 +𝐶𝐶SO42−

Ci is the concentration of dissolved species i (i=CH4, SO4
2-), u is the advective fluid flow 

velocity, α(x) is the depth (x) dependent irrigation exchange coefficient, α’ is the pore water 

mixing coefficient, xb is a depth exceeding the irrigation zone, xmix is the depth of the mixed 

layer, (Ci(x) – Ci(0)) is the difference between concentrations of species i at depth x and in 

overlying seawater (x = 0) and Ri are the reaction terms relevant for species i [Treude et al., 

2003; Vanneste et al., 2011]. The reactions considered are: (i) remineralisation of particulate 

organic matter coupled to sulphate reduction, described by the kinetic constant (kG), organic 

matter concentration (Corg), and the half saturation constant (KSO4); (ii) methanogenesis, 

described by kG and Corg and the inhibition constant for initiation (KiSO4); and (iii) anaerobic 

oxidation of methane, described by the rate constant KAOM and the Monod inhibition constant 

KS,AOM. The choice of rate law formulation for AOM follows Vannesete et al [2011], 

accounting for experimentally observed limitation of methane oxidation in the presence of 

low sulphate concentrations. Transport of methane in the gas phase is not included in this 

model. Bubble formation only occurs in saturated pore waters (~76 mM CH4 in shallow 

sediments at ~400 m water depth (calculated following Dale et al. [2008a] and Meister et al. 

[2013] assuming a geothermal gradient of 0.87 °C/m; Reagan and Moridis [2009]). 

Information on all of these parameters is given in Table 3-2. 

The one dimensional transport model was solved numerically using the ordinary differential 

equation solver ODE15s in MATLAB®, using code described in [Vanneste et al., 2011; 

Vanneste, 2010]. The irrigation parameters α’ and xmix were determined by fitting the model 

to the upper part of the pore water sulphate profiles. The methane concentration at the lower 

limit of the model domain (the length of the core) was determined by fitting the depth of the 
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modelled SMTZ to the pore water sulphate and methane profiles. The rate of AOM was 

determined by fitting the shape and slope of the modelled sulphate and methane profiles near 

the SMTZ to the measured data. Coarse fitting was performed by visual comparison of 

modelled pore water profiles with measured concentrations at discrete depths, and verified 

by calculating the residuals of the modelled data to sulphate measurements. This model 

was only applied to cores where the SMTZ was sampled to allow fitting of modelled 

profiles to measured data in this critical interval. Steady state was reached within 103 

years from arbitrary initial conditions using a depth step of 0.5 cm. The uncertainty of 

model results was assessed by sensitivity analysis of all input parameters. 

Table 3-2 Transport-reaction model parameters. 
parameter symbol units value source 

diffusion coefficient for 
sulphate in water DSO4 cm2 yr-1 167 

calculated for temperature, pressure, 
and salinity (T,P,S) conditions after 
Boudreau [1997], following Vanneste 
et al. [2011] 

diffusion coefficient for 
methane in water DCH4 cm2 yr-1 273 

calculated for T,P,S conditions after 
Hayduk and Laudie [1974], following 
Vanneste et al. [2011] 

concentration of species i 
(i = CH4, SO4

2-) Ci(x) mM - depth profiles, fit to measured data 

bottom seawater methane 
concentration CCH4(0) mM 0.00 measured concentration in near-surface

sediments 
bottom seawater sulphate 
concentration CSO4(0) mM 28 measured concentration in near-surface 

sediments 
porosity φ - 0.5 average measured value 

pore water advection u cm yr-1 0.03 sedimentation rate from Jessen et al.
[2010] 

pore water mixing 
coefficient α' yr-1 10 fit to measured sulphate concentration 

depth profile 

depth of irrigation mixing xmix cm 5-30 fit to measured sulphate concentration
depth profile 

depths exceeding mixing 
zone xb cm - model domain beneath irrigation 

mixing zone 
rate constant for organic 
matter remineralisation kG yr-1 1 × 10-6 as in Vanneste et al. [2011]

see discussion in Section 3.4.3 

organic carbon content Corg mM 1300 
average measured value (0.6 ± 0.3 weight 
%) expressed as mmol per L of dry sediment 
for sediment density of 2.65 g mL-1 

half saturation constant 
for sulphate reduction 
coupled to organic matter 
remineralisation 

KSO4 mM 1 
as in Vanneste et al. [2011], value is 
assumed due to absence of constraints 
available for natural systems 

inhibition constant for 
initiation of 
methanogenesis 

KiSO4 mM 1 
as in Vanneste et al. [2011], value is 
assumed due to absence of constraints 
available for natural systems 

rate constant for 
anaerobic oxidation of 
methane 

KAOM yr-1 0.2 - 5 
fit to measured sulphate and methane 
concentration depth profiles within the 
SMTZ 

Monod inhibition constant 
for AOM KS,AOM mM 1 as in Vanneste et al. [2011], based on 

data from Nauhaus et al. [2002] 
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3.4. Results 

3.4.1. Chemical and isotopic composition of gas bubble plumes and hydrate 

Chemical and stable carbon and hydrogen isotope compositions of the gas bubble plume and 

gas hydrate samples are given in Table 3-3. Bubble plume gases collected at the seafloor 

consist of > 99.99 % methane, and contain very small amounts of ethane (< 90 ppm). 

Concentrations of all higher hydrocarbons (C3 to C6) were below detection limits. All bubble 

plume samples have methane (C1) to higher hydrocarbon (C2+) molar ratios of ~10 000. 

Hydrate recovered from the Vestnesa Ridge at ~ 2 m below the seafloor contained small 

amounts of ethane, propane, butane, and pentane, and consequently has a lower methane to 

higher hydrocarbon ratio (C1/C2+ = 65). Hydrate recovered in sediments from the pockmark 

site, which lies closer to the area of seafloor bubble plumes, has higher ethane concentrations 

than seep gas (C1/C2+ = 500), but concentrations of C3 to C6 are below detection limit.  

Table 3-3 Molecular and isotopic composition of bubble plume and hydrate gas. MSM21/4: RV Maria S. 
Merian cruise 21/4, JR211: RRS James Clark Ross cruise 211. Hydrate δ13C-CH4 data from Fisher et al., 
[2011]. Uncertainty of δ13C-CH4 measurements of bubble plume samples is reported as the standard deviation 
of three subsamples; uncertainty of δ13C-CH4 measurements of hydrate is reported as the standard deviation of 
analyses of three separate pieces of hydrate from an individual core. 

Cruise Station ID C1/C2+  
(mol/mol, x 103) δ13C-CH4 (‰)a δD-CH4 (‰) 

bubble plumes 

MSM21/4 577 9.8 -54.6 ± 0.3 -187 ± 1 

MSM21/4 585 9.6 -54 ± 1 -179 ± 3 

MSM21/4 597 11 -51.1 ± 0.8 - 

MSM21/4 599 12 -51.3 ± 0.1 -178 ± 2 

MSM21/4 611 12 -51.6 ± 0.1 - 

MSM21/4 620 11 -55.5 ± 0.4 187.0 ± 0.1 

MSM21/4 647 9.7 -55.0 ± 0.5 - 

hydrate 

JR211 33GC 0.50 -54.6 ± 2 -174 ± 4 

JR211 26GC 0.06 -45.6 ± 3 -180 ± 2 

The stable carbon (δ13C-CH4) and hydrogen (δD-CH4) isotopic signatures of methane in gas 

bubble plumes range from -55.5 to -51.1 ‰ and -187 to -178 ‰, respectively (Table 3). 

These values are similar to those reported for gas bubbles collected from close to the seafloor 

at ~ 240 and 400 m water depth within our study area in late summer 2012 (C1/C2+ = 9,700 

– 15,200, δ13C-CH4 = -53.8 to -57.4 ‰; Sahling et al. [2014]). Methane from hydrate

recovered at the pockmark site has δ13C-CH4 = -54.6 ± 1.7 ‰ [Fisher et al., 2011] and δD-
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CH4 = -174 ± 4 ‰, close to the range of the bubble plume gas samples. Hydrate recovered 

from Vestnesa Ridge has a slightly higher δ13C-CH4 value (-45.7 ±2.7 ‰; Fisher et al. 

[2011]), and a δD-CH4 value of -180 ± 2 ‰. Our data for Vestnesa Ridge hydrate are similar 

to those reported for hydrate recovered nearby in 2012 (C1/C2+
 = 26, δ13C-CH4 = -47.7 ‰; 

Smith et al. [2014]). The δ13C-CH4 and C1/C2+ data for hydrates fall within the range reported 

for hydrates worldwide [Milkov, 2005]. 

3.4.2. Chemical composition of sediment pore waters 

Figure 3-2 Profiles of pore water methane, sulphate, alkalinity, sulphide, and calcium. Cores collected from 
less than ~ 0.01 to 0.3 km away from bubble plumes are shown by the coloured symbols. Dashed horizontal 
lines indicate the depth of the SMTZ, where sampled. Sulphide was not determined in cores E-GC01 and K-
PC07 

The SMTZ was sampled in 5 of the 9 sediment cores (Figure 3-2). The depth of the SMTZ 

is relatively shallow (< 300 cm below the seafloor) in the immediate vicinity (within 30 m) 

of the methane seeps. Cores recovered from 1 to 3 km outside of the bubble plume region 

did not sample the SMTZ. Sulphate profiles are almost linear above the SMTZ. Methane 

concentrations are generally less than 20 nM in the presence of more than 1 mM sulphate, 
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with the exception of core G-PC04 where pore waters are methane-saturated (i.e. methane 

concentrations greater than atmospheric saturation, which is ~1.8 mM) up to 40 cm below 

the seabed, even in the presence of > 20 mM sulphate. The concentration of dissolved SO4 

is close to bottom seawater in the uppermost 20 – 30 cm of the sediment column in cores G-

PC04 and C-PC02, which is indicative of drawdown of seawater into the sediments 

(irrigation). 

Depth profiles of pore water alkalinity, sulphide, and calcium confirm that AOM occurs in 

sediments at the depth of the SMTZ (Figure 3-2, Equation 3-1). Total alkalinity increases 

from a seawater value of ~2.3 mM to 12 - 25 mM at the SMTZ due to production of HCO3
- 

(Equation 3-1). Hydrogen sulphide was only detected in pore waters from cores which 

sampled the SMTZ, reaching ~4 mM in cores with the shallowest SMTZ (G-PC04 and C-

PC02). Calcium concentrations decrease abruptly at the SMTZ, due to the formation of 

authigenic calcium carbonate (Figure 3-2); carbonate nodules were recovered in cores where 

the SMTZ was sampled. 

Figure 3-3 Profiles of pore water methane carbon isotopic ratio (δ13C-CH4; black).Profiles of methane (blue) 
and sulphate (red) concentrations, and modelled rates of anaerobic oxidation (see Section 3.4.3 and Figure 3-
5) of methane (grey shaded areas) are also shown.

Pore waters from below the SMTZ, which are methane-saturated, have δ13C-CH4 values of 

~ -53 ‰ (Figure 3-3). This is within the range of values measured in the seafloor bubble 

plume gases and hydrate from the pockmark site. At all but one site (G-PC04) where the 

46 



Chapter 3. Shallow subsurface sediments 

SMTZ was sampled, very low δ13C values (-84 to -97 ‰) are observed within the depth 

interval where the rate of AOM is highest (Figure 3-3). Above the SMTZ, δ13C-CH4 values 

increase to ~ -44 ‰. At sites away from the seafloor bubble plumes, δ13C-CH4 values show 

little variation with depth, and are close to  -44 ‰. In core G-PC04, there is a marked increase 

in δ13C-CH4 (to ~ -20 ‰) immediately above the depth of the SMTZ. 

Figure 3-4 Pore water profiles of chloride, bromide, and sodium. Cores collected from less than ~0.01 to 0.3 
km away from active bubble seeps are shown by the coloured symbols. Dashed horizontal lines indicate the 
depth of the SMTZ, where sampled. 

Concentrations of species that are not produced or consumed during shallow diagenetic 

reactions (chloride: Cl-, bromide: Br-, and sodium: Na+) show little variation with depth at 

all sampling sites, whether close to, or distant from, seafloor bubble plumes (Figure 3-4). 

The average and standard deviation of all of Cl- measurements is 537 ± 14 mM. Where high 

methane concentrations are observed close to the sediment-seawater interface (G-PC04), 

pore waters appear to have slightly lower Cl- concentrations, with 7 of the 16 samples for G-

PC04 having Cl- values that are more than two standard deviations lower than the average. 

Three pore water samples from the same interval are also slightly enriched in Br- (940 – 

1,010 µM, compared to the average of 850 ± 24 µM for all other pore water samples). 

3.4.3. Methane fluxes 

The porosity and total organic carbon (TOC) content of the sediments show no systematic 

variation with depth or between coring locations. Average porosity is 0.47 ± 0.05, and the 

average TOC content is 0.6 ± 0.3 wt %; these values are used in all model calculations and 

are within the range of those reported elsewhere for surface sediments of the upper 

continental margin west of Prins Karls Foreland [Winkelmann and Knies, 2005]. 

The relatively low TOC content supports the low rate of organic matter remineralisation (kG 

= 10-6 yr-1) used in the transport-reaction model, and the assumption that organic matter 

remineralisation is not a significant sulphate sink in the diffusion-only model. However, this 
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rate constant could be orders of magnitude higher: values up to 10-1 have been used in models 

of AOM which employ the same organic matter degradation formulation (1-G) used here 

[Regnier et al., 2011]. Furthermore, this 1-G formulation may not be appropriate for shallow 

sediments, as reactivity of organic matter is expected to change dramatically with depth in 

this interval of initial deposition, especially in a continental shelf environment (e.g. Arndt et 

al. [2013]). Modelled sulphate and methane profiles and flux estimates are insensitive to 

halving or doubling kG and TOC. A small upward shift in the depth of the SMTZ (by < 10 

cm), and increased curvature in the (concave up) sulphate profile shape are obtained only if 

kG is increased by more than an order of magnitude. If the choice and kG and formulation of 

the organic matter remineralisation reaction kinetics in the model lead to an underestimation 

of the contribution of organic matter degradation to sulphate removal, results are likely to 

underestimate rates of AOM. The impact of this potential underestimation of organic matter 

sulphate reduction contribution can be expected to be most significant where upwards 

methane fluxes (and thus AOM rates) are lowest, and may be insignificant for all the sites 

modelled here, where the depth of the SMTZ is within 10 m of the seafloor [Regnier et al. 

2011]. 

Uniformity of the porosity values simplifies the transport-reaction model and, as profiles of 

conservative species (Cl-, Na+ etc.) show no evidence for pore water advection, upwards 

advection (u) is attributed to sediment compaction only, and assumed to be equal to the 

sedimentation rate (~ 0.03 cm/year; Jessen et al. [2010]) [Malinverno and Pohlman, 2011]. 

Doubling or halving the advection rate by changing the sedimentation rate changes the 

modelled methane flux by < 1 %. If porosity is increased by 0.05 (the standard deviation of 

measured values), then both the flux of methane into the sediment column and the rate of 

AOM increase by ~ 20 %, so there is no change in the methane flux across the seafloor and 

the modelled pore water profiles are not significantly affected. 

Results of modelling pore water profiles using both the diffusion-only model and the 

transport-reaction model are shown in Figure 3-5. Values of the input and output parameters 

are given in Table 3-4. Highest methane fluxes are modelled for sites that have the shallowest 

SMTZ, i.e. those sites located closest to the seafloor bubble plumes. There is large spatial 

heterogeneity in pore water profiles within the bubble plume region: for example, the depth 

of the SMTZ is 0.5 m deeper in core L-GC03 compared to C-PC02, and its modelled 

methane flux is three times lower, even though the cores were taken within 30 m of each 

other. Modelled rates of anaerobic oxidation at the STMZ are 0.3 - 30 nmol cm-3 day-1, 

within the range of those measured elsewhere in coastal and margin sediments (0.1 – 50 
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nmol cm-3 day-1; Knittel and Boetius [2009]). It is difficult to meaningfully compare the 

modelled rate constants of AOM (KAOM) to other AOM modelling studies as the 

formulation of the models varies widely, and rate constants incorporate a range of site-

specific physical parameters (e.g. KAOM for bimolecular rate laws ranges from 1 - 107 mM 

yr-1; see review in Regnier et al. [2011]). The KAOM values obtained (0.2 – 5 yr-1) are in 

agreement with and lower than values obtained with the same model for the Carlos Ribeiro 

mud volcano (7-25 yr-1; Vanneste et al. [2011]), which likely reflects the different 

seafloor seepage environments. 

Figure 3-5 Modelled pore water profiles: methane (blue), sulphate (red) and anaerobic methane oxidation rate 
(RAOM, grey shading). Measured data are shown by the coloured circles. Results of the diffusion-only model 
are shown by the black dashed lines (sulphate only, R2 values given in Table 3-4). Results for the transport-
reaction model for sulphate and methane are shown, respectively, by the red and blue dashed lines. Dotted red 
and blue lines indicate the effect of doubling and halving the methane flux to the base of the sediment column. 
The maximum rate of AOM rate found in core C-PC02 is 9.9 mM yr-1. 

There is good agreement between results from the two different models for cores with 

moderate rates of methane seepage (L-GC03, H-PC06, J-PC07). Setting advection and 

organic matter remineralisation terms to zero in the transport-reaction model has a negligible 

effect on the modelled pore water profiles, indicating that diffusive transport and AOM are 

the dominant controls on the chemical composition of the pore waters. The agreement 

between the models is less for cores with high methane fluxes (C-PC01 and G-PC04). While 

the measured pore water profiles from core G-PC04 can be reproduced by both models, there 

is a large discrepancy in the predicted methane flux into shallow subsurface sediments (190 

mmol m-2 yr-1 for the diffusion-only model versus 310 mmol m-2yr-1 for the transport-

reaction model). In C-PC02, the transport-reaction model cannot simultaneously reproduce 

the depth of zero sulphate and the depth at which methane reaches saturation. Moreover, 
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fitting the transport-reaction model to the measured sulphate data requires methane 

concentrations of > 1.8 mM (i.e. higher than the surface saturation concentration) at a depth 

which is 40 cm shallower than observed, while fitting this model to the measured methane 

data requires a linear sulphate profile and results in zero sulphate concentrations at depths 

~40 cm deeper than was observed. Sediments recovered in cores G-PC04 and C-PC01 are 

irrigated to a depth of ~20 cm below the seafloor, resulting in a modelled flux of methane 

(respectively, 70 and 10 mmol m-2 yr-1) to the overlying water column. 

The cores recovered at deeper water depths (~ 450 m) within the GHSZ (B-GC01 and F-

GC02) have kinked sulphate profiles that cannot be reproduced by the diffusion-only model. 

The sulphate profiles can, however, be reproduced by applying separate linear fits to the 

upper and lower segments. The shift in the sulphate gradient is different for the two cores, 

with a steeper sulphate profile (shallower inferred SMTZ) in the shallower sediments of B-

GC01 and a steeper profile in the deeper sediments in F-GC02. In B-GC01, the sulphate 

gradient observed in surface sediments implies that the SMTZ should be located within the 

sampled core, which is not consistent with the pore water profiles.  

3.5. Discussion 

3.5.1. Source of methane in bubble plumes and hydrate from offshore Western 

Svalbard 

The absence of propane and heavier hydrocarbons and the very small amounts of ethane in 

the seep gas samples (C1/C2+ ~10,000) suggests that the seep gases are derived from a 

microbial source [Bernard et al., 1976; Whiticar, 1999]. By contrast, the carbon isotopic 

signature of the methane (δ13C-CH4 = -55 to -51 ‰) falls between the characteristic δ13C-

CH4 values of microbial (< -60 ‰) and thermogenic ( > -50 ‰) gas sources (Figure 3-6a; 

Bernard et al. [1976]). The carbon isotopic signature of methane in gas hydrate recovered 

from the pockmark site (δ13C-CH4 = -54.6 ‰; Fisher et al. [2011]) is similar to that of the 

bubble plume gases, although the C1/C2+ ratio is lower (~500). The C1/C2+ ratio of hydrate 

gas from Vestnesa Ridge is lower still (~ 60), and δ13C-CH4 is slightly higher (-45.6 ‰; 

Fisher et al. [2011]), consistent with a greater proportion of methane from thermogenic 

sources (Figure 3-6a).  

Figure 3-6a demonstrates that simple mixing between microbial and thermogenic sources 

cannot explain both the chemical composition of the gas and δ13C value of the methane in 

either bubble plumes or hydrate. The hydrogen isotope composition of the methane cannot 
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distinguish  between microbial and thermogenic methanogenesis as there is considerable 

overlap in δD-CH4 values of these sources (Figure 3-6b; Whitical [1999]). 

Chemical and isotopic compositions of natural gas can be modified during migration away 

from its source. Anaerobic oxidation of methane lowers the C1/C2+ ratio and increases δ13C- 

 
Figure 3-6 Molecular and isotopic composition of hydrate and bubble plume gases. (A) ‘Bernard diagram’ modified after 
Whiticar [1999], (B) Cross plot of methane carbon and hydrogen isotopic data with classification according to Whiticar 
[1999]. White open circles indicate typical end member microbial (δ13C-CH4: -70 ‰, C1/C2+: 50,000, δD-CH4: -225 ‰, in 
A and B) and thermogenic (A only: δ13C-CH4: -40 ‰, C1/C2+: 10); source signatures, connected by a black dashed mixing 
line (A only). Arrows show the effects of anaerobic oxidation of a microbial source in carbon and hydrogen isotopes, for 
the range of isotope fractionation factors reported in the literature [Whiticar, 1999]. Hydrate δ13C-CH4 data are from Fisher 
et al. [2001]. 
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CH4 and δD-CH4 of residual gas by preferentially oxidising isotopically light CH4 (arrows 

in Figure 3-6; Whiticar [1999]). Reported isotope fractionation factors for carbon (αC) range 

from 1.0018 to 1.029, and isotope fraction factors for hydrogen (αD) range from 1.095 to 

1.285 [Whiticar, 1999]. Low αC are likely to be more appropriate for cold high latitude 

sediments [Whiticar, 1999], and recent observations in Bothnian Sea sediments also suggest 

αC and αD values at the lower end of these ranges (αC = 1.009 and αD = 1.098; Egger et al 

[2015]). Figure 3-6 shows that only oxidation of a microbial source with high αC and low 

αD is consistent with the molecular and isotopic signatures of bubble plume samples. 

Furthermore, significant methane oxidation is unlikely during gas migration through 

sediments at depth, as sulphate is not available [Milkov et al., 2005]. In support of this, the 

δ13C-CH4 of gas beneath the STMZ matches that of bubble plume samples (Figure 3-3). 

As thermogenic gases migrate through sediments, they may become progressively depleted 

in heavier hydrocarbons because lighter molecules move faster [Schoell, 1983]. In the same 

way, faster diffusion of lighter isotopes may lead to enrichment of 12C in gases that have 

been transported a significant distance from their source, although this does not seem to be 

significant in most natural settings [Nuzzo et al., 2009; Prinzhofer and Pernaton, 1997; 

Schoell, 1983; Zhang and Krooss, 2001]. Transport-induced molecular fractionation 

provides the best explanation for the observed C1/C2+, δ13C-CH4, and δD-CH4 values of seep 

and hydrate gases. We infer that thermogenic gas produced at depth offshore has been 

stripped of higher hydrocarbons as a result of significant lateral migration along upward 

dipping hemipelagic sediment beds. This is consistent with the model presented by Thatcher 

et al. [2013], and with seismic studies of gas migration through sediments offshore Svalbard 

[Rajan et al., 2012; Sarkar et al., 2012].  

While chemical and isotopic compositions of bubble plume gas and hydrate suggest that 

they have the same source, these data cannot distinguish between gas derived from hydrate 

dissociation and gas which has migrated without ever being in the hydrate phase, because 

no isotopic fractionation of methane occurs during hydrate formation or dissociation 

[Lapham et al., 2012]. As hydrate from offshore Western Svalbard is likely to be Structure 

I (based on C1/C2+ measurements), it will preferentially incorporate ethane and exclude the 

heavier hydrocarbons [Claypool et al., 2006; Milkov et al., 2004a; Pape et al., 2010]. Gas 

recently released from hydrates could therefore be expected to have low C1/C2 and low 

concentrations of C3+ but unaltered δ13C-CH4 relative to the gas source [Pape et al., 2010]. 

Bubble plume gas from offshore Svalbard is low in both C2 and C3+ but, as no hydrate sample 

was recovered at the landward limit of the GHSZ, we cannot distinguish between potential 
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hydrate-related molecular fractionation and that expected to occur during transport of gas to 

the slope region from offshore. However, some pore waters from core G-PC04, which is 

located close to a seafloor bubble plume within the GHSZ, have notably lower chloride 

concentrations (Figure 3-4), which allows for the possibility that small volumes of hydrate 

were present and dissociated during recovery. Some pore waters from the same depth 

interval are slightly enriched in Br-; pore waters with low Cl- and high Br- in association with 

gas hydrates have also been observed at Hydrate Ridge (offshore Oregon) and Blake Ridge 

(offshore Southeastern USA) [Egeberg and Dickens, 1999; Fehn et al., 2006]. 

3.5.2. Spatial distribution of methane 

Modelled fluxes of methane into shallow subsurface sediments vary by an order of 

magnitude in cores taken close to (within ~0.01 to 0.3 km) the seafloor bubble plumes (30 – 

550 mmol CH4 m-2 yr-1; Table 3-4). Methane fluxes into shallow subsurface sediments 

located at greater distance (~1 to 2.6 km) from the bubble plumes are slightly lower (10 – 

20 mmol m-2 yr-1; Table 3-4), but it is clear that methane pervades sediments across the entire 

west Svalbard continental margin. At most sites sampled in this study, only a tiny fraction 

of the methane delivered to the subsurface sediments is transferred across the seafloor by 

molecular diffusion, < 0.02 × 10-3 mol m-2 yr-1. However, bubble induced irrigation [Haeckel 

et al., 2007] of surface sediments is observed in two cores (C-PC02 and G-PC04) taken very 

close to seafloor bubble plumes. Transport-reaction modelling indicates that, in these 

circumstances, the flux of dissolved methane from the sediments into the overlying water 

column is higher, 10-70 × 10-3 mol m-2 yr-1. Nevertheless, pore waters in sediment cores 

taken directly on top of gas bubble plumes in our study area have much higher methane 

concentrations (up to 11 mM; Berndt et al. [2014]), and the gas bubble (ebullition) flux of 

methane across the sediment-seawater interface is far higher (~0.9 - 16 mol CH4 m-2 yr-1; 

Sahling et al. [2014]; Table 3-5) than fluxes of methane delivered to the water column by 

diffusion or irrigation.  

The spatial distribution of sediment cores indicates that diffusive fluxes of methane across 

the sediment-seawater interface persist up to at least 300 m from bubble plumes, while 

irrigation fluxes are restricted to within ~30 m of plumes. Although the area of the seafloor 

affected by seepage of methane via diffusion is far greater than the area of seafloor affected 

by seepage via irrigation or bubble ebullition, the total amount of methane emitted to the 

water column by ebullition (4 × 106 to 5 × 107 mol yr-1; Table 3-5) is far greater than that 

emitted via irrigation (2 × 104 to 1 × 105 mol yr-1; Table 3-5) or diffusion (2 to 5 mol yr-1; 
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Table 3-5). Fluxes of methane delivered to the water column by diffusion or irrigation are 

slightly lower than those estimated for the Håkon Mosby mud volcano located in the Barents 

Sea to the south (~6 × 106 mol yr-1: Milkov et al. [2004b]). The total methane flux density 

(ebullition + irrigation + diffusion; 1.1 – 13.1 mol m-2 yr-1; Table 3-5) is similar to that 

reported for methane ebullition on the East Siberian Arctic Shelf (0.2 to 14 mol m-2 yr-1; 

Shakhova et al. [2014]). 

Table 3-5 Methane fluxes across the sediment-seawater interface, and methane consumption by anaerobic 
oxidation of methane beneath the seafloor for the region of seepage at the limit of the GHSZ offshore Western 
Svalbard (360-415 m water depth). Seep bubble methane flux, seep density, and area of seepage are from 
Sahling et al. [2014]. Rate of AOM at bubble seeps is from Berndt et al. [2014] and has been converted to a 
depth integrated rate assuming a depth distribution similar to those modelled in this study. Total fluxes are 
calculated for the maximum areal extent. We assume no overlap of the irrigation flux regions based on a 
homogeneous distribution of flares within the seep area surveyed by Sahling et al. [2014], and that the diffusive 
fluxes apply to the entire seep area, extended by 300 m.  

  
flux per unit 

area  
[mol m-2 yr-1] spatial extent 

total flux [mol 
yr-1] reference 

  min max min max   
methane flux across the sediment-seawater interface  

seep bubbles 1.1 13 
3.72 km2, containing 

384 (min) to 534 (max) 
bubble flares 

4 × 106 5 × 107 Sahling et 
al. [2014] 

pore water 
irrigation 0.01 0.07 1.5 km2: 30 m radius 

around each flare 2 × 104 1 × 105 this study 

dissolved 
phase 
diffusive 

4 × 10-7 9 × 10-7 

~ 7 km2:300 m radius 
area around the 3.72 
km2 bubble plume 

region 

2 5 this study 

methane consumption by AOM 
seep bubble 
sediments - 200 ~ 10 m2: within 0.01 to 

0.1 m of flares 30 4000 Berndt et al. 
[2014] 

irrigation 
zone 0.3 0.6 1.5 km2: 30 m radius 

around each flare 5 × 105 8 x 105 this study 

diffusive zone 0.03 0.1 
~5.5 km2: diffusive 

zone, excluding inner 
irrigation zone 

5 × 104 2 × 105 this study 

regional 
background - 0.02 80 km2: extent of 

sampling in this study - 2 × 106 this study 

Model results reported in Table 3-5 indicate that > 80 % of the methane that enters the 

shallow subsurface sediments in the irrigation zone (within 30 m of seafloor bubble plumes), 

and > 99.99 % of the methane that enters the shallow subsurface sediments between 30 m 

and 300 m away from the bubble plumes is consumed by AOM. The rate of AOM is much 

higher at bubble plume sites (up to 11 μmol cm-3 day-1; Berndt et al. [2014]) than modelled 

in this study (<0.6 μmol cm-3 day-1; Table 3-4, Figure 3-5), but the proportion of methane 
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oxidised is far lower (<0.1 %; Table 3-5). Reduced AOM efficiency with increasing methane 

flux has been observed in other cold seep environments (e.g. Felden et al. [2013]; Vanneste 

et al. [2011]), Overall, the proportion of methane entering the shallow subsurface sediments 

offshore western Svalbard which is consumed by AOM amounts to ~10 % of the total flux 

to the shallow subsurface sediments. Focusing of fluid flow through cracks within the 

relatively low permeability glaciogenic sediments offshore Svalbard [Thatcher et al., 2013] 

therefore plays a critical role in allowing discharge of methane into the water column. 

3.5.3. Temporal variability of methane supply to the shallow subsurface 

sediments 

With the exception of site C-PC02, both models provide an excellent fit to the pore water 

chemistry profiles measured outside of the GHSZ. This suggests that the supply of methane 

to these sediments has been stable over time, as changes in methane fluxes generate non-

linear sulphate profiles that persist for up to several thousand years [Henkel et al., 2011; 

Hensen et al., 2003]. It also implies that the supply of methane to the shelf and slope region 

is unaffected by seasonal and decadal variations in bottom water temperature, which may 

affect hydrate dynamics [Berndt et al., 2014; Ferré et al., 2012; Marín-Moreno et al., 2013]. 

By contrast, pore water sulphate profiles from all sites within the GHSZ (B-PC01, G-PC04 

and F-GC02) are poorly described by steady-state diffusion models. This either implies that 

the methane flux at these sites has changed, or that there are changes in sediment properties 

that affect upward transport of dissolved constituents [Henkel et al., 2011; Hensen et al., 

2003]. In support of the former, sulphate profiles in F-GC02 and the lower portion of B-

PC01 are slightly concave up, which points to a relatively recent increase in methane supply 

[Hensen et al., 2003; Nöthen and Kasten, 2011]. In G-PC04, methane concentrations are 

very high (> 1 mM) in the near-surface, sulphate-containing (> 20 mM) pore waters, which 

suggests that AOM is unable to keep up with a recent increase in methane supply from depth. 

By contrast, there are no obvious changes in sediment porosity, TIC, or TOC, at the depth 

of the kink in the sulphate profiles in these cores, nor any visual evidence of a change in the 

sediment properties. In core B-PC01 there is a sharp increase in alkalinity at ~280 cm 

sediment depth which coincides with a decrease in pore water calcium, suggesting that the 

SMTZ occurs just beneath the depth of the recovered sediments. This depth is much 

shallower than predicted by applying a linear fit to the lower portion of the sulphate profile, 

and is consistent with an increase in the supply of methane to subsurface sediments. 
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Water depths at these three sites provide sufficient pressure for hydrate stability at current 

bottom-water temperatures [Berndt et al., 2014]. However, the thickness of the hydrate 

stability zone near its landward limit is expected to decrease in response to bottom water 

warming (e.g. Marín-Moreno et al. [2013]). When temperature-driven destabilization is 

initiated at the base of the hydrate bearing sediments, and released gas re-forms hydrate 

when it migrates upwards into overlying sediments that remain within the stability zone. 

Furthermore, cycles of warming and cooling will redistribute hydrate closer to the seafloor 

[Thatcher et al., 2013]. In the presence of hydrate, pore fluids are methane saturated, so 

methane migrates upward to the SMTZ where AOM reduces the methane concentration to 

approximately zero. If hydrate in sediments within the GHSZ moves closer to the seafloor, 

the depth of the SMTZ will therefore also move closer to the seafloor [Bhatnagar et al., 

2011]. 

The pore water sulphate profile at the highest methane flux site outside the limit of the GHSZ 

(C-PC02) is also poorly described by the steady-state transport-reaction model. Methane 

concentrations are negligible ~ 40 cm below the depth predicted by fitting the model to the 

sulphate profile, implying that the methane supply has recently decreased at this site [Hensen 

et al., 2003]. This may be due to the disappearance of a hydrate methane source, or simply 

a change in the local gas migration pathways. 

Rates of AOM are determined by the supplies of methane and sulphate, and methanotroph 

biomass [Knittel and Boetius, 2009]. If the SMTZ is located several meters beneath the 

sediment-seawater interface, the rate of AOM is regulated by the supply of methane [Sivan 

et al., 2007]. If the methane flux from below increases, the SMTZ moves closer to the 

sediment-seawater interface, and the rate of AOM becomes limited by the rate at which 

sulphate is supplied by diffusion from the overlying water column. When the rate of AOM 

is not high enough to reduce methane concentrations to below saturation, methane is 

transported to the seafloor in the gas phase. Escape of methane gas leads to irrigation of the 

surface sediments, allowing infiltration of sulphate from seawater to depths of several tens 

of centimetres into the sediments [Haeckel et al., 2007]. The presence of sulphide-oxidizing 

bacterial mats, tubeworms, and other burrowing organisms also enhances the supply of 

sulphate to the sub-surface sediments. High fluxes of methane and sulphate at cold seep 

environments support dense communities of methanotrophic archaea of > 1010 cells cm-3 

[Knittel and Boetius, 2009], and measured rates of AOM can be tens of μmol cm-3 day-1 (e.g. 

Berndt et al. [2014]). In contrast, methanotrophic communities sampled from the depth of 

the SMTZ typically constitute < 106 cells cm-3 [Knittel and Boetius, 2009]. The archaea in 
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these lower flux environments likely provide seed populations for higher flux environments, 

but their growth rate is limited by the low energy yield associated with AOM [Knittel and 

Boetius, 2009]. Accordingly, it takes > 50 years for the microbial community to respond to 

significant increases in methane flux [Dale et al., 2008b]. Thus, the increase in methane 

supply to the shallow sediments at site G-PC04, implied by the shape of the pore water 

methane profile, must be relatively recent enabling methane to escape the microbial filter 

and be released into the overlying water column. 

Methane carbon isotopic profiles across the STMZ (Figure 3-3) also provide evidence for 

changes in the supply of methane at some sites. During AOM, kinetics favour the oxidation 

of 12C-CH4, producing 13C-depleted carbonate and a residual methane pool that is 13C-

enriched [Whiticar, 1999]. However, δ13C-CH4 values measured at the depth of the SMTZ 

are often very low (i.e. 12C rather than 13C enriched), which is typically attributed to carbon 

cycling, where AOM immediately above the SMTZ progressively enriches the local 

carbonate pool in 12C which is recycled to methane with additional 12C enrichment by 

methanogenesis immediately below the SMTZ [Borowski et al., 1997]. Alternatively, if the 

supply of sulphate from the overlying seawater is limited, chemical equilibrium can be 

established, which produces a 13C-enriched methane pool without coupled methanogenesis 

[Yoshinaga et al., 2014]. Thus, if the supply of methane increases, the SMTZ moves towards 

the seafloor and oxidation of methane occurs in the presence of high sulphate which results 

in 12C-enriched methane, while stable or decreasing methane supply leads to diffusion 

controlled methane oxidation results in a 13C-enriched methane residual methane pool.  

The shape of the pore water δ13C-CH4
 profiles at the two highest methane flux sites, C-PC02 

and G-PC04, are distinctly different. At site G-PC04, methane fluxes appear to have 

increased (see above), and there is a small, negative (- 5 ‰) shift in δ13C-CH4 at the SMTZ, 

and a large positive shift of +30 ‰ ~ 40 cm above the SMTZ. These changes in δ13C-CH4 

values indicate that oxidation of methane occurs in the presence of high sulphate, and that 

carbon cycling at the SMTZ is not well established, supporting our interpretation that the 

methane flux has recently increased. By contrast, fluxes of methane are thought to have 

decreased at site C-PC02, and there is a shift towards lower δ13C-CH4 values across the 

SMTZ (by – 30 ‰). This suggests either that chemical equilibrium is established at this site, 

or that significant carbon cycling occurs at the SMTZ. Both mechanisms are consistent with 

stable or decreasing supply of methane from depth.  
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At other sites in the vicinity of the seafloor bubble plumes, where pore water sulphate 

profiles appear to be at steady state, δ13C-CH4
 profiles are characterised by a negative shift 

at the SMTZ. The magnitude of the shift (30 – 45 ‰) is similar to that observed at site C-

PC02. These data point to equilibrium isotope fractionation processes, with the accumulation 

of 12C due to carbon cycling at a fixed depth. The interval of time required to establish a 

stable SMTZ, and to allow accumulation of 13C-depleted methane remains to be determined. 

3.6. Summary and conclusions  

The molecular and isotopic composition of gas bubbles released from the seafloor at the 

landward limit of the gas hydrate stability zone offshore Western Svalbard indicate that the 

gas is thermogenic, produced in deep sediments further offshore. Methane migrates up the 

continental slope through permeable units in the sequence of seaward-dipping marine 

sediments identified in geophysical studies. Analyses of the composition of gas hydrate 

collected further offshore suggests that gas bubble plumes and hydrate have the same gas 

source, but our molecular and isotope data cannot distinguish between gas that may have 

been released by dissociating hydrate and gas that has never been in the hydrate phase. 

The chemical composition of the sediment pore waters indicates that methane pervades the 

subsurface sediments, but the flux of methane into the shallow subsurface is highly 

heterogeneous. In areas of relatively low subsurface methane flux (30-120 mmol m-2 yr-1), 

methane is largely consumed by anaerobic oxidation below the seabed, and the flux of 

methane across the seafloor is negligible. At higher subsurface flow rates (up to ~550 mmol 

m-2 yr-1), bubble-induced irrigation of sediment pore waters enhances the transfer of methane 

into the water column (up to ~70 mmol m-2 yr-1), but this flux is nevertheless insignificant 

compared with the quantity of methane that enters the water column in gas bubble plumes 

(up to ~16,000 mmol m-2 yr-1). Focusing the outflow of gas through cracks and small 

fractures in the sediments allows methane to circumvent the AOM filter such that, overall, 

AOM only prevents < 10% of the methane delivered to shallow sub-surface sediments from 

reaching the overlying water column.  

Modelling and carbon isotope analyses of sediment pore waters from within the present-day 

gas hydrate stability zone (i.e. > ~400 m water depth) indicate that the flux of methane to 

the sub-surface sediments has increased within the last few thousand years. This may be 

evidence for movement of hydrate towards the seafloor due to temperature cycling, as 

predicted by models [Thatcher et al., 2013]. By contrast, evidence for a change in methane 
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supply to the shallow sub-surface at the present-day landward limit of the GHSZ was only 

found in one core, which supports a recent reduction in methane supply. This may be due to 

the disappearance of hydrate and consequently loss of methane supply. Our pore water 

geochemical data are thus consistent with downslope retreat of the GHSZ in response to 

temperature changes in bottom waters offshore western Svalbard. 
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CHAPTER 4 

Fluxes and fate of dissolved methane released at the 

seafloor at the landward limit of the gas hydrate stability 

zone offshore Western Svalbard 

This chapter is intended for submission to Continental Shelf Research 

Supplementary material is provided in Appendix C 
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Abstract 

Seepage of methane from seafloor sediments offshore Svalbard may partly be driven by 

destabilization of gas hydrates as a result of bottom water warming. As the world’s oceans 

are expected to continue to warm, particularly in the Arctic, destabilization of hydrate may 

become an important source of methane to ocean bottom waters and potentially to the 

overlying atmosphere where it contributes to further warming. We present methane 

concentration data from discrete depth-profiles and a continuous equilibrator-online surface 

seawater system, as well as oxidation rate measurements and atmospheric methane 

observations from the upper slope and shelf offshore Western Svalbard in late summer of 

2011 and 2012. A simple box model considering horizontal and vertical mixing as well as 

oxidation in bottom waters indicates that the majority of seep methane is oxidized at depth. 

A plume of elevated dissolved methane concentrations is expected to persist for more than 

100 km downstream of the seepage area in the rapid barotropic West Spitsbergen Current 

(WSC), which flows northward into the Arctic Ocean. Enhanced vertical mixing within the 

WSC may allow dissolved methane sourced from seafloor seeps at the limit of hydrate 

stability to reach the surface mixed layer downstream of the studied region. However, 

methane in the upper water column at the gas hydrate stability zone limit is likely sourced 

by isopycnal turbulent mixing from shallower shelf waters where seafloor seepage also 

occurs. As vertical dissolved methane transport is slower than northward advection, elevated 

methane concentrations in intermediate and surface waters cannot reflect underlying seafloor 

seepage. We calculate that the diffusive sea-air flux of methane is largest on the shallow 

shelf, reaching 36 μmol m-2 day-1. Over the entire Western Svalbard region there is a 

persistent, but small, source of methane from surface seawater to the overlying atmosphere. 

Simultaneous shipboard measurements of the atmospheric methane carbon isotope signature 

indicate that the seafloor seeps do not make a significant contribution to atmospheric 

methane in this region. 
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4.1. Introduction 

Seepage of methane from seafloor sediments on continental margins is widespread, but 

poorly quantified [Judd and Hovland, 2007]. Active microbially-mediated oxidation 

maintains ocean water methane undersaturation with respect to the atmosphere [Reeburgh, 

2007]. The world’s oceans are thus likely to make only a minor contribution to the global 

atmospheric methane budget [Kirschke et al., 2013]. However, new sites of seafloor methane 

seepage continue to be discovered (e.g. Römer et al. [2014]; Skarke et al. [2014]), and recent 

studies suggest that sea to air methane fluxes at some seepage locations are as high as 

previously estimated for the whole ocean [Shakhova et al. 2010a]. Seepage of methane from 

seafloor sediments in the Arctic Ocean has been linked to destabilisation of methane from 

temperature-sensitive shallow marine sediment reservoirs, including permafrost and 

methane hydrates [Berndt et al., 2014; Ferré et al., 2012; Sahling et al., 2014; Shakhova et 

al., 2014; Westbrook et al., 2009]. As Earth’s climate continues to warm [Stocker et al., 

2013], there is a need to constrain the potential for feedback between the seafloor and 

atmospheric methane systems. 

Methane hydrate is an ice-like solid in which methane molecules are trapped in cages of 

water molecules. It forms under specific high pressure and low temperature conditions where 

water is supersaturated with methane [Sloan and Koh, 2008]. Naturally occurring submarine 

methane hydrate is estimated to contain ~ 500 to 2500 Gt of carbon globally [Milkov, 2004], 

mostly in continental margin sediments, as the landward limit of hydrate stability lies at 

water depths of > 200 m [Krey et al., 2009]. The presence of hydrate reduces sediment 

permeability, such that subsurface gas flow can be directed along the base of hydrate 

formation, with seafloor seepage occurring in waters shallower than the landward limit of 

the hydrate stability zone [Naudts et al., 2006; Schmale et al., 2011]. Destabilization of 

methane hydrate in seafloor sediments is proposed to have contributed to previous episodes 

of major climate change, including the Paleocene-Eocene thermal maximum (e.g. Dickens 

[2011]), and recent discoveries of methane emissions from the seafloor offshore Western 

Svalbard may, at least in part, be related to hydrate dissociation linked to warming of bottom 

waters [Berndt et al, 2014; Biastoch et al., 2011; Reagan and Moridis, 2009; Thatcher et al., 

2013; Westbrook et al., 2009].  

Methane that enters ocean bottom waters in bubble form rapidly dissolves and is 

subsequently diluted by mixing with overlying water masses and dispersed by ocean 
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currents. In the presence of oxygen dissolved methane is oxidised to carbon dioxide (CO2; 

Equation 4-1; Heeschen et al. [2005]).  

CH4 + 2 O2 → CO2 + 2 H2O        (4-1) 

The combined effects of these processes rapidly reduce concentrations of dissolved methane 

in the water column near active seafloor methane seeps to background levels [Valentine, 

2011]. The rate of bubble dissolution mainly varies as a function of bubble size, temperature, 

salinity and pressure, the presence of coatings (organic material, or hydrate skin), and bubble 

rise velocity [Leifer and Patro, 2002; Rehder et al., 2009]. In water depths greater than 200 

m, bubbles less than 10 mm in diameter are expected to dissolve before they reach the surface 

mixed layer, preventing direct venting of methane from seafloor seeps into the atmosphere 

[Gentz et al., 2014; McGinnis et al., 2006]. Aerobic oxidation of methane acts to lower 

oxygen concentrations and results in seawater acidification by production of carbon dioxide 

(Equation 4-1), both of which may have adverse consequences for marine ecosystems 

[Biastoch et al., 2011; Kessler et al., 2011].  

The discovery of more than 250 plumes of methane gas seeping from the seafloor at the 

landward limit of the gas hydrate stability zone (GHSZ) on the upper continental margin 

offshore Western Svalbard [Westbrook et al., 2009] provides an ideal setting to investigate 

the fate of methane in the water column, and the potential for sediment-derived methane to 

reach the atmosphere. To this end, we have determined the distribution of methane in the 

water column in the vicinity of the GHSZ limit for three separate sampling campaigns. Our 

observations demonstrate that there is a persistent sea-air flux of methane across much of 

the continental slope and shelf. We use a simplified box model to quantify the fate of 

methane seeping from the seabed, and provide the first estimates of the sea-air methane flux 

for this area. Our results reinforce the crucial role of even the relatively shallow ocean water 

at the limit of Arctic hydrate stability zone as an efficient barrier to significant methane 

release from seafloor seeps into the overlying atmosphere. 

4.2. Oceanographic setting 

The location of the methane seeps offshore Western Svalbard is shown in Figure 4-1. The 

seafloor at the landward limit of the GHSZ is overlain by the warm saline Atlantic Water of 

the westward branch of the West Spitsbergen Current (WSC) which provides the primarily 

influx of water and heat into the Arctic Ocean [Aagaard et al., 1987; Saloranta and Haugan, 

2004]. Both the mean temperature and speed of the WSC increase towards the shelf break 
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[Saloranta and Haugan, 2004]. Deeper WSC waters to the west of this region lose heat and 

recirculate in the Fram Strait, while the shallower eastern waters are subject to mixing across 

a density-compensated halocline near the shelf edge [Cottier and Venables, 2007; Saloranta 

and Svendsen, 2001] as well as relatively less important vertical mixing and heat loss to the 

atmosphere [Fahrbach et al., 2001]. North of Svalbard, the WSC splits in two, with shallower 

waters (< ~1000 m) continuing along the shelf edge and deeper waters moving along the 

western edge of the Yermak Plateau [Schauer, 2004]. On the continental shelf east of the 

landward limit of the GHSZ, the slower East Spitsbergen Current (ESC) carries fresher and 

colder polar water northward. Surface waters in the vicinity of the methane seeps consist of 

relatively fresh Arctic Water, which penetrates to deeper water depths towards the coast 

[Saloranta and Svendsen, 2001]. 

Figure 4-1 Map of the study area and water column sampling sites. Bathymetry in (A) is from the 
GEBCO_08 Grid version 20100927 (http://gebco.net), contour interval is 100 m, light blue indicates He-386 
cruise track. (B) shows shipboard bathymetry from cruise JR253. Red lines indicate sampling transects T1 – 
T3. (C) shows the dominant direction of the main ocean currents in this region: the West Spitsbergen Current 
(WSC) is shown in red, and the East Spitsbergen Current (ESC) is shown in blue [Saloranta and Svendensen, 
2001]. 
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4.3. Sampling and analytical methods 

4.3.1. Sample collection 

A suite of seawater and air samples were collected from the vicinity of the methane seeps 

close to the landward limit of the GHSZ offshore Western Svalbard on RRS James Clark 

Ross cruise JR253 (7th – 23rd July, 2011), and on RV Maria S. Merian cruise MSM 21/4 

(18th July – 4th August, 2012). Seawater sampling sites are shown in Figure 4-1 and listed in 

Supplemental Table C-1, and locations of air sampling sites are shown in Supplemental 

Figure C-1. Bubble plumes were identified by shipboard sonar: a Simrad EK60 ‘fishfinder’ 

sonar (38 kHz, 120 kHz and 200 kHz) and a 12kHz Simrad EM122 sonar were used on the 

RRS James Clark Ross, and a PARASOUND sonar (18 kHz parametric echosounder) was 

used on the RV Maria S. Marian. In 2012, an equilibrator system [Gülzow et al., 2011] was 

used to record a complimentary data set of surface water methane concentrations 

continuously along the cruise track of RV Heincke during cruise He-387 (20th August – 6th 

September, 2012; the area covered by the cruise track is shown in Figure 4-1a; [Sahling et 

al., 2014]). 

In 2011, seawater samples were taken along three transects (Figure 4-1b) of ~ 6 km in length, 

extending from ~200 m water depth through the methane seeps at ~400 m water depth, to 

water depths of ~ 500 m. Each transect consisted of between 3 and 5 vertical profiles. In 

2012, Transect 1 was sampled more intensively, with 27 vertical profiles representing 5 

sampling time-points over 16 days. An additional station located ~ 30 km south of the main 

study at ~300 m water depth area was also sampled (Figure 4-1a). 

Seawater was collected in 10 L Niskin bottles mounted on a 24-bottle rosette frame fitted 

with a Seabird SBE911 conductivity-temperature-depth (CTD) sensor (Sea-bird Scientific). 

Samples for methane analysis were collected immediately upon recovery of the rosette frame 

into 1 L and 0.5 L triple-layer Evarex Barrier Bags (Oxford Nutrition, U.K.) which had been 

flushed twice with nitrogen. Water was introduced to the equilibrator system using the ship’s 

underway pumped water system; the pump inlet was located 2.8 m below the sea surface. 

Details of this system are given in Gülzow et al. [2011]. Air samples were collected from 

the ship’s bridge by directing a hose into the direction of incoming wind and pumping into 

5 L Tedlar bags.  
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4.3.2. Chemical analysis 

Methane concentrations were measured by adding 20 mL of high-purity nitrogen gas to each 

sample bag, shaking vigorously, and allowing the seawater sample to equilibrate with the 

headspace gas for several hours before subsampling 2 mL for analysis by gas 

chromatography (Agilent 7890A, 6 ft., 2 mm i.d.; 80/100 mesh HayeSep Q packed stainless 

steel column, flame ionization detector, 60 °C, with nitrogen carrier gas at 33 mL min-1). 

Calibration was performed with an external standard (20 ppm methane standard, Air 

Liquide, Germany). The seawater methane concentration was calculated from the headspace 

and seawater sample volumes, measurement temperature, and seawater salinity [Wiesenburg 

and Guinasso, 1979]. Reproducibility was evaluated by triplicate analysis of seawater 

subsamples for which standard deviation was < ± 5 %. 

The equilibrator system measured methane concentrations in air equilibrated with surface 

seawater at 5 second intervals by off-axis integrated cavity output spectroscopy (oa-ICOS, 

Los Gatos Research methane carbon dioxide-Analyser: MCA). The precision of the MCA, 

assessed with gas calibration standards, is better than ± 0.1 % [Gülzow et al., 2011]. 

Methane concentrations and δ13C-CH4 in air were determined at Royal Holloway University 

of London by cavity ring-down spectroscopy (PICARRO G1301) and a trace gas-continuous 

flow gas chromatography isotope ratio mass spectrometry (IsoPrime; Fisher et al. [2006]) , 

respectively. The isotopic precision on secondary standards and samples analysed at least in 

triplicate for both cruises averaged better than ±0.05 per mil. 

4.3.3. Box model 

A simplified box model is used to assess the relative importance of the chemical and physical 

processes which modify the dissolved methane concentration of bottom waters in the vicinity 

of the seep sites. The processes considered in the model are: (i) aerobic oxidation (MOx), 

(ii) isopycnal mixing, and (iii) diapycnal mixing. The box is defined to represent the volume 

of water into which methane from seafloor seep bubbles dissolves: the width is equivalent 

to the segment of the upper margin upslope of the gas hydrate stability zone limit from which 

focused seafloor seepage is observed (450 m, perpendicular to the bathymetry), and the 

height is given by the upper limit of significant direct methane input by bubble dissolution 

(75 m, as evidenced by both dissolved methane concentration profiles (Section 4.1), and the 

bubble modelling for the northern segment of the seep site [Gentz et al., 2014]). The 
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dissolved methane concentration in the box therefore represents the input from seafloor 

seeps. 

The change in dissolved methane concentration with time after bubble dissolution is given 

by: 

δC/δt = - [δCMOx + δCI(west) + δCI(east) + δCD]/δt (4-2) 

where C denotes methane concentration, and the summed terms represent the change in 

concentration due to the four processes considered (indicated by subscripts): aerobic 

oxidation of methane (MOx), offshore isopycnal mixing (I(west)), onshore isopycnal mixing 

(I(east)), and upward diapycnal mixing (D). The rate of methane oxidation is assumed to be 

first order, with a concentration-independent rate constant kMOx:  

δCMOx/δt = - kMOx • C(t) (4-3) 

Isopycnal and diapycnal mixing (turbulent diffusion) are described by Fick’s first law of 

diffusion following [Mau et al., 2012]: 

δC/δt(isopycnal) = -x • DI • ΔC(t)/Δx and δC/δt(diapycnal) = -z • DD• ΔC(t)/ Δz (4-4)

where x is the width of the box perpendicular to bathymetry (450 m), and z is the height of 

the box (75 m), ΔC(t)/Δx and ΔC(t)/Δz are the methane concentration gradients away from 

the seep site in mol m-2 in both the horizontal (x) and upward vertical (z) directions, and DI 

and DD
 are the isopycnal and diapycnal turbulent diffusion coefficients. Isopycnal mixing in 

the north-south direction is neglected because the methane seeps are aligned approximately 

north-south with the bathymetry, and because the dominant current is barotropic and 

northwards so the diffusion term will be small relative to advection of bottom waters. In 

support of this, the methane concentration gradient in the north-south direction is small. 

Downwards loss of methane is not considered because the bottom of the box is defined at 

the seafloor. 

The initial (on-seep) concentration of methane in the box was estimated by depth-averaging 

measured concentrations in the lower 75 m (box height) of the water column. The measured 

oxidation rate constants (kMOx, data from Steinle et al. [In Review]) were similarly averaged, 

as were concentrations outside the box (for off-seep stations and the upper water column). 

No correlation between methane concentration and kMOx was observed in the study area 

[Steinle et al., In Review]. However, no downstream measurements were made, so the 
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evolution of oxidation rate constants as bottom water is advected northwards is 

unconstrained.  

A range of isopycnal and diapycnal mixing coefficients are reported in the literature. We 

choose an isopycnal coefficient of 0.07 ± 0.04 m2 s-1 as calculated for length scales of 0.1 to 

1 km based on a tracer study with sulphur hexafluoride at ~310 m water depth in the Atlantic 

Ocean [Ledwell et al., 1993, 1998]. This is much lower than the value of ~ 1000 m2 s-1

calculated for longer length scales [Ledwell et al., 1998; Sundermeyer and Price, 1998], 

which is higher than the rate of methane input from seafloor seeps [Sahling et al., 2014] 

meaning that methane would not accumulate in seawater above the seeps, clearly 

inconsistent with our observations. The choice of a low isopycnal mixing coefficient is 

further supported by Largier, [2003], who shows that mixing decreases in near-shore 

environments from 1000 m2 s-1 at 100-1000 km away from the coast to 100-0.1 m2 s-1 at 10 

to 0.1 km from the coast. Coefficients of diapycnal mixing are typically 10-7 to 10-8 times 

lower than coefficients for isopycnal mixing [Deng et al., 2014]. Based on the water depth 

and latitude of our site [Deng et al., 2014], we use an upper limit for the diapycnal mixing 

coefficient of 10-3 m2 s-1 as measured in tracer experiments in bottom waters in the abyssal 

ocean [Ledwell et al., 2000]. As a lower limit, we choose the value of 10-4 m2 s-1 cited as 

‘typical’ in a similar methane mixing study [Mau et al., 2012]. Similar and even lower 

diapycnal mixing coefficients were calculated for a methane mixing study in the Black Sea, 

of 0.02 – 1 × 10-4 m2 s-1 [Schmale et al., 2011]. The uncertainty in the values of these 

coefficients is taken into account in the model output, but we stress that as these uncertainties 

are large our model must be considered to be qualitative, or at best semi-quantitative, rather 

than fully quantitative. 

4.3.4. Sea-air fluxes 

The flux of methane from surface waters to the atmosphere is given by: 

Flux = k ([CH4]surface - [CH4]equilibrium) (4-5) 

where k is the gas transfer velocity and [CH4]surface and [CH4]equilibrium are, respectively, the 

measured concentration of methane in surface seawater and the calculated concentration of 

methane in surface seawater at equilibrium with the atmosphere [Liss and Slater, 1974]. The 

equilibrium concentration is calculated from the total atmospheric pressure and the partial 

pressure of methane in dry air using the Bunsen solubility coefficient of methane at the 

temperature and salinity of surface seawater [Wiesenburg and Guinasso, 1979]. 
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The gas transfer velocity (k) can be estimated from the molecular diffusivity (D) of the gas, 

the kinematic viscosity of seawater (μ), and the atmospheric wind speed at a height of 10 m 

(u10) [Wanninkhof, 1992; Wanninkhof et al., 2009]. D and μ are combined in the Schmidt 

number (Sc=μ/D), such that: 

k=0.24·u10
2·(Sc/660)-1/2 (4-6) 

where k has units of cm hr-1 and u10 is in m s-1 [Wanninkhof et al., 2009]. Further details of 

this calculation and choice of k parameterisation are given in the supplementary material 

(Appendix C). Briefly, different k parameterizations [Liss and Merlivat, 1986; McGillis et 

al., 2001; Nightingale et al., 2000; Wanninkhof, 1992] yield overall sea-air fluxes ranging 

from 20 % to 35 % lower and 30 % to 75 % higher than those calculated with Equation 4-6, 

depending on the wind speed. 

Measured wind speeds were corrected for ship speed and relative direction of travel, as well 

as for the height of measurement (zmeas) above the sea surface (~29 m for RV Maria S 

Marian, ~25 m for RV Heincke and ~15.5 m for RSS James Clark Ross) using the 

relationship u10 = umeasured·(zmeas/10)-0.11 [Hsu et al., 1994]. To estimate fluxes from discrete 

surface seawater methane samples, shipboard wind speed data measured every minute 

(2011) and every 10 minutes (2012) were spatially filtered to include only measurements 

within 1 km of mapped seep sites. The temporal variability in wind speed was accounted for 

by calculating the sea-air flux over the distribution of observed winds, bin averaged in 1 m 

s-1 intervals.  

Fluxes are calculated from measurements of the methane concentration in the discrete water 

samples and estimates of the equilibrium methane concentration and gas transfer velocity. 

The equilibrium methane concentrations are calculated from surface seawater temperature 

and salinity, and the average measured atmospheric methane partial pressure and total 

atmospheric pressure observed for the study site during water sampling. Gas transfer 

velocities are calculated for the wind speed distribution observed during the measurement 

period, and sampled surface seawater temperatures. Detailed information on the uncertainty 

of these calculated fluxes can be found in the supplementary material (Appendix C). Briefly, 

variations in atmospheric methane concentration, atmospheric pressure, and surface 

seawater temperature and salinity lead to uncertainties in methane fluxes of < ± 10 %. The 

most significant contribution to the overall uncertainty in the average regional sea-air fluxes 

is the variation in the methane concentration of surface seawater, which is ~ ± 30 - 40 %.  
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Fluxes were also calculated for the equilibrator surface seawater methane concentration data. 

This data set provided simultaneous measurement of wind speed, surface seawater methane 

concentration temperature and salinity, and atmospheric pressure. Fluxes were therefore 

calculated for each individual concentration measurement (5 second intervals). Atmospheric 

methane concentrations were not simultaneously measured, so the average value of the air 

samples collected in 2012 was used. This estimation contributes less than ± 5 % to the overall 

uncertainty of the sea-air flux. 

4.4. Results and discussion 

4.4.1. Distribution of dissolved methane 

Figure 4-2 A Distribution of methane along transects T1 to T3. Sampling points are shown by the open circles. 
Contours show the density anomaly (σθ; kg/m3). Inset B shows the central segment of T1 (indicated by the 
white bar) re-sampled, twice, at higher spatial resolution in 2012. 

The distribution of methane in the water column is shown for Transects 1-3, and a transect 

from south-north through the main seep region (Transect 4), in Figure 4-2. The range of 

methane concentrations measured here is consistent with those previously reported for this 

area [Damm et al., 2005; Gentz et al., 2014; Knies et al., 2004; Westbrook et al., 2009]. The 

variation in the concentration of methane with depth in the vicinity of the methane seeps (i.e. 

close to the landward limit of the GHSZ) is consistent throughout the study area, and there 
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are no obvious differences in either methane concentrations or the shape of the depth profiles 

measured in 2011 and 2012 (Figure 4-3). Highest methane concentrations are typically 

found a few meters above the seabed, rather than at the seabed itself, which is consistent 

with observations at Hydrate Ridge on the Cascadia Margin [Heeschen et al., 2005]. 

Methane concentrations in the upper ~ 250 m of the water column are lower and far less 

variable than they are at depth. Nevertheless, the entire water column is supersaturated with 

respect to the atmosphere (~3 nM CH4, see Section 4.2.3).  

Figure 4-3 Profiles of (A) dissolved methane concentration and (B) density anomaly at the landward limit of 
the GHSZ. Circles (blue) are data from 2011, squares (red and green) are data from 2012. The thick grey line 
shows the smoothed mean of all measurements. The atmospheric equilibrium methane concentration (~3nM) 
is shown by the vertical dashed black line. Density profiles shown are representative for methane 
concentrations of the corresponding colours. 

At distances of < 3 km from the seafloor methane seeps, there is no correlation between the 

methane concentration of surface waters (defined as σθ < 27.5 kg m-3 based on density 

profiles) and distance from the seafloor seeps. The average methane concentration of surface 

seawater collected by Niskin bottles was ~9 nM (range 3-9 nM) in 2011 and ~11 nM (range 

4-17 nM) in 2012. The average concentration measured by the equilibrator system was 

slightly lower at 4.7 nM (range 3.1 – 6.4 nM). This difference may reflect sampling depths: 

on average, ‘surface’ seawater collected by Niskin bottles was slightly deeper (~1 – 12 m 

below the sea surface), than ‘surface’ seawater sampled by the equilibrator system (~2.8 m 

below the sea surface). Similar differences between methane concentrations measured in 

Niskin bottle samples and in seawater measured using an equilibrator system have also been 

reported in the Gulf of Mexico [Hu et al., 2012; Solomon et al., 2009]. 
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Figure 4-4 Methane concentration in surface seawater measured using the equilibrator system during RV 
Heincke cruise He-387. Black crosses show the location of seafloor methane seeps mapped during the cruise 
[Sahling et al., 2012; 2014]. Grey square indicates the area of the map shown in Figure 4-1b yellow star 
indicates the position of the ‘background’ station to the south of our study area.  

Surface waters are supersaturated with respect to methane not only in the immediate vicinity 

of the seafloor methane seeps, but up to at least 35 km to the west of the landward limit of 

the GHSZ, > 80 km to the north along the 400 m depth contour, and > 15 km to the south 

(Figure 4-4). Highest supersaturation (52 nM) was observed at shallow water depths (< 100 

m) on the continental shelf. Although no methane seeps have been found to date to the south

of our study area, high levels of methane in surface waters (which cannot be derived from 

the known methane seeps to the north, as the currents flow from south to north) suggest that 

there is likely to be a methane source in this area. In support of this, the methane 

concentration in surface seawater measured at the ‘background’ station sampled in 2012, 

which lies ~30 km south of our study area, was > 9 nM, dissolved methane concentrations 

increase with depth to a bottom water maximum of 40 nM (Supplemental Figure C-2).  
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4.4.2. Fluxes, sources and fate of dissolved methane in the water column offshore 

Svalbard 

4.4.2.1. Loss of methane from bottom waters 

As described above, highest concentrations of dissolved methane are restricted to the lower 

75 m of the water column. Bubble observations and modelling at this site, and elsewhere, 

indicate that essentially all methane released in bubbles can be expected to dissolve in this 

depth zone [Gentz et al., 2014; Leifer and Patro, 2002; Westbrook et al., 2009]. As soon as 

the methane is in the dissolved phase, it is subject to microbially mediated aerobic oxidation, 

advection by water currents, and turbulent diffusion across concentration gradients. The 

proportion of methane released at the seafloor which reaches the upper water column 

depends on the relative rates of these processes, and may be estimated using our simplified 

box model. 

Figure 4-5 Loss of methane from bottom waters due to (A) offshore isopycnal mixing, (B) onshore isopycnal 
mixing, (C) oxidation, and (D) upward diapycnal mixing calculated by the box model. The grey shaded regions 
represent the uncertainty in fluxes due to the uncertainty in the rate constants. These are: isopycnal mixing 
coefficient ± 0.04 m2 s-1, diapycnal mixing coefficient 10-4 m2 s-1 - 10-3 m2 s-1, and kMOx ± 0.01 day-1. Panel (E) 
shows the total methane removal and panel (F) shows the percentage concentration loss due to each term. 

The results of the model are shown in Figure 4-5, and input parameters are given in Table 

4-1, with additional details are provided in Supplemental Table C-1. There is a large 

uncertainty associated with all methane flux terms, as the isopycnal and diapycnal mixing 

coefficients are poorly constrained, and the measured methane oxidation rate constants were 

highly variable in both space and time [Steinle et al., In Review]. For the modelled average 
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observed conditions and best estimate mixing coefficients, the observed bottom water 

concentrations decay to background concentrations of ~ 3 nM within 150 days, under the 

assumption that the oxidation rate constants measured at the seep site remain appropriate as 

methane concentrations are depleted and water is advected northward in the WSC. Oxidation 

is responsible for the majority of methane concentration depletion, consuming ~ 60 % of 

methane released at the seafloor before it is mixed outside of the modelled bottom water 

volume. Isopycnal mixing towards the measured off-seep background concentrations 

accounts for ~ 27 % of the methane loss. Eastward mixing at depth is limited by the 

intersection of isopycnals with the continental slope ~ 2 km from the seep site. Upwards 

diapycnal mixing between deep and surface waters accounts for the remaining 9 % of 

methane removal from the modelled bottom water volume. 

The model is restricted to describing the fate of methane released at the seafloor which 

dissolves in the lower part of the water column; it does not include the effects of continuing 

methane release. As bottom water currents in this area are very high, the modelled volume 

of methane-containing water is rapidly flushed away from the methane source towards the 

north in the WSC. Previous measurements of the WSC offshore Western Svalbard record 

very high current speeds averaging up to ~24 cm s-1 on the upper continental slope in this 

area [Fahrbach et al., 2001], with wintertime peaks in exceeding 50 cm s-1 [Teigen et al., 

2010]. The net effects of tidal displacement are expected to be minor, as neither methane 

concentrations nor other bottom water properties were related to the tidal phase during 

sampling.  

In currents moving at 24 cm s-1 a volume of water would pass over the seepage region in 

approximately 0.6 days, during which time the total input of methane at the seafloor from 

seep bubbles is estimated to be ~10 mol (assuming a bubble seep methane flux of 

16 mol day-1 m-1, from Sahling et al. [2014]). For this input flux, the accumulated dissolved 

methane  concentration  in  the  box  is  50  –  700 nM,  in  good  agreement  with  measured 

concentrations. These rates of methane input exceed the rate of methane loss estimated using 

our box model, such that methane will accumulate and establish concentrations of dissolved 

methane higher than background values, as observed. Thus, our model of methane loss is 

consistent with both our observations, and measurements of methane fluxes across the 

seabed. Within the time required for half of the methane anomaly to be consumed by 

oxidation and lost by mixing, advection in the WSC is expected to transport the modelled 

volume of high-methane bottom water northwards from the seepage site to a latitude of > 

80 °N, where the WSC flows over the Yermak Plateau and is partially recirculated through 
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the Fram Strait [Gascard et al., 1995]. Although this water will still contain methane sourced 

from the seepage region, the pattern of circulation in this region means that it is not expected 

to come into contact with the atmosphere [Elliott et al., 2011]. 

4.4.2.2. Sources of methane to the upper water column 

The complete dissolution of methane bubbles below 200 m water depth precludes direct 

input of methane to the upper water column, and slow diapycnal mixing coupled with high 

bottom water current speeds mean that the seafloor seeps cannot contribute significant 

dissolved methane to these waters. Even with the choice of an ‘upper limit’ high diapycnal 

mixing coefficient (10-3 m2 s-1; Ledwell et al. [2000]), vertical methane transport transfers 

minimal methane towards the surface mixed layer before northward advection sweeps the 

water away from the seep site. However, elevated methane concentrations persist in 

intermediate waters (depth < 200 m, σθ > 27.5 kg m-3) and surface waters (σθ < 27.5 kg m-

3). Potential alternative sources of methane to the upper water column include: (i) isopycnal 

mixing of methane from seafloor seeps located on the shelf; (ii) diapycnal mixing of methane 

from seafloor seeps upstream (to the south), and (iii) production of methane in surface 

waters.  

Figure 4-6 Variation in dissolved methane concentration with density over the shelf region (80-150 m water 
depth; red squares) and on the upper slope near the landward limit of the GHSZ (380-400 m water depth; 
circles). The latter samples are divided into bottom water (> 200 m depth, grey), intermediate (< 200 m water 
depth, σθ > 27.5 kg m-3, blue, lower panel), and surface water (σθ < 27.5 kg m-3, blue, upper panel). The dashed 
vertical line shows the atmospheric equilibrium methane concentration (~3 nM). 

Seafloor methane seeps were discovered on the continental shelf offshore Svalbard 

approximately 15 km east of the landward limit of the GHSZ in 2011 [Sahling et al., 2014]. 
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Here, the water depth on the shelf is relatively shallow (< 100 m), which allows some 

methane bubbles to rise all the way through the water column and ventilate directly to the 

atmosphere. Methane dissolution occurs as bubbles rise, and leads to high methane 

concentrations throughout the water column, establishing a large concentration gradient 

between shelf and upper slope waters. Cold Arctic ESC water of the shelf is separated from 

upper slope warm Atlantic WSC water by a strong, density-compensated halocline (the 

Arctic Front; e.g. Cottier and Venables [2007]; Saloranta and Svendsen [2001]), which 

allows offshore isopycnal mixing of methane from shelf seeps towards the upper water 

column at the GHSZ limit (Figure 4-6). Mechanisms for enhanced isopycnal turbulent 

diffusion across the Arctic Front include barotropic instability due to the difference in 

current speed between WSC and ESC waters [Saloranta and Svendenson, 200l; Teigen et al, 

2010] and interleaving and cabbeling enhanced eddy diffusivities driven by the contrasting 

temperatures and salinities across the front [Cottier and Venables, 2007]. 

The unexpected observation of elevated concentrations of dissolved methane at the seafloor 

and in surface waters to the south of the region of seafloor seeps at the limit of the GHSZ 

suggests that seafloor methane seeps exist in this area, and therefore that WSC water flowing 

northwards into our study area is likely to carry dissolved methane from upstream sources. 

Upwards diapycnal transport of methane from bottom water into intermediate-depth waters 

is likely to occur between upstream seafloor methane sources and our study site. While the 

recent discovery of extensive seafloor methane seeps aligned along the landward limit of 

hydrate stability offshore North America [Skarke et al., 2014] supports the idea that the 

location of seafloor methane seeps is regulated by hydrate dissociation, extensive acoustic 

surveys offshore Western Svalbard found no evidence for seepage along the landward limit 

of the GHSZ < 80 km to the north of our study area and < 20 km to the south [Sahling et al., 

2014]. However, there is some evidence for elevated methane concentrations in water on the 

upper slope ~150 km south of our study area [Damm et al., 2005], which supports our 

southern equilibrator system and background station high-methane concentration 

observations. The distribution of seafloor methane seeps in the vicinity of the GHSZ offshore 

Svalbard appears to be patchy, and/or temporally variable. More extensive echosounder 

surveys and water column measurements are needed to properly quantify the potential 

contribution of sources to the south of our study area. 

Production of methane within the upper water column is well documented throughout the 

world’s oceans [Damm et al., 2010; Florez-Leiva et al., 2013; Sasakawa et al., 2008] with 

supersaturation often observed at the pycnocline [Reeburgh, 2007]. Dissolved methane 
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concentrations of up to 55 nM in surface waters on the shelf to the south of Spitsbergen 

(Storfjorden) have been attributed to in situ methanogenesis [Damm et al., 2008]. In this 

setting, methane is able to accumulate because oxidation is slow and waters are strongly 

stratified, preventing exchange with the atmosphere. Several, but not all, of our methane 

depth profiles collected at the GHSZ limit site (~ 400 m water depth) show local increases 

in dissolved methane (to ~ 25 nM) close to the pycnocline. However, our 2012 survey reveals 

that the shallow pycnocline is intermittently absent (Figure 4-3b) due to absence of low 

salinity surface waters, preventing the development of a permanent pycnocline. An 

alternative explanation for accumulation of dissolved methane at the pycnocline is that is 

that methane rising from the seafloor seeps pools beneath the density barrier [Solomon et 

al., 2009]. 

4.4.2.3. Methane flux to the atmosphere 

All methane dissolved in the surface mixed layer, irrespective of source, is subject to 

exchange with the overlying atmosphere. Sea to air methane fluxes calculated from 

measured surface water methane concentrations in both Niskin bottle samples and by the 

equilibrator system are given together with ancillary data in Table 4-2. The spatial 

distributions of methane saturation in surface seawater and the sea to air methane flux 

measured using the equilibrator system are shown in Figure 4-7. Methane saturation in 

surface waters mainly reflects methane concentrations; solubility effects due to variations in 

surface water salinity and temperature and atmospheric pressure are minor. Methane fluxes 

are also regulated by wind speed.  

Both methane saturation and sea to air methane fluxes are highest on the shelf, where the 

water depth is relatively shallow. Fewer seafloor seeps are present on the outer part of the 

shelf and water depths become progressively deeper, so methane fluxes are lower and close 

to those calculated at the landward limit of the GHSZ. Lowest methane fluxes are found 

furthest offshore, where water depths are highest (~ 900 m) and the distance from on-shelf 

methane seeps is greatest. High methane saturation in surface waters along the 400 m 

bathymetric contour to the north of the main study site suggest that methane transported at 

depth in the WSC from the seeps at the limit of the GHSZ may mix vertically during 

northward advection and reach surface waters downstream. Enhanced vertical mixing in 

excess of that modelled by diapycnal mixing coefficients is suggested by wintertime WSC 

heat loss studies, which show that mass exchange between the upper 10-20 m of the water 

column and the stratified interior occurs on timescales faster than a day [Boyd and D'Asaro, 

1994]. 
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depth in the WSC from the seeps at the limit of the GHSZ may mix vertically during 

northward advection and reach surface waters downstream. Enhanced vertical mixing in 

wordfdsaffdsafdsafdasfd 

fdsafdddddddddddddddddddddddddddddddddddddddddddddddddddddd 

80 

T
ab

le
 4

-2
 S

ea
 to

 a
ir 

m
et

ha
ne

 fl
ux

es
, w

ith
 a

ss
oc

ia
te

d 
sa

m
pl

ed
 p

ar
am

et
er

s. 
Th

e 
re

gi
on

al
 d

iv
is

io
ns

 o
f t

he
 e

qu
ili

br
at

or
 d

at
a 

ar
e 

sh
ow

n 
in

 F
ig

ur
e 

4-
7.

 
su

rf
ac

e
se

aw
at

er
 

 C
H

4 
te

m
pe

ra
tu

re
 

sa
lin

ity
at

m
os

ph
er

ic
 

pr
es

su
re

 
at

m
os

ph
er

ic
 

m
et

ha
ne

 
pe

rc
en

t 
sa

tu
ra

tio
n 

w
in

d 
sp

ee
d 

(u
10

) 
nM

 
°C

 
ps

u 
m

ba
r 

pp
b 

%
 

m
 s-1

 

se
a→

ai
r 

flu
x 

m
m

ol
 m

-2
 d

ay
-1

 
eq

ui
lib

ra
to

r s
ys

te
m

 
m

ai
n 

st
ud

y 
ar

ea
 

av
er

ag
e 

4.
7 

5.
4 

34
 

10
07

 
- 

14
5 

7 
4 

m
in

im
um

 
3.

1 
4.

4 
33

 
10

16
 

- 
10

0 
0 

0 
6.

4 
8.

5 
35

 
99

0 
- 

19
1 

17
 

17
 

  
m

ax
im

um
 

of
fs

ho
re

  
av

er
ag

e 
3.

4 
6.

7 
34

 
10

04
 

- 
11

1 
8 

1 
3.

1 
5.

3 
33

 
10

12
 

- 
10

0 
2 

0 
m

in
im

um
 

m
ax

im
um

 
5.

9 
9.

6 
34

 
99

4 
- 

18
7 

13
 

10
 

no
rt

h 
av

er
ag

e 
4.

2 
8.

4 
34

 
10

13
 

- 
13

9 
4 

1 
m

in
im

um
 

3.
2 

4.
8 

33
 

10
14

 
- 

10
7 

0 
0 

5.
7 

9.
7 

34
 

10
12

 
- 

17
3 

8 
4 

  
m

ax
im

um
 

so
ut

h 
av

er
ag

e 
4.

4 
5.

9 
34

 
99

36
 

- 
13

9 
8 

3 
m

in
im

um
 

3.
1 

4.
1 

33
 

10
02

 
- 

10
1 

3 
0 

6.
9 

7.
2 

34
 

99
13

 
- 

21
0 

17
 

18
 

  
m

ax
im

um
 

ou
te

r 
sh

el
f 

av
er

ag
e 

5.
0 

5.
1 

33
 

10
06

 
- 

15
4 

9 
6 

3.
2 

4.
2 

32
 

10
17

 
- 

10
1 

4 
0 

m
in

im
um

 
m

ax
im

um
 

6.
9 

7.
0 

34
 

98
71

 
- 

21
2 

17
 

25
 

in
ne

r 
sh

el
f 

av
er

ag
e 

8.
5 

4.
6 

33
 

10
01

 
- 

25
8 

7 
8 

4.
4 

3.
7 

32
 

10
12

 
- 

13
8 

0 
0 

m
in

im
um

 
m

ax
im

um
 

52
 

5.
5 

34
 

98
66

 
- 

15
79

 
14

 
36

 
de

pt
h 

pr
of

ile
s 

20
12

 
av

er
ag

e 
11

 
5.

0 
34

 
99

9 
18

91
 

33
6 

9 
30

 
m

in
im

um
 

4.
5 

4.
8 

34
 

98
9 

18
83

 
13

6 
3 

15
 

17
 

7.
0 

35
 

10
05

 
18

99
 

57
2 

17
 

45
 

m
ax

im
um

 
20

11
 

av
er

ag
e 

8.
9 

5.
0 

33
 

10
14

 
18

66
 

27
1 

8 
16

 
2.

9 
3.

4 
29

 
98

9 
18

52
 

81
 

0 
8 

m
in

im
um

 
m

ax
im

um
 

9.
0 

6.
5 

35
 

10
23

 
18

90
 

29
8 

18
 

32
 



Chapter 4. Fluxes and fate of dissolved methane released at the seafloor 

Figure 4-7 (a) Ship track where methane concentration in surface seawater was measured by the equilibrator 
system. Colours indicate regional divisions of Table 2: purple = north, green = main study area, light blue = 
south, dark blue = offshore, red = outer shelf, grey = inner shelf. Black crosses indicate positions of methane 
seeps, and black dashed rectangle indicates the extent of the map shown in Figure 4-1b. (b) Equilibrator data 
expressed as methane saturation with respect to atmospheric equilibrium, and (c) Sea-air methane flux for each 
region.  

Table 4-3 Sea to air methane fluxes. Values in brackets are minimum and maximum fluxes. 

Location Water depth 
(m) 

Diffusive Flux  
(μmol m-2 day-1) 

Reference 

upper slope offshore Western 
Svalbard 

~400 m 20 (8 – 45) 
This study, Niskin 

bottle samples. 

4 (0 – 17) This study, 
equilibrator system. 

shelf offshore Western 
Svalbard 

~ 100 m 8 (0 – 36) 
This study, 

equilibrator system. 

East Siberian Arctic Sea < 60 m 230 (190 – 300)* [Shakhova et al., 
2010] 

open Arctic Ocean north of 
Alaska 

~ 3500 m 125 (30 – 500) [Kort et al., 2012] 

Atlantic Ocean: 
open ocean 
coastal regions 

0.2 
2 

[Rhee et al., 2009] 

* corrected for differences in the choice of gas transfer coefficient (k)
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Fluxes of methane from the upper slope and shelf region offshore Svalbard to the atmosphere 

are compared to other sources of atmospheric methane in the Arctic and elsewhere in Table 

4- 3. The Svalbard source is small compared to that reported for the East Siberian Arctic 

(ESA) Sea, where methane (likely derived from thawing permafrost) is ejected from the 

seafloor at very shallow water depths (< 60 m; Shakhova et al. [2014;2010b]). The fluxes 

that we measure are also lower than those observed during an aircraft survey over open leads 

and regions with fractional ice cover in the Arctic Ocean (30-500 μmol m-2 day-1; Kort et al. 

[2012]). The source of this methane is unlikely to be the seafloor and is rather attributed to 

release of methane that may accumulate under ice in the winter months [Shakhova et al., 

2010a], and also to biological production of methane in the vicinity of melting ice [He et al., 

2013]. 

Figure 4-8 Keeling plot of atmospheric methane concentration versus δ13C-CH4: 2011 data (grey squares) were 
all collected within 3 km of seafloor methane seeps, 2012 data were within 5 km of seeps (filled circles), and 
within > 5 km and < 50 km from the seeps (open circles). 

The relatively low sea to air methane flux offshore Western Svalbard is supported by 

measurements of atmospheric methane. The methane concentration of air in the study region 

collected during our sampling campaigns in 2011 and 2012 was not significantly elevated 

compared to sites sampled between 5 to > 50 km from the seafloor seeps. Keeling plots of 

the δ13C signature of CH4 (Figure 4-8) indicate that the overall δ13C-CH4 signature of the 

methane sources to this area is -62 ± 3 ‰ for 2011 and -64 ± 5 ‰ for 2012. This is slightly 

higher than the bulk source signature of shipboard data for the same area from summer and 

autumn 2008-2010 (-73.1 to -64.1 ‰), which has been interpreted to indicate that high-

latitude wetlands (δ13C-CH4 < - 60 ‰) are the dominant source of methane to the atmosphere 

in this area and that local submarine hydrates (δ13C-CH4 > - 55 ‰) and other isotopically 

heavier methane sources make a small contribution [Fisher et al., 2011]. The slightly heavier 
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bulk isotopic signature of the 2011 and 2012 shipboard data could be interpreted to indicate 

a larger contribution from the local sea-air fluxes of both the shelf and the slope offshore 

Svalbard fuelled by seafloor methane seepage. However, it is more likely that the difference 

between this atmospheric data set and previously reported observations is due to unrelated 

inter-annual variably in relative contributions and isotopic signatures of other Arctic 

atmospheric methane sources. In either case, the overall light atmospheric methane source 

signatures clearly indicates that methane input from seafloor seeps at the depth of the hydrate 

stability zone limit does not make more than a minor contribution to local atmospheric 

methane.  

4.5. Summary and conclusions 

Dissolution of methane from seafloor bubble seeps at the landward limit of gas hydrate 

stability offshore Western Svalbard leads to high concentrations of dissolved methane (up 

to 825 nM) in bottom waters of the northward flowing West Spitsbergen Current. Methane 

concentrations close to the seafloor are highly variable in time and space, while 

concentrations in upper and intermediate waters are lower and less variable (2 - 50 nM), but 

nevertheless supersaturated with respect to methane in equilibrium with the atmosphere (~ 

3 nM). Simple box modelling indicates that the seafloor seeps are not the source of methane 

to the immediately overlying intermediate and surface waters, because upwards diapycnal 

mixing is much slower than northwards advective transport in the West Spitsbergen Current. 

Rather, we show that the most likely source of this methane is isopycnal mixing with waters 

on the shelf, which have elevated dissolved CH4 due to dissolution of methane from seafloor 

bubble seeps. Downstream surface methane supersaturation in the absence of local seafloor 

seeps suggests that vertical mixing may provide a mechanism for methane escape from 

seafloor seeps at the GHSZ limit to the atmosphere on longer timescales. Future studies 

downstream of the seep site are suggested to further constrain the partitioning of the 

dissolved methane plume between eventual oxidation at depth, and equilibration into the 

atmosphere. Our data additionally provide evidence for seafloor methane seepage to the 

south of our study area.  

Although surface waters are supersaturated with methane throughout our study area, the sea-

air methane flux is relatively small. In support of this, measurements of local atmospheric 

methane concentrations and the carbon isotopic composition do not detect the local seafloor 

seepage methane source over the regional background. This emphasises that the ~ 400 m 

water depth overlying focused seepage at the GHSZ limit provides an effective barrier for 
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direct release of significant quantities of methane to the atmosphere, and furthermore that 

seafloor seepage into the shallower (~ 100 m) shelf waters does not represent a significant 

atmospheric methane source despite direct seep bubble venting to the surface mixed layer.  

84 



Chapter 5. History of methane seepage 

CHAPTER 5 

History of methane seepage on the upper continental 

margin offshore Western Svalbard 

Supplementary Material is provided in Appendix D 
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Abstract 

Large-scale methane release from hydrates in continental margin sediments may be an 

important feedback to global climate warming. In the Arctic, offshore Western Svalbard, 

seafloor methane seepage is linked to hydrate destabilization in response to bottom water 

warming in the past few decades. The potential for methane release offshore Svalbard, and 

from accumulated shallow methane hydrate globally, can be assessed by the investigation of 

the relationship between seafloor seepage activity and methane hydrate stability over glacial-

interglacial timescales. Sedimentary records of magnetic susceptibility, barium, carbonate 

and foraminiferal carbon isotopic signatures provide proxies for the presence of methane 

seepage and high methane fluxes. We present results from near-surface sediments in the 

vicinity of seafloor methane seeps located close to the landward limit of the gas hydrate 

stability zone (GHSZ) on the upper continental margin offshore Western Svalbard, in order 

to both evaluate the applicability of these proxies to this setting, and determine the 

relationship between seafloor methane seepage and climate-driven migration of the GHSZ. 

In the past ~ 30,000 years, there is no evidence for higher methane fluxes at shallower water 

depths than where seepage presently occurs, indicating that upslope migration of the GHSZ 

in times of colder bottom water conditions was not accompanied by a shift in seafloor 

seepage locations. There is evidence for episodic activity of seeps at the present-day GHSZ 

over the past ~ 30 000 years, likely in response to the accumulation and release of methane 

from the local hydrate reservoir. However, better age control is required to fully understand 

the links between methane release and climate. 
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5.1. Introduction 

Methane hydrate, an ice-like solid stable at high pressure and low temperature [Hester and 

Brewer, 2009], accumulates large volumes of CH4 beneath the seafloor: ~ 500 – 2500 Gt 

carbon globally [Milkov, 2004]. Substantial release of methane into the oceans and 

potentially the overlying atmosphere following thermal destabilization of methane hydrates 

may have played a role in role in past global climate warming events (e.g. the Palaeocene-

Eocene thermal maximum [Bowen et al., 2014; Dickens, 2011]). In response to climate 

warming in the Anthropocene, hydrates are likely destabilizing and releasing methane into 

ocean bottom waters in the Arctic, North Atlantic, and North Pacific [Berndt et al., 2014; 

Hautala et al., 2014; Phrampus and Hornbach, 2012; Skarke et al., 2014; Westbrook et al., 

2009].  

Biogenic and thermogenic methane are produced at depth and rise towards the seafloor 

[Reeburgh, 2007; Whiticar, 1999]. Where upwards diffusing methane encounters 

downwards diffusing pore fluid sulphate (SO4
2-) it is anaerobically oxidized by a consortium 

of archaea and bacteria to produce dissolved inorganic carbon (DIC: CO2, HCO3
-, CO3

2-) 

and sulphide (S2-) [Boetius et al., 2000]. The presence of active anaerobic oxidation of 

methane (AOM, Equation 5-1) is evidenced by sediment methane and pore water profiles 

which define a narrow reaction depth interval termed the sulphate-methane transition zone 

(SMTZ). In addition to methane and sulphate concentrations approaching zero at the SMTZ, 

concentrations of dissolved inorganic carbon (DIC) and sulphide increase. Resulting 

carbonate supersaturation of pore waters leads to authigenic carbonate precipitation at the 

SMTZ (Equation 5-2; Sun and Turchyn [2014]). The inorganic carbon produced by AOM 

reflects the light carbon isotopic signature of methane in sediments (δ13C-CH4 < - 40 ‰; 

Whiticar [1999]). The depth at which the SMTZ occurs is determined by the upward flux of 

methane, with higher methane fluxes pushing it closer to the sediment-seawater interface 

[Borowski et al., 1996]. Linear sulphate profiles are interpreted to reflect steady-state 

diffusion to a temporally stable SMTZ depth, while kink-type sulphate profiles indicate 

relatively recent changes in the local methane flux from depth (e.g. Hensen et al. [2003]). 

CH4 + SO4
2- → HCO3

- + HS- + H2O       (5-1) 

Ca2+ + 2HCO3
- → CaCO3

 + CO2 + H2O      (5-2) 

While pore fluid geochemistry reflects the present-day STMZ, the interaction of AOM with 

the sediment solid phase can leave a record of past methane fluxes. The timescales of 
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response of pore fluids and the solid phase to changes in methane fluxes are relatively poorly 

constrained. Modelling studies have shown that pore fluid geochemistry responds to changes 

in methane fluxes in tens to hundreds to thousands of years [Henkel et al., 2011; Hensen et 

al., 2003], while significant diagenetic alteration of sediments occurs on timescales longer 

than approximately 10,000 years (e.g. Kasten et al. [2012]; Riedinger et al. [2006]; Snyder 

et al. [2007a]). If stable methane fluxes maintain the SMTZ at a fixed depth relative to the 

seafloor, the interval of time during which a volume of sediment is exposed to AOM 

conditions is controlled by the sedimentation rate. Three proxies for past seepage are 

explored: (i) alteration of magnetic iron phases, (ii) dissolution, mobilization, and re-

precipitation of barite, and (iii) foraminiferal calcite carbon isotopes (δ13C, 14C-dating).  

The dominant magnetisable component of marine sediments is ferromagnetic magnetite 

(Fe3O4), and other iron (oxyhydr)oxides [Stoner and St-Onge, 2007]. Sediment magnetic 

susceptibility is used as a stratigraphic tool on local and basin scales, because deposition of 

magnetic sediments varies with changes in oceanographic and glacial conditions [Jessen et 

al., 2010].  Diagenetic alteration of the magnetic properties of sediments in shallow oxic 

environments (upper few cm) is well documented (e.g. Karlin and Levi [1983]; Liu et al. 

[2012]). Similarly, sulphide released during sulphate reduction has been shown to 

dramatically alter the iron speciation in sediments and thus the sediment magnetic properties 

(e.g. Garming et al. [2005]; Neretin et al. [2004]; Rowan et al. [2009]). The presence of 

sulphide in sediment pore fluids leads to reductive dissolution of iron (oxyhdr)oxides and 

formation of paramagnetic pyrite (FeS2), through the thermodynamically metastable 

intermediate ferrimagnetic greigite (Fe2S4). This alteration is given by Equations 5-3 to 5-6 

[Dewangan et al., 2013; Neretin et al., 2004; Riedinger et al., 2005], where Equations 5-5 

and 5-6 show two proposed pathways for pyrite formation through a greigite intermediate 

[Dewangan et al., 2013]. Post depositional alteration of sediment magnetic components is 

reflected in a range of magnetic properties, including magnetic susceptibility which is often 

observed to be dramatically reduced close to the STMZ due to pyrite formation (e.g. 

Dewangan et al. [2013]; Garming et al. [2005]; März et al. [2008]; Riedinger et al. [2005]), 

but can also be enhanced in association with AOM where conditions including sulphide or 

iron limitation favour greigite preservation (e.g. Dewangan et al. [2013]; Larrasoaña et al. 

[2007]; Neretin et al. [2004]). 

Fe3O4(s) + HS- + 7H+ → 2Fe2+ + S0 + 4H2O      (5-3) 

Fe2+ + HS- → FeS(s) + H+        (5-4) 
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FeS + S0 → Fe2S4 + 2S0 → 3FeS2       (5-5) 

FeS + HS- → Fe2S4
 + 2HS- → 3FeS2       (5-6) 

Barium of both biogenic and detrital origin accumulates in marine sediments. Biogenic 

barite (BaSO4) is insoluble in anoxic and suboxic sediments, and is used as a proxy for paleo-

productivity [Calvert and Pedersen, 2007; Gingele et al., 1999]. However, when buried to 

depths where pore water sulphate is depleted, undersaturation of sulphate causes dissolution 

and remobilization of barium. Dissolved barium in pore fluids diffuses along concentration 

gradients, re-precipitating when it encounters sulphate. Where high methane fluxes lead to 

sulphate depletion due to removal by AOM, barite dissolves below the SMTZ and re-

precipitates above the SMTZ. When the SMTZ is fixed in a sediment interval for long 

periods of time, the accumulation of barite produces barium fronts immediately above the 

STMZ [Dickens, 2001; Kasten et al., 2012; Nöthen and Kasten, 2011; Riedinger et al., 2006; 

Snyder et al., 2007a; Torres et al., 1996a; Torres et al., 1996b]. If the SMTZ moves upwards 

in the sediment due to an increase in the methane flux, previously deposited barite fronts are 

re-dissolved as they move into sulphate-undersaturated pore fluids. Conversely, downward 

retreat of the SMTZ can leave a series of barite fronts as a record of higher methane fluxes 

in the past. The amount of barite accumulation depends on both the amount of available 

labile biogenic barite in the sediments, and the period of time for which the depth of the 

SMTZ has been stable. Calculations of the time required for the accumulation of barite fronts 

observed in sediments of the Congo Fan, Blake Ridge (offshore Eastern North America), 

and offshore Namibia range from 1,000 to 100,000 years [Dickens, 2001; Kasten et al., 2012; 

Riedinger et al., 2006; Snyder et al., 2007a]. 

The ability of benthic and planktonic foraminifera to record past seafloor methane seepage 

is the subject of some debate (e.g. Herguera et al. [2014]; Hill et al. [2004]; Panieri [2006]; 

Panieri et al. [2014a]; Stott et al. [2002]; Torres [2003]; Torres et al. [2010]). In non-seep 

environments, the carbon isotopic signatures of foraminiferal calcite reflects that of 

dissolved inorganic carbon in seawater, with variable small species-specific offsets (‘vital 

effects’; e.g. Martin et al. [2007]; Ravelo and Hillaire-Marcel [2007]). Planktonic 

foraminifera record δ13C-DIC of surface seawater while benthic foraminifera record bottom 

water or shallow subsurface (upper few centimetres) pore water δ13C-DIC values. Pore water 

δ13C-DIC values usually decrease with depth due to remineralisation of photosynthetic 

carbon which is enriched in 12C (e.g. Stott et al. [2002]). Seawater and near-surface pore 

waters typically have δ13C-DIC values of ~ 0 ‰ (-1 to 1 ‰; Ravelo and Hillaire-Marcel, 

[2007]), and foraminiferal calcite in normal marine environments typically have δ13C-DIC 
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values of ~ -1 to 0 ‰. Incorporation of methane-derived carbon from both 13C-depleted DIC 

and ingested 13C-depleted chemosynthetic biomass at present-day seafloor seepage sites is 

reported to produce δ13C values of as low as -21.2 ‰ in living and recently dead benthic 

foraminifera [Hill et al., 2004; Mackensen et al., 2006; Martin et al., 2010; Panieri et al., 

2014a]. However, a number of studies have found no difference between δ13C values of 

living on-seep foraminifera and those from off-seep settings (e.g. Herguera et al. [2014]; 

Panieri [2006]; Torres [2003]). Offsets between surface sediment pore fluid δ13C-DIC and 

foraminiferal δ13C may be significantly higher in seep environments where δ13C-DIC values 

are lower than -40‰ [Herguera et al., 2014; Stott et al., 2002; Torres, 2003]. 

There is significant debate about the significance of overprinting of the primary 

foraminiferal δ13C signal by secondary (diagenetic) calcite overgrowths in methane seep 

environments. Authigenic carbonates, with δ13C of ~ -30 to – 60 ‰ (e.g. Bayon et al., [2007]; 

Berndt et al. [2014]; Greinert et al. [2001]; Ritger et al. [1987]) form in surface sediments 

during active methane seepage and also at depth throughout the sediment column where 

AOM produces carbonate saturation. Deconvolution of foraminiferal primary and secondary 

calcite geochemical signals has been the subject of significant study and method 

development (e.g. Millo et al.[2005b]; Panieri et al. [2012]; Panieri et al. [2014b]; Pena et 

al. [2005]; Torres et al. [2010]). Diagenetic carbonate overgrowths have a distinct crystal 

structure from the primary calcite [Pena et al., 2008]. The inner chamber walls of tests 

provide an ideal surface for growth of diagenetic crystals [Millo et al., 2005a; Millo et al., 

2005b; Pena et al., 2008]. The more reactive overgrowth structure is expected to be 

preferentially removed by oxidative and reductive cleaning procedures to leave behind the 

primary calcite [Millo et al., 2005b; Pena et al., 2005].  

Here, we present magnetic susceptibility, solid phase elemental analysis, and foraminiferal 

isotope geochemistry of four sediment cores from the upper continental margin offshore 

Western Svalbard, near the landward limit of the present-day gas hydrate stability zone 

(GHSZ). More than 250 seafloor methane seeps were discovered aligned along the GHSZ 

limit in 2008 [Westbrook et al., 2009], and seafloor seepage is likely related to temperature-

driven hydrate dynamics [Ferré et al., 2012; Reagan and Moridis, 2009; Sahling et al., 2014; 

Sarkar et al., 2012]. Dating of authigenic carbonates at the site of present-day seepage 

indicates that the seeps have been active for at least 3,000 years before present (BP) [Berndt 

et al., 2014]. If methane seepage is related to warming of bottom waters and downslope 

retreat of the GHSZ, then seepage should have occurred further upslope when bottom waters 

were colder. We compare the sedimentary records of methane seepage proxies in cores from 
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current seep sites, and in cores recovered from shallow water depths, in order to investigate 

the history of seafloor methane seepage in both environments. 

5.2. Study site 

The present-day landward limit of hydrate stability offshore Western Svalbard is at ~ 400 m 

water depth [Berndt et al., 2014]. Seafloor seepage occurs west of Prins Karls Forland in the 

inter-fan region between the Isfjorden and Kongsfjorden cross-shelf troughs (Figure 5-1) 

[Sahling et al., 2014; Westbrook et al., 2009]. Seismic surveys indicate the presence of 

shallow gas in the upper continental margin sediments, and shallow methane hydrate 

deposits further offshore [Chabert et al., 2011; Rajan et al., 2012; Sarkar et al., 2012]. Gas 

migration appears to occur through permeable prograding hemipelagic sediment sequences, 

which are variably capped by less permeable glaciogenic sediments on the upper slope and 

shelf [Rajan et al., 2012; Sarkar et al., 2012; Thatcher et al., 2013]. To the north of the study 

site lithological control of gas migration causes focused seafloor seepage to be shifted 

upslope to ~ 240 m water depth [Rajan et al., 2012]. Focusing of seafloor seeps between 360 

and 415 m water depth [Sahling et al., 2014], corresponding to sediments where increases 

of local ocean bottom water temperature in the past decades [Ferré et al., 2012; Westbrook 

et al., 2009] would have destabilized hydrate, is not associated any with geological controls 

[Sarkar et al., 2012]. 

Seafloor pockmark structures on the outer continental shelf which are not currently the sites 

of active seafloor seepage provide evidence for past methane seepage in this area [Rajan et 

al., 2012]. Authigenic carbonates on the surface and buried up to 240 cm depth at the present 

seepage site (385-395 m water depth) with extremely light carbon isotopic signatures 

indicating incorporation of methane-derived carbon precipitated ~ 3 to 23 ka BP [Berndt et 

al., 2014]. Further offshore, where shallow methane hydrate and seafloor methane seepage 

are associated with faults providing a gas conduit through the GHSZ [Smith et al., 2014; 

Vogt et al., 1994], the foraminiferal calcite carbon isotopic record suggests intervals of 

seepage and quiescence which may be linked to climate events [Panieri et al., 2014b]. 

Warm and saline Atlantic Water of the West Spitsbergen Current (WSC) [Aagaard et al., 

1987] flows over the upper slope offshore Western Spitsbergen, while colder Arctic water 

of the East Spitsbergen Current flows northward over the shelf [Saloranta and Svendsen, 

2001]. Historical temperature measurements in the WSC record multiple warming and 

cooling events since 1950, with overall warming since 1975 [Ferré et al., 2012; Westbrook 
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et al., 2009]. Spielhagen et al. [2011] showed that the current Fram Strait ocean temperatures 

represent a maximum for the last 2,000 years. A Holocene thermal maximum occurred at 

~9.7-8.8 ka BP [Ebbesen et al., 2007]. The final deglaciation of the shelf occurred following 

the Younger Dryas stadial (11.7 – 12.9 ka BP; Rasmussen et al. [2006]), and was preceded 

by a glacial re-advance at 14.5 ka BP at the transition into the Bølling-Allerød interstadial 

(15 – 14.6 ka BP; Jessen et al. [2010] and references therein). During the last glacial 

maximum (32 – 20.5 ka BP) full glaciation of the shelf occurred at ~ 24 ka BP (Jessen et al. 

[2010] and references therein). 

Along with temperature variability, glacial cycles were accompanied by local and global sea 

level changes due to ice volume changes and ice loading [Forman et al., 2004]. Global sea 

level was at a minimum at 26 ka BP [Jessen et al., 2010]. Modern sea level was established 

at ~ 5.2 ka BP [Werner et al., 2013]. Isostatic rebound following deglaciation led to ~ 50 m 

lower  sea level at ~ 2.6 ka BP [Winkelmann and Knies, 2005]. 

 
Figure 5-1 Map of the study site. (A) Regional map of the island of Svalbard, Spitsbergen, showing locations 
where hydrate samples have been recovered (Vestnesa Ridge and Pockmark Site, blue symbols), and the main 
GHSZ limit study site expanded in (B). Bathymetry in (A) is from GEBCO (The GEBCO_08 Grid, version 
20100927, http://www.gebco.net) with 1000m depth contours, in (B) is shipboard data from cruise JR253, with 
the 400 m depth contour shown (solid white line). Seafloor methane flares (black crosses) observed during 
JR253 are shown in (B), along with sediment core locations (red circles). 
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5.3. Methods 

5.3.1. Sampling 

Sediment cores were collected during RRS James Clark Ross cruise 253 in August 2011. 

Locations are shown in Figure 5-1, and sampling sites are listed in Table 5-1. Two cores 

were collected within the area of seafloor methane seepage near the present-day landward 

limit of the GHSZ, at 386 m water depth (L-GC03) and at 374 m water depth (J-PC06), and 

two cores were collected further upslope landward of the current seafloor seepage area at 

340 m water depth (E-GC01) and at 323 m water depth (K-PC07). Hereafter, the cores are 

referred to as “GHSZ-limit” cores and “landward” cores. The GHSZ-limit cores were 

recovered within a few meters of active methane seeps identified by shipboard sonar, while 

the landward cores were ~ 1 km from the nearest seeps. 

Table 5-1 Locations of sediment cores, from RRS James Clark Ross cruise JR253. GC=gravity core, PC=piston 
core. 

Station 
ID 

Date 
Sampled Lat (°N) Long. (°E) Water 

Depth (m) 
Core 

Length (cm) 

Distance 
from Seep 

(km) 
E-GC01 06/08/2011 78:33.54 9:32.09 340 209 1.0 
J-PC06 11/08/2011 78:36.66 9:25.53 374 224 0.02 
K-PC07 13/08/2011 78:35.91 9:29.10 323 137 1.0 
L-GC03 15/08/2011 78:33.30 9:28.64 386 162 0.01 

Upon recovery, sediment cores were cut into ~ 50 cm sections and split lengthwise on deck. 

The working halves were immediately subsampled under a nitrogen atmosphere for methane 

and pore fluid analysis. For methane quantification, ~ 3mL of sediment was withdrawn using 

a cut-off plastic syringe and placed in a 20 mL glass vial containing 5 mL of 1 M sodium 

hydroxide. A subsample of sediment (~3 g) was placed in a pre-weighed plastic pot and 

stored at 4 ˚C for porosity analysis. Pore waters were extracted by centrifugation and filtered 

through 0.2 μm cellulose acetate filters. Subsamples for analysis of cations were stored in 

acid-cleaned low density polyethylene bottles and acidified to pH 2 with thermally distilled 

nitric acid. Subsamples for analysis of anions were diluted by a factor of 200 with Milli-Q 

water. Subsamples for sulphide were fixed with zinc acetate and stored at 4°C. Core sections 

were stored at 4 °C on board ship, and then at the British Ocean Sediment Core Research 

Facility (BOSCORF, National Oceanography Centre, Southampton, UK). Subsampling of 

the sediment solid phase for micropalaeontology was performed at 1 cm depth intervals at 

BOSCORF. 
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5.3.2. Methane 

The methane content of sediment headspace gases was determined on-board ship by gas 

chromatography (Agilent 7890, 6 Ft HayeSep Q 80/100, stainless steel column). Analytical 

reproducibility, based on replicate analysis of standards (20 and 100 ppm, Air Products, 

UK), was better than ± 2 %. The detection limit was 0.5 ppm, which corresponds to a 

sediment pore water concentration of ~ 0.2 μM. Reported concentrations are minimum 

values because the samples may have degassed during recovery. Concentrations in pore 

fluids were calculated using porosities determined by the difference between the mass of the 

wet sample, and the mass of the sample after drying at ~ 60 °C overnight. Densities of the 

sediment and fluid were assumed to be 2.65 and 1.00 g cm-3, respectively. 

5.3.3. Pore water 

Total alkalinity of pore waters was determined on board ship by titration with 0.02 M 

hydrochloric acid, using a mixture of methyl red and methylene blue as an indicator, and 

bubbling nitrogen gas through the solution. Analyses were calibrated against a seawater 

standard (IAPSO), and the reproducibility was better than ± 1.5 %. Cation concentrations 

were determined at the National Oceanography Centre (NOC), Southampton, UK, by 

inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer Optima 

4300DV). Accuracy and reproducibility were assessed by multiple (n = 3) analyses of 

certified reference material seawater (High Purity Standards™). Measured concentrations 

agree with certified values to within ± 3 %, and the reproducibility of the analyses was better 

than ± 1 % for all analytes. Anion concentrations were determined at the NOC by ion 

chromatography (Dionex ICS250). Reproducibility of replicate standards was better than 

± 0.2 % for chloride, ± 2.5 % for bromide, and ± 1 % for sulphate. Hydrogen sulphide was 

determined spectrophotometrically by absorbance at 670 nm following addition of N,N-

dimethyl-1,4-phenylenediamine dihydrochloride (colour reagent) and FeCl3 (catalyst). The 

working hydrogen sulphide standard was calibrated daily by titration using a sodium 

thiosulphate titration standard (1.667 mM, OSIL environmental instruments and systems, 

UK). Reproducibility was better than ± 10 %, limit of detection was 10 μM.  

5.3.4. Sediment carbon content 

To quantify the total inorganic carbon (TIC) and total carbon (TC) content of the sediments, 

subsamples (~ 3 g) were dried in the oven at > 70 ̊ C for > 24 hours, ground to a homogenous 

fine powder, and measured (~ 50 mg) using a carbon dioxide coulometer (model CM5012, 

94 



Chapter 5. History of methane seepage 

UIC Inc.) equipped with an acidification module (model CM5130), and a furnace module 

(model CM5120). The concentration of total organic carbon (TOC) was determined by 

subtracting TIC from TC. Reproducibility of these analyses was better than ± 10 %. 

5.3.5. Core scanning 

The archive half of each sediment core was logged for magnetic susceptibility and x-ray 

fluorescence elemental composition at BOSCORF, UK. Scanning was performed following 

~ 14 months storage under oxic conditions. The surface layer of the sediments was removed 

prior to scanning. Magnetic susceptibility (χ) was measured on an XYZ Multi-Sensor Core 

Logger (Geotek) at 0.5 cm intervals. Elemental abundance was determined using the ITRAX 

core-scanning X-ray fluorescence system (Cox Analytical; Croudace et al. [2006]) at 1 mm 

intervals (molybdenum x-ray tube, 30 second measurement time, 30 kV, 50 mA). Both data 

sets were processed to remove intervals where sharp changes in core surface height 

interfered with the detectors. Elemental abundance results are presented as total counts 

normalized to titanium (Ti) as a terrigenous input proxy [Calvert and Pedersen, 2007].  

5.3.6. Foraminifera stable isotopes 

Sediment samples for micropalaeontological analysis were dried, then weighed, soaked in 

distilled water and wet sieved at 44 μm. The residues were dried, and sieved at 500 μm. For 

oxygen and carbon stable isotope analyses monospecific benthic and planktonic foraminifera 

samples were hand-picked from the 44 – 300 μm size fraction. For each interval, 3-10 

(benthic) or 10-30 (planktonic) tests were analysed after being gently crushed between clean 

glass plates to break open individual chambers and cleaned with methanol. The benthic 

species Cassidulina neoteretis, Melonis barleanum, and Nonionella labradorica and the 

planktonic species Neoglobquadrina pachyderma sin. were selected because they are 

abundant and common in this area. The preservation of tests was assessed by scanning 

electron microscopy (SEM, Hitachi TM3030 table top microscope). Selected benthic 

foraminifera samples from J-PC06 with very light carbon isotopic signatures were also 

analysed after carrying out an oxidative cleaning procedure. For oxidative cleaning, 

foraminifera tests were first gently crushed between clean glass plates, then subjected to 

repeated rinsing with Milli-Q water and sonication to remove clays. Tests were then cleaned 

in alkali buffered 1 % hydrogen peroxide at 100 °C for 5 minutes, twice. Finally, samples 

were rinsed and sonicated in 1 mM nitric acid, three times. This protocol was adapted from  

Panieri et al. [2012]; [2014b] and [2008] and Pena et al. [2005]. Micropaleontology work 
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was performed at the National Research Council Institute of Marine Science (CNR, ISMAR, 

Bologna, Italy) and the Centre for Artic Gas Hydrate, Environment and Climate (CAGE, 

UiT the Arctic University of Norway, Tromsø, Norway). 

Stable isotope values (δ13C and δ18O) were determined using a Europa GEO 20-20 mass 

spectrometer equipped with an automated carbonate preparation device at the University of 

Southampton, and a ThermoFinnigan MAT252 mass spectrometer coupled to a CarboKiel-

II carbonate preparation device at the Serveis Cientifico-Técnics of the University of 

Barcelona. Results are reported relative to the Vienna Pee Dee Belemnite (VPDB) and 

Vienna Standard Mean Ocean Water (VSMOW) standards in per mil (‰) notation for 

carbon and oxygen, respectively. External precision was better than ± 0.1 ‰ for both δ13C 

and δ18O based on analysis the NBS-19. 

5.3.7. Radiocarbon dating 

AMS radiocarbon dating was performed on 11 samples of mixed planktonic foraminifera 

(predominantly N. pachyderma s). A total weight of 1.3 to 2.8 mg of clean, well-persevered 

specimens were hand-picked from the 44 – 300 μm size fraction. The picked material was 

submitted for analysis at the National Ocean Sciences Accelerator Mass Spectrometry 

Facility (NOSAMS) radiocarbon laboratory at Woods Hole Oceanographic Institution 

(USA). Radiocarbon ages were calibrated using the marine calibration curve Marine13 

(calibration curve maximum 46,806 yr BP; Reimer et al. [2013]) and the program Calib 7.0 

[Stuvier and Reimer, 2014]. A regional reservoir correction (∆R) of 7 ± 11 years was applied, 

as recommended by Bondevik and Gullikesen in Mangerud et al. [2006], following Panieri 

et al. [2014b]. 

5.4. Results 

5.4.1. Core description 

Photographs of sediment cores together with their lithological logs are shown in Figure 5-2. 

The major lithology of all cores is homogenous dark grey clay, with thin (<0.3 cm) horizontal 

laminae (Giuliana Panieri, personal communication 2013). All cores contain multiple sandy 

layers with sharp bottom and top contacts varying in width from ~2 to ~ 10 cm. Sand 

intervals with normal grading are interpreted as turbidites (Giuliana Panieri, personal 

communication 2013). Silt layers and isolated mud clasts are present in all cores except  
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Figure 5-2 (continued) 
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E-GC01. Intervals containing shell fragments were observed in all cores, mostly in sandy 

sediments but also in clays in the two GHSZ-limit cores (L-GC03 and J-PC06). The GHSZ-

limit cores contain voids throughout. The lowermost section of J-PC06 appears to have been 

moderately disturbed during sampling or recovery, possibly by expansion of gassy 

sediments. Isolated pebbles and cobbles occur at different intervals in E-GC01, J-PC06, and 

L-GC03, but are rare in K-PC07. Both E-GC01 and L-GC03 were recovered with large 

stones (>5 cm diameter) at the surface, while J-PC06 and K-PC07 contained large stones at 

the bottom. The top of K-PC07 appeared disturbed upon recovery. Carbonate clasts ~2-5 cm 

in size were recovered in J-PC06 at 147 cm and L-GC03 at 42, 58, 79, 83, 125, 129, and 

153 cm. 

5.4.2. Pore fluids 

Figure 5-3 Profiles of pore fluid and bulk sediment barium (Ba) and calcium (Ca). Sediment data are given as 
relative abundance normalized to titanium (Ti) on the upper axis: Ca/Ti is in light grey, and Ba/Ti in foreground 
is dark grey with black outline. Gaps are due to gaps and roughness in the split core surface. Pore fluid data 
are shown in circles on the bottom axis: Ba in black and Ca in white. Horizontal lines indicate the depth of 
sediment recovered, and the depth of the SMTZ where it was encountered. Red triangles and dashed lines 
indicate depths from which carbonate nodules were recovered. 

Pore fluid geochemistry is reported in detail in Chapter 3. Linearly decreasing sulphate 

profiles suggest that AOM at the SMTZ is mainly responsible for removal of sulphate, and 

that methane fluxes are at steady state [Borowski et al., 1996]. Depth profiles of methane, 

sulphate and sulphide (Figure 5-2) identify the depth of the present-day SMTZ: 186 cm in 

J-PC06 and 100 cm in L-GC03. In the landward cores the SMTZ is deeper than the length 

of sediment recovered. Extrapolated SMTZ depths are 4 m for E-GC01 and 5.5 m for K-
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PC07. Sulphide was detected in pore fluids throughout GHSZ-limit cores, and highest 

concentrations (~3 mM) were recorded near the SMTZ. Sulphide was not measured in the 

landward cores. 

Pore fluid calcium (Ca) and barium (Ba) profiles are shown in Figure 5-3. Dissolved calcium 

decreases linearly with depth towards the SMTZ from the surface value of ~ 11 mM to a 

relatively constant value of ~ 3 mM below the SMTZ, reflecting precipitation of calcium 

carbonate due to conversion of methane to bicarbonate via AOM. Barium concentrations are 

< 1 μM above the SMTZ and increase linearly with depth below the SMTZ reaching a 

maximum of 56 μM at the base of L-GC03, ~ 50 cm below the SMTZ. High Ba 

concentrations reflect dissolution of barite in the absence of pore water sulphate. 

5.4.3. Carbon and calcium content of sediments 

The total organic and inorganic carbon content of the sediments is shown alongside the solid 

phase calcium concentration (normalized to titanium) data in Figure 5-2. The poor 

correlation between calcium and total inorganic carbon, both expected to predominantly 

reflect the carbonate concentration of the sediments, is attributed to the relatively low 

resolution of the TIC data. E-GC01, which has the highest resolution TIC record, shows the 

closest correlation between Ca/Ti and TIC. TOC and TIC values are in broad agreement with 

previously reported data from nearby sites (e.g. Elverhøi et al. [1995]; Winkelmann and 

Knies [2005]). 

The inorganic carbon content of landward cores is relatively constant with depth at ~ 0.5 

weight % (average 0.4 ± 0.2 %), with isolated (single data point) peaks reaching 1.1 % and 

dipping below 0.05 % in a few samples. Some peaks occur in sandy intervals. TIC is higher 

and more variable in GHSZ-limit cores with an average of 0.6 ± 0.3 %, and a maximum 

value of 1.65 %. This difference may reflect the addition of methane-derived carbonate, or 

a difference in the proportion of terrestrial material between water depths. The average TIC 

content corresponds to 4 ± 2 wt. % CaCO3, if all inorganic carbon is present as calcium 

carbonate.  

The near-continuous Ca/Ti records show significant variability which is not present in the 

lower resolution TIC data. Large broad peaks are typical of sandy intervals. In E-GC01 and 

L-GC03 these are superimposed on a relatively low stable background concentration which 

increases in steps with depth. L-GC03 contains a series of small Ca peaks with cannot be 

attributed to sand layers, and which do not correlate with depths from which small carbonate 
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concretions were recovered. J-PC06 and K-PC07 both have slightly higher and much more 

variable calcium content, partially attributable to their larger proportion of discontinuous 

sand and silt layers. Accumulation of authigenic calcium carbonate at the present-day SMTZ 

depth in GHSZ-limit cores is not evident, but may be obscured by the presence of sandy 

layers. 

The overall average sediment TOC content is 0.6 ± 0.3 wt. %. The highest resolution record 

(E-GC01) shows a decrease in TOC with depth in the uppermost sediments, and notably 

lower values in the lowermost sediments. K-PC07 has relatively low TOC throughout with 

little fluctuation. TOC in GHSZ-limit cores J-PC06 and L-GC03 is variable, with a decrease 

in the upper sediments similar to E-GC01.  

5.4.4. Magnetic susceptibility and solid phase iron and sulphur 

Magnetic susceptibility profiles are shown in Figure 5-2. Data discontinuities are indicated 

in the figure by gaps in the record, which occur at all of the section boundaries (every ~50 

cm), and also where the scanner was disturbed by rough sandy layers or gaps and changes 

in surface height related to the presence of stones and carbonate nodules. The core scanner 

detector (1 cm diameter) needs to lie on a flat surface, which was often not possible due to 

the uneven nature of the sediments. Additionally, changes in sediment volume – or height 

of the split cores, affect the magnitude of the magnetic response. Evidence for covariance of 

magnetic susceptibility and core section surface height was observed in some intervals.  

The magnetic susceptibility is very low overall (median: 13 x 10-5 SI). This reflects the 

generally low magnetic content of the sediments, which are predominantly composed of clay 

minerals except for quartz dominated silt and sand intervals, with ~10-20 % carbonates 

(terrestrial sourced dolomite and siderite in addition to foraminiferal calcite and limestones 

from Svalbard; Andersen et al. [1996]; Elverhøi et al. [1995]). All cores contain strong peaks 

in magnetic susceptibility corresponding to sandy layers, but not all sandy layers are 

characterized by high magnetic susceptibility. No correlation of magnetic susceptibility 

records between cores is evident, nor is there a clear difference between the GHSZ-limit 

cores where AOM currently releases sulphide within the recovered sediments, and the 

landward cores where the record is less likely to have been altered by methane seepage.  

Solid phase iron (Fe) and sulphur (S) do not correlate with features in magnetic susceptibility 

profiles, indicating that the magnetic signal is not related to the bulk Fe and S phases present 

in the core. Fe/Ti is relatively constant between and within cores, indicating that Fe reflects 
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the bulk terrigenous sediment input. Sulphur is typically below the limit of detection (< ~ 

245 ppm [Croudace et al., 2006]) with the exception of a single broad interval in each of the 

GHSZ-limit cores: ~ 7 to 38 cm depth in J-PC06, and ~ 135 to 148 cm in L-GC03. The large 

S/Ti peak in L-GC03 correlates with a large Ca/Ti peak which extends into and also beyond 

a sandy interval, while the J-PC06 high sulphur section does not. 

Reduced sulphur species and other reactive ferrimagnetic components may have been 

subject to oxidation and/or other chemical transformations between sampling and core-

scanning measurements (~ 14 months storage of split cores at 4 °C). Reduction in magnetic 

susceptibility of a variety of soil types has been documented during sediment sample storage 

(average ~20 % reduction in magnetic susceptibility in 1 year; Oldfield et al. [1992]) and 

metastable greigite is expected to be particularly susceptible to loss during storage [Snowball 

and Thompson, 1988]. However, considering the expected instrument-specific differences 

in magnetic susceptibility, average values for these cores are in good agreement with 

available data for the West Spitsbergen margin (e.g. Jessen et al. [2010]). 

5.4.5. Foraminiferal stable isotopes 

Planktonic foraminiferal calcite stable isotope data are shown in Figure 5-2. Benthic δ13C 

results are summarized in Figure 5-4, with complete δ13C and δ18O results given in 

Supplementary Figures D-1 (depth profiles) and D-2 (cross-plots). 

Core E-GC01, the highest resolution record, shows low N. Pachyderma s. δ18O values of 

~2 ‰ in near-surface sediments, and relatively steady values of ~4 ‰ throughout most of 

the rest of the core with the exception of an ~ 30 cm interval with lower values close to those 

recorded near the core surface. Corresponding carbon isotope data vary within the narrow 

range of – 1 to 0.5 ‰, although one sample has lower δ13C (-1.19 ‰), and a slightly higher 

δ18O value of 2.39 ‰. N. pachyderma s. was not analysed in the other landward core (K-

PC07). GHSZ-limit cores were sampled at lower depth resolution. Planktonic carbon 

isotopic data clearly indicate the incorporation of methane-derived carbon in the 

foraminiferal tests, with δ13C values of as low as - 13.9 ‰. The extremely 13C-depleted 

samples occur in intervals between samples with normal marine δ13C values (> -1 ‰). While 

some intervals show sharp variation in both δ18O and δ13C, this is not always the case. There 

is no overall relationship between N. pachyderma s. δ13C and δ18O. 

Benthic foraminiferal δ13C values show a similar pattern. Landward cores exhibit a narrow 

range of values typical of the normal marine environment (- 1.9 to 0.3 ‰), while benthic 
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foraminifera from GHSZ-limit cores are significantly more 13C-depleted (-27.8 

to -0.016 ‰). In both J-PC06 and L-GC03, the magnitude of negative isotopic excursions 

increases with depth, however, intervening intervals have higher to normal δ13C. In many 

intervals, some species show normal isotopic signatures, while others are extremely 13C-

depeleted. Defining “normal” intervals as those in which no species have low δ13C (< -2 ‰) 

yields: 0 – 22 cm, 83 - 94 cm and > 216 cm in J-PC06, and 27 - 38 cm and 135-136 cm in 

GC03. Given the large variability with depth and the relatively low depth resolution, the 

current data set is not expected to record all transitions between normal and 13C-depleted 

conditions. Samples close to the depth of the present-day SMTZ have benthic foraminiferal 

δ13C values ranging from normal (-1.45 ‰) to significantly 13C-depeleted (-15 ‰). 

Figure 5-4 Benthic foraminiferal δ13C of GHSZ-limit cores: J-PC06 (left) and L-GC03 (right). C. neoteretis 
(CT, circles), M. barleanum (MB, squares), and N. labradorica (NL, triangles). Filled symbols are samples 
which were subject to the more extensive oxidative cleaning procedure. Grey vertical bars indicate the range 
of values obtained in landward cores (E-GC01 and K-PC07). Dashed horizontal lines indicate the depth of the 
present-day SMTZ, solid horizontal lines indicate core length. 

In the landward cores, there is a consistent pattern between the three species analysed: values 

for C. neoteretis are slightly heavier than for N. labradorica which is in turn consistently 

heavier than M. barleanum. The pattern of relative isotopic signatures between the three 

species observed in landward cores does not hold for GHSZ-limit cores. While C. neoteretis 

is generally heaviest, in some intervals it has the lightest carbon isotopic signature. N. 

labradorica is generally isotopically lightest with intermediate δ13C observed for M. 

barleanum. In a core containing gas hydrates and evidence of seafloor methane seepage from 

nearby Vestnesa Ridge C. neoteretis was found to be isotopically lighter than M. barleanum 

[Panieri et al., 2014b]. 
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The oxidatively cleaned benthic foraminifera samples from selected 13C-depleted intervals 

in J-PC06 do not present a consistent δ13C difference from bulk foraminiferal calcite 

(normally-prepared) results. All oxidatively cleaned N. labradorica samples were more 13C-

depleted than the normally-prepared samples from the same depth intervals, by 1.4 to 8.3 ‰. 

C. neoteretis samples show the opposite result, with oxidatively cleaned tests being closer 

to normal marine values than the normally-prepared samples from the same intervals by 0.1 

to 2.6 ‰. Oxidative cleaning of M. barleanum produced both more 13C-depleted results (by 

2.4 and 2.2 ‰), and less 13C-depleted results (by 2.6 and 0.7 ‰) compared to the normally 

prepared specimens. 

We applied only the clay removal and oxidative steps of the cleaning procedure, omitting 

the reductive step reported elsewhere [Panieri et al., 2012; Panieri et al., 2014b; Pena et al., 

2005], in an effort to reduce loss of primary calcite and retain enough mass for isotopic 

measurements despite the low availability of specimens. This may have prevented complete 

removal of an inner “kutnahorite-like” (CaMn2+(CO3)2) authigenic mineral phase observed 

in foraminifera from the manganese-enriched Panama basin [Pena et al., 2005]. Application 

of both oxidative and reductive cleaning procedures to foraminifera from methane seepage 

environments, has previously yielded consistently higher δ13C values (e.g. ~ 3.5 ‰ increase 

in δ13C of oxidative and reductively cleaned C. neoteretis [Panieri et al., 2014b]), with the 

more intensively cleaned tests interpreted to represent the primary calcite signal. 

Evaluation of the efficiency of cleaning remains difficult. While SEM imaging is often used 

to identify diagenetic overgrowths, it has been shown to be ineffective in some cases [Torres 

et al., 2010]. We were unable to image cleaned tests because the low foraminiferal 

abundance limited the available material. The presence of secondary overgrowths on un-

cleaned individual foraminifera tests from both ‘normal’ and 13C-depleted intervals in J-

PC06 was investigated visually by SEM. N. labradorica specimens which appeared well-

preserved under the light microscope show some evidence of possible corrosion of the outer 

test, while the inner test of some specimens reveal a thick and continuous crystalline 

overgrowth (Figure 5-5). This inner layer is consistent with the Mn-Mg rich carbonate layer 

described by Pena et al. [2008]. Planktonic N. pachyderma s. show evidence for crystalline 

overgrowths at all depths (Figure 5-6). 
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Figure 5-5 N
. labradorica from

 J-PC
06. Tests from

 shallow
 sedim

ents (2 cm
) have norm

al m
arine δ

13C
 values of > -2 ‰

, w
hile very light isotopic signatures (-3 to -10 ‰

) w
ere 

observed in tests from
 deeper sedim

ents (134 and 173 cm
 sedim

ent depth). C
rystalline grow

ths are observed on the inner test w
all (right hand panel) of deeper specim

ens, in contrast 
to the w

ell-preserved pore structure of the near-surface specim
ens. 
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Figure 5-6 N. pachyderma s. from J-PC06. Tests from shallow sediments (10 cm) have normal marine δ13C 
values of > -2 ‰, while very light isotopic signatures (-3 to -10 ‰) were observed in tests from deeper 
sediments (134 and 173 cm sediment depth). 

108 



Chapter 5. History of methane seepage 

5.4.6. Radiocarbon dating 

Eleven radiocarbon dates were obtained for mixed planktonic foraminifera (predominantly 

N. pachyderma s.) for the four cores (Table 5-2, Figure 5-2). The low carbon isotopic 

signatures (-1.68 to -11.44 ‰) and very old radiocarbon dates (uncorrected AMS 14C ages 

40.3 to > 52 ka) in some samples imply a significant contribution from fossil methane-

derived carbon. Since the landward cores show no evidence of primary or diagenetic 

influence of methane-derived carbon in down-core planktonic and benthic δ13C profiles, the 

dates for J-PC06 and E-GC01 are assumed to reflect stratigraphic ages. In E-GC01, the 

younger of the two radiocarbon dates is from the deeper sample. Neither sediment interval 

shows evidence of non-sequential sediment deposition, and δ13C values do not indicate the 

presence of methane-derived carbon. We reject the older date, and note that while the 

difference between the two dates is significant, in the context of the coarse age control of 

this study the choice is relatively inconsequential. 

For GHSZ-limit cores, assuming that foraminiferal calcite carbon formed from a mixture of 

‘normal’ surface ocean DIC and diagenetic overprinting with methane-derived carbon, the 

measured radiocarbon activity and δ13C must reflect a mass balance between these two 

carbon sources. Present-day seep methane has a δ13C-CH4 of -51 to -55 ‰ [Chapter 3; 

Sahling et al., 2014], with heavier gas seeping into shallower waters on the shelf (-45 ‰; 

Chapter 3; Sahling et al. [2014]) and found in shallow sediment gas hydrates further offshore 

(-45.6 ‰ at Vestnesa Ridge; Fisher et al. [2011]; Smith et al [2014]; -54.6 ‰ in a pockmark 

at ~900 m water depth; Fisher et al. [2011]). Geochemical and geophysical data point to a 

fossil thermogenic methane source [Thatcher et al., 2013; Chapter 3]. Mixing with small 

proportions of biogenic carbon produced in shallower sediments is likely to provide a small 

non-fossil contribution to seep carbon [Pohlman et al., 2009]. For a diagenetic carbonate end 

member, we use data from bulk sediments and carbonate concretions (including solid filling 

in a gastropod) from the seep region at the sediment surface and buried down to 240 cm 

depth with δ13C values of -27 to -41 ‰ [Berndt et al., 2014]. The primary foraminiferal 

calcite end member is taken from the maximum and minimum δ13C values for N. 

pachyderma s. in E-GC01: -1.2 and 0.5 ‰. The resulting minimum and maximum 

contributions of methane-derived carbonate diagenetic overprinting on the planktonic 

foraminiferal samples used for radiocarbon dating are given in Table 5-2. 

The simple mass balance consideration of the radiocarbon dating data yields two interesting 

results. The first is that samples with the same δ13C, and therefore the same assumed 
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contribution from methane-derived carbon, have dramatically different ages: 46.1 ± 1.5 Cal 

ka BP at 58 cm depth in L-GC03, and 22.0 ± 0.1 Cal ka BP at 81 cm depth in J-PC06. The 

younger J-PC06 date shows the expected small methane-derived carbon effect from the δ13C 

data. The very old L-GC03 date appears to suggest a significant contribution of methane 

derived carbon, which is not consistent with its δ13C value. It seems unlikely that the 

sediments at this site reflect erosion or a depositional hiatus spanning the entire ages of the 

two landward cores recovered. The second interesting result of the mass balance is that 

despite the expected overprinting of methane-derived fossil 14C signature on the stratigraphic 

record, both GHSZ cores show increasing age with depth. This is consistent with the 

accompanying decrease in δ13C values, and may simply reflect that by chance, the eight 

samples selected for dating (5 in L-GC03 and 3 in J-PC06) were more affected by seepage 

at depth, which is not generally true in either core for the higher resolution N. pachyderma 

s. record. However, it allows the possibly of a stratigraphic component to the methane-

derived carbon signal which warrants further investigation. 

5.4.7. Stratigraphic controls 

The obvious presence of ongoing and past methane seepage and shallow SMTZ in the study 

area essentially prohibits strict chronostratigraphic constraints from the available data. 

Radiocarbon dates reflect incorporation of fossil methane-derived carbon, magnetic 

susceptibility records are compromised by the irregular surface of split cores and may be 

altered by presence of sulphide, and the inorganic and calcium carbonate content of the 

sediments may reflect precipitation related to AOM rather than depositional variability. In 

addition, previous work on sediment cores in the area reveals highly variable sedimentation 

rates and broad hiatuses especially on the upper slope (e.g. Elverhøi et al. [1995]; Jessen et 

al. [2010]; Winkelmann and Knies [2005]; Zamelczyk et al. [2014]). Finally, the planktonic 

foraminiferal oxygen isotope curves in Nordic Seas are expected to reflect varying input 

from isotopically light melt water rather than the global average signal [Mangerud et al., 

1998]. 

We adopt the following local stratigraphic constraints for the upper continental margin off 

Western Svalbard from the literature: 

i. A decrease in planktonic δ18O from ~ 4 ‰ to ~ 2 ‰ at the beginning of the

Holocene, ~ 10 ka BP [Andersen et al., 1996; Elverhøi et al., 1995; Jessen et al.,

2010; Mangerud et al., 1998],
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ii. Spikes in δ18O towards Holocene values at about 15 ka BP related to a local

meltwater event, preceded by a decrease in TOC and simultaneous increase in

CaCO3 until about 20 ka BP [Andersen et al., 1996; Elverhøi et al., 1995; Lucchi et

al., 2013],

iii. Mass transport deposits with low magnetic susceptibility at ~ 24-23.5 ka BP

consisting of dark coarse, unsorted sediment with gravel sized clasts in a sticky,

clayey, silty matrix [Jessen et al., 2010].

A basic stratigraphy based on these constrains and the radiocarbon dates is shown in Figure 

5-2. The NGRIP ice core δ18O record [Andersen et al., 2004] is shown alongside E-GC01, 

as well as a rough age model following Panieri et al. [2014b]. The NGRIP record is tied to 

the E-GC01 data by: (1) the shift in N. pachyderma s. δ18O values in the uppermost part of 

the core which interpreted to represent the beginning of the Holocene, (2) the spikes in N. 

pachyderma s. δ18O values which are interpreted to reflect meltwater-pulse-1A during the 

Bølling-Allerød interstadial, and (3) the core-base radiocarbon date of 19.55 ± 0.08 Cal ka 

BP, assuming a linear sedimentation rate and that the core top represents the present day. 

Resulting estimated sedimentation rates are 4 cm kyr-1 during the Holocene, and 

~90 cm kyr-1 during the Younger Dryas stadial. The sedimentation rate for the Holocene is 

in good agreement with those previously reported on the upper Svalbard continental margin 

[Andersen et al., 1996; Elverhøi et al., 1995]. 

Age constraints for the other three cores are poor. In K-PC07, a thick sand and silt interval 

is interpreted to represent mass transport deposits from ~24 – 23.4 ka BP, in agreement with 

the core bottom radiocarbon date of 34 ± 0.48 Cal ka BP. This gives a low average 

sedimentation rate of 4 cm kyr-1, which may imply that upper Holocene and Younger Dryas 

sediments are missing. This is consistent with the stratigraphy of nearby cores, which also 

show significant sediment hiatuses at the surface [Elverhøi et al., 1995; Jessen et al., 2010]. 

In J-PC06 we also infer that surface sediments have been lost either during sampling or due 

to winnowing by high bottom water currents as described by Winkelmann and Knies [2005]. 

Taking the upper sediment radiocarbon date (18.65 ± 0.07 Cal ka BP) with normal δ13C 

(-1.16 ‰) to be unaffected by methane-derived carbon, we interpret the low δ18O values of 

N. pachyderma s. in the upper part of the core to represent the end of meltwater pulse 1A 

during the Bølling-Allerød interstadial (~ 15 ka BP), and the underlying thick sediment 

interval of stiff mud containing numerous shells and isolated pebbles to represent the mass 

transport deposits of ~24 to 23.4 ka BP. There is no good age control for the base of this 

core. Finally, in L-GC03, all radiocarbon dates show a significant contribution from 

112 



Chapter 5. History of methane seepage 

methane-derived carbon. The low resolution N. pachyderma s. δ18O record appears to 

indicate that Holocene sediments are either absent or restricted to the upper ~ 20 cm. High 

calcium in the upper 20 cm is consistent with the Holocene and could indicate good recovery 

of surface sediments, but may also reflect seep-related authigenic carbonate formation. 

Conversely the very old radiocarbon age associated with near-normal δ13C at 26 cm depth 

apparently indicates a significant loss of recent sediments; if the carbonate is only 1-8 % 

methane-derived carbon then the actual sediment date should be very close to the measured 

value (43.7 ± 1.5 Cal ka BP). This seems unlikely based on records from nearby cores. There 

is a drop in average TOC after ~ 60 cm depth which could be associated with the period 

from 15 – 20 ka BP. This would be consistent with uranium-thorium ages in carbonates from 

a core recovered less than 100 m away (13 – 11 ka at 60-120 cm depth [Berndt et al., 2014]), 

assuming the carbonates (which have δ13C values of < - 35 ‰), reflect authigenic carbonate 

precipitation at the surface. 

5.5. Discussion 

5.5.1. Evidence for methane seepage from sediment-based proxies of AOM 

None of the sediment-based proxies for methane seepage which have been described at other 

sites hosting methane hydrates and/or seafloor methane seeps record the presence of AOM 

in the sediments recovered offshore Western Svalbard either now, or in the past. This could 

indicate: 

i. Lack of observation due to discontinuous measurements and/or sediment recovery,

ii. The sediments at this location are not suitable for recording the presence of AOM or

for preserving an AOM signal,

iii. Methane fluxes are variable, such that the depth of the SMTZ is constantly shifting,

and AOM signals have insufficient time to build up in the sediments.

We cannot exclude the first possibility: that we have failed to observe geochemical signals 

which are present due to gaps in core scanning records because of the uneven surface of the 

cores, or as a result of chemical alteration of the sediments during storage in an oxic 

environment. However, it seems unlikely that we failed to sample signals of AOM in all four 

cores for these reasons. Importantly, there is evidence of both ongoing AOM within the 

sediment recovered in the GHSZ limit cores, and a sediment record of past AOM in 

incorporation of isotopically light methane-derived carbon in foraminiferal calcite (see 
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Section 5.5.2). We therefore propose that our results support (ii) and (iii), and discuss the 

implications for each proxy. 

5.5.1.1. Iron oxides 

The observation of bulk sediment proxies of AOM requires not only active AOM, but also 

the availability of appropriate reactive solid phase species. The generally low and variable 

magnetic susceptibility reported in this and other studies for the Western Svalbard margin 

implies low concentrations of ferromagnetic iron oxides. It follows that despite high pore 

fluid sulphide concentrations, the lack of reactive iron phases indicates that iron 

remobilization at the SMTZ is limited. The variable (noisy) magnetic susceptibility records 

of all four cores also means that dissolution or precipitation of small quantities of iron oxide 

is impossible to distinguish from the background. High inputs of terrigenous material and 

the high ITRAX detection limit for sulphur also reduce the likelihood of observing minor 

dissolution and accumulation in the sediment records. The two intervals of high (detectable) 

solid phase sulphur in the GHSZ-limit cores could be related to the presence of iron 

sulphides, but are just as likely to be depositional features, particularly in L-GC03 where 

high solid phase sulphur occurs in a distinct sandy interval. We therefore conclude that 

magnetic susceptibility and iron (oxyhydr)oxide reductive dissolution is not an effective 

proxy for methane seepage offshore Western Svalbard. 

5.5.1.2. Barite fronts 

Accumulation of barite fronts requires the availability of a labile barite phase beneath the 

SMTZ. In the GHSZ-limit cores, increasing dissolved barium concentrations with depth 

beneath the STMZ provide evidence for active barite dissolution in the region of zero 

sulphate and re-precipitation above the SMTZ. However, there is no corresponding decrease 

in bulk sediment barium content below the STMZ due to dissolution, or significant Ba/Ti 

peaks at or above the SMTZ due to re-precipitation (Figure 5-3). This suggests that the labile 

barite proportion of the sediments is small, or that the depth of the STMZ has recently 

shifted. In the GHSZ-limit cores, old barite fronts within the sediments recovered but 

below the present-day SMTZ depth may have dissolved following upwards migration of the 

SMTZ due to increases in methane fluxes or by burial to below a stable STMZ depth. 

However, in the landward cores where the present-day SMTZ is below the depth of 

sediment recovered, dissolution of shallow barite fronts related to potential higher 

methane fluxes in the past is not expected. 
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Assuming that the linear dissolved barium profiles represent a diffusive flux (FD) of barium 

to the SMTZ and applying Fick’s first law of diffusion (Equation 5-5; Boudreau, [1997]), 

with a barium diffusion coefficient in free solution (D0) of 144.7 cm2 yr-1 (3 °C; Boudreau, 

[1997]), and the measured average porosity (φ) of 0.47, the supply of barium is 1.0 x 10-4 

mol m-2 yr-1 in J-PC06 and 1.8 x 10-4 mol m-2 yr-1 in L-GC03. This is of similar magnitude 

to barite fluxes reported elsewhere (Congo Fan: 0.2 - 1 x 10-3 mol m-2 yr-1; Kasten et al. 

[2012], Blake Ridge: 0.6 - 4 x 10-2; Snyder et al. [2007a], Japan Sea: 0.7 -1 x 10-4 mol m-2 

yr-1 Snyder et al. [2007b]). Therefore, it seems unlikely that the absence of barite fronts can 

be attributed to unavailability of labile barite in the sediments offshore Svalbard.  

FD = D0/(1-ln(φ2)) • φ • ΔC/Δz (5-5) 

Re-precipitation of barium above the SMTZ would lead to accumulation of 

< 0.2 mg Ba kg-1 yr-1, assuming a bulk sediment density of 2.65 g cm-3. If the landward cores 

represent sediments unaffected by AOM, as suggested by their normal foraminiferal carbon 

isotopic records, then barite accumulation in excess of the variability observed in the 

landward cores, in which Ba/Ti can be up to six times the median value, is required to 

provide a proxy record of AOM. If background sediment barium concentrations are at the 

low end of those reported elsewhere where barium accumulation is observed (Congo Fan: ~ 

0.2 g kg-1; Kasten et al. [2012], Blake Ridge: ~0.4 g kg-1; Dickens [2001], Japan Sea: 0.07 – 

0.1 g kg-1; Snyder et al. [2007b]), then the formation of a clear barite front in the sediment 

record offshore Svalbard would take ~ 5,000 years. We therefore infer that the depth of the 

SMTZ below the seafloor has not been fixed for this length of time. 

The fixing of the SMTZ depth within a narrow sediment interval over thousand-year 

timescales requires both stable methane fluxes and a slow sedimentation rate. Offshore 

Namibia, accumulation of large barite fronts is attributed to fixing of the SMTZ in sediments 

following a dramatic decrease in sedimentation rates at the beginning of the Holocene 

[Riedinger et al., 2006], while the absence of a barite front despite pore fluid evidence for 

barite mobilization is attributed to high sedimentation rates on the flank of Blake Ridge 

[Snyder et al., 2007a]. Sedimentation rates on the upper continental shelf off Svalbard are 

low in the Holocene (~ 3 cm kyr-1). High bottom water currents may also have prevented 

barium accumulation [Winkelmann and Knies, 2005], suggested by the absence of recent 

sediments in J-PC06. During colder periods where ice extended closer to the shelf edge, the 

sedimentation rate was much higher (~ 100 cm kyr-1), during which time sediment burial 

would have moved sediments through the SMTZ too rapidly for barium to accumulate. 
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Sedimentation rates support the conclusion that methane fluxes have not remained stable for 

periods of longer than ~ 5,000 years during the Holocene. 

5.5.1.3. Authigenic carbonate precipitation 

The solid phase carbonate records (TIC, Ca) also have a high and variable background which 

implies that a large accumulation of authigenic carbonate related to AOM would be required 

to produce a record of AOM. This variable background is caused by changes in the 

provenance of sediments deposited during glacial advance and retreat in this area (e.g. 

Andersen et al. [1996]; Elverhøi et al. [1995]). While the bulk carbonate data do not show 

accumulation at the depth of the present-day STMZ, the slightly higher average carbonate 

content in the GHSZ-limit cores could reflect disseminated precipitation of authigenic 

carbonate. A relationship between the bulk calcium content and AOM is supported by the 

presence of carbonate nodules in the GHSZ-limit cores (Figure 5-3), but not in the landward 

cores. Further analysis of carbonates (elemental and isotopic composition), could confirm 

their association with methane-derived carbon, and indicate if they formed at the surface in 

times of high methane flux which favours aragonite precipitation, or at depth at the SMTZ, 

which favours high magnesium calcite precipitation [Bayon et al., 2007; Nöthen and Kasten, 

2011; Ritger et al., 1987]. Their depth distribution is not closely tied to the present-day 

SMTZ depth, implying accumulation during periods of lower and higher methane fluxes, 

and possibly methane seepage at the surface. Carbon isotope analyses of carbonates in a 

sediment core taken within 100 m of L-GC03 confirm that the carbonates are related to 

methane seepage, and increasing age with depth (from 3 ka BP at the surface to 23 ka BP at 

120-240 cm below the seafloor) suggests that these carbonates formed at the seafloor [Berndt 

et al., 2014].  

5.5.2. δ13C of foraminiferal calcite 

5.5.2.1. Absence of 13C-depleted foraminiferal calcite in landward cores 

The primary result of the foraminiferal isotope data is that the landward cores contain no 

evidence for input of methane-derived carbon. It is possible that this is due to inadequate 

sampling resolution, low deposition and erosion, or discontinuous core recovery, but given 

that the GHSZ-limit cores, in which significant 13C-depletion was observed, had similar 

sediment recovery and lower sampling resolution, this is unlikely. The implications of this 

result are two-fold. First, low δ13C-DIC bottom and surface waters were not present in the 

vicinity of the landward cores during the past ~ 20,000 to 35,000 years. The 1 km distance 
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between the landward sampling sites offshore Svalbard and the GHSZ-limit sites where there 

is clear evidence of methane-derived carbon incorporation into foraminiferal calcite places 

an upper limit on the spatial range of the proxy in this setting. The second implication is that 

the SMTZ has never been located within the sediments recovered at these water depths (320 

– 340 m), preventing methane seepage in the immediate vicinity of the core sites during the

last ~ 20,000 to 35,000 years. Foraminiferal calcite provides an excellent nucleation site for 

carbonate precipitation, so is expected to be quite sensitive to carbonate precipitation where 

active AOM provides calcium carbonate supersaturation [Pena et al., 2008; Torres et al., 

2010]. 

5.5.2.2. 13C- and 14C -depleted planktonic foraminiferal calcite 

Planktonic foraminifera calcify in surface waters, and therefore cannot record the carbon 

isotopic composition of methane released at the seafloor in the absence of a strong (regional) 
12C-enriched DIC signal. Because there is no evidence for low δ13C-DIC waters in the 

landward cores ~ 1 km away, the incorporation of 13C and 14C-depleted carbon in N 

pachyderma s. tests must be due to diagenetic overprinting. Secondary calcite precipitation 

may occur immediately after the planktonic foraminiferal tests were deposited in near-

surface sediments during intervals of seafloor methane seepage, or after significant burial 

when sediments pass through carbonate saturated pore waters resulting from AOM at the 

SMTZ. Mass balance calculations indicate that up to 55 % of carbonate in N pachyderma s. 

with δ13C = -14.6 ‰ is authigenic. However, SEM images of the outside part of N 

pachyderma s. tests do not show obvious evidence for diagenetic overprinting. 

Post-depositional diagenetic overprinting will also affect the benthic foraminiferal δ13C 

record. In benthic foraminifera, primary calcite may additionally incorporate methane-

derived carbon during periods of active seepage, as demonstrated by low δ13C values 

measured in living C. neoteretis tests from the Håkon Mosby Mud Volcano in the Barents 

Sea [Mackensen et al., 2006]. Intervals with low benthic foraminiferal δ13C values also have 

low planktonic foraminiferal δ13C in the GHSZ-limit cores. Thus planktonic foraminifera 

may provide a proxy for methane seepage even in the absence of low shelf-wide δ13C-DIC 

values. 

Low foraminiferal δ13C values cannot be attributed to authigenic carbonate precipitation due 

to AOM at the depth of the present-day SMTZ because there is no relationship between δ13C 

and proximity to the depth of sulphate depletion. Crucially, intervals with lowest δ13C values 

are separated by intervals with normal marine δ13C values. While 13C-depletion below the 
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present STMZ could indicate sediment burial following authigenic carbonate precipitation, 

intervals with low δ13C above the present-day STMZ require that higher methane fluxes in 

the past pushed the SMTZ closer to the seafloor, potentially allowing methane seepage at 

the surface. Subsequent retreat of the STMZ to its present-day depth would have caused the 

reaction zone to pass through the intervening sediments. As low δ13C values are not 

continuous, δ13C must be a proxy for methane seepage rather than SMTZ retreat [Panieri et 

al., 2014b]. However, if there are rapid changes in sedimentation rate, or the depth of the 

SMTZ (e.g. due to a change in methane flux), then there may be insufficient time for 

accumulation of 13C-depleted calcite overgrowths. The presence of a foraminiferal-δ13C 

record of methane-derived carbon in the absence of other geochemical STMZ proxies (barite 

fronts and magnetic susceptibility drawdown) suggests that the time required for 

measureable carbonate precipitation on foraminiferal tests is relatively short.  

5.5.2.3. Benthic foraminiferal δ13C 

13C-depletion of planktonic foraminifera confirms the occurrence of diagenetic overprinting 

with 13C-depleted carbonate. The more extensive cleaning procedure was expected to 

remove this secondary calcite to leave behind the carbon isotopic signature of the primary 

calcite. However, even oxidatively-cleaned foraminifera have δ13C values ~30 – 50% lower 

than the normal marine value in the majority of samples across all three species. This means 

either that the oxidative cleaning was not 100% effective, or that the primary calcite also 

incorporated 13C-depleted carbon. As the degree of diagenetic overprinting in similar 

environments  is ~10-20 % (e.g. Martin et al. [2007] Millo et al. [2005b]), our data strongly 

suggest that both primary and secondary calcite incorporate methane-derived carbon 

signatures offshore Western Svalbard. The primary calcite δ13C therefore records a 

stratigraphic record of methane seepage over the past ~ 30,000 years. 

If the oxidatively cleaned foraminiferal results represent the pure primary signal, the 

foraminifera tests are more 13C-depleted (- 6 to - 17 ‰ for N. labradorica, and -5 to - 7 ‰ 

for M. barleanum) than minimum values reported for living foraminifera in modern seep 

environments (-4.2 ‰; Panieri et al. [2014a], -7.5 ‰; Mackensen et al. [2006], -15.3 ‰; 

Martin et al. [2010], and -21.2 ‰; Hill et al. [2004]). The variable differences between 

oxidatively cleaned and normally-prepared samples from the same depth intervals could 

result from the averaging of several individuals (4 – 15 specimens) recording calcification 

over a broad time interval with variable methane fluxes and variable overgrowth 

precipitation. Within-species differences between single specimen δ13C in living 

foraminifera from active seep sites are high (up to 12 ‰; Hill et al. [2004]). 
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The apparently species-specific effects of the cleaning procedure on δ13C indicates that both 

primary and secondary foraminiferal calcite methane-derived carbon records may be 

species-specific.  Pena et al. [2008] show that the more porous Globigerinoides ruber 

accumulates more secondary calcite than Neogloboquadrina dutertrei because their shell 

architecture provides better nucleation sites for authigenic carbonate precipitation. The 

larger difference between oxidatively cleaned and normally-prepared δ13C in N. labradorica 

could indicate that these larger tests (compared to C. neoteretis and M. barleanum) allow 

more secondary overgrowth. Studies of living foraminifera at active seep sites show that 

incorporation of 13C-depleted carbon in the test due to methane seepage is also species-

dependent (e.g. Mackensen et al. [2006]). This is attributed to differences in the ability to 

calcify in an active seep environment, different vital effects leading to species-specific 

disequilibrium with pore fluid DIC, and/or different microhabitats with different δ13C-DIC. 

A detailed study on shallow sediment cores from 50 sites on the continental margin off 

Northern Svalbard and from the Arctic Ocean found similar depth habitats for N. labridorica 

and C. neoteresis [Wollenburg and Mackensen, 1998], and M. barleanum is also an infaunal 

species [Wollenburg and Kuhnt, 2000], so all three are expected to calcify in a similar pore 

fluid environment. This is consistent with results for the landward cores, which have similar 

δ13C for all three species. Differences in the pattern of δ13C between these three species in 

the 13C-depleted intervals compared to the normal marine environment (landward cores), 

suggests that species-specific effects related to methane seepage are being record. 

The most 13C-depleted N. labradorica samples have consistently lower δ13C in oxidatively 

cleaned samples, the generally least 13C-depleted C. neoteretis have consistently higher δ13C 

in oxidatively cleaned samples relative to normally-prepared tests, whereas M. barleanum 

display mixed results. The relationship between the amount of 13C-depletion in normally-

prepared samples and the magnitude and direction of change due to oxidative cleaning 

suggests that the material removed during cleaning has an intermediate δ13C: more 13C-

depleted than normally-prepared C. neoteretis δ13C and less 13C-depleted than normally-

prepared N. labradorica. This implies that N. labradorica record a strong primary methane-

derived carbon signal, while C. neoteretis are in disequilibrium with the low δ13C-DIC seep 

environment. More research is required to better understand the types of secondary calcite 

overprinting in methane seep environments and the efficiency of different cleaning 

procedures in order to fully interpret species-specific variability. 
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5.5.3. Relationship between methane seepage and hydrate stability offshore 

Western Svalbard over the last ~ 30,000 years 

5.5.3.1. Absence of methane seepage in landward cores 

Hydrate accumulation in sediments at 340 m water depth is expected to have occurred as 

recently as 1970, with the hydrate stability zone predicted to have extended up to ~ 300 m 

water depth during the last glacial period [Ferré et al., 2012; Thatcher et al., 2013]. The 

absence of a sedimentary record of past methane seepage at 340 m (E-GC01) or 323 m (K-

PC07) water depth therefore implies that any upslope advance of the GHSZ was not 

accompanied by methane seepage through the sediments towards the seafloor. This could 

indicate that periods of colder conditions were too short to allow accumulation of enough 

hydrate to release sufficient methane for it to reach the seafloor. While heterogeneity in 

sediment permeability has been shown to play a role in controlling the position of methane 

seeps in this area, there is no indication of a change in the lithology (and therefore 

permeability) of sediments between the GHSZ-limit and the landward sites (< 1 km upslope) 

[Sarkar et al., 2012]. 

Given that the present-day seafloor seeps at the GHSZ-limit are separated by an average of 

100-150 m [Thatcher et al., 2013], it is possible that seepage occurred landward of the 

current GHSZ limit but is not sampled in our cores. For example, Panieri et al. [2014a] 

observed that benthic foraminifera at ~ 240 m distance from active seeps do not record low 

δ13C values. Furthermore, near-surface sediments in J-PC06 appear unaffected by methane 

seepage that occurs ~ 200 m away. This is likely a reflection of poor recovery of the near-

surface sediments. However, the clear record of methane seepage in both GHSZ-limit cores 

over thousand year timescales means that small-scale spatial variability is likely to be 

captured if the seep density at the landward site was similar to that at the GHSZ limit today. 

5.5.3.2. Sediment record of methane seepage at the GHSZ limit 

As temperature and sea level changes in the past shifted the landward limit of the GHSZ, the 

region where seafloor seepage is presently observed would have moved in and out of the 

hydrate stability field (e.g. Ferré et al. [2012]; Marín-Moreno et al. [2013]). While methane 

seepage within the GHSZ is observed (e.g. Vestnesa Ridge; Panieri et al. [2014b], Blake 

Ridge offshore Souteastern North America; Panieri et al. [2014a], Hydrate Ridge offshore 

Northwestern United States; Torres [2003]), the formation of solid hydrate is expected to 

partly (if not completely) prevent seepage of methane at the seafloor. The episodic nature of 
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the methane seepage record, if not indicative of small-scale variability in seep locations, 

supports intermittent seepage potentially related to temperature-driven hydrate dynamics. 

Differences in the magnitude of 13C-depletion between intervals of seepage may be related 

to venting characteristics (e.g. methane flux and duration; Panieri et al. [2014b]).  

Figure 5-7 Histograms of the percentage of δ18O values associated with normal marine δ13C values (> -2 ‰ 
upper panel), 13C-depleted δ13C values (central panel), and the difference between the two (lower panel) in 
benthic foraminiferal calcite (N. labradorica, C. neoteretis, and M. barleanum) in GHSZ-limit cores (L-GC03 
and J-PC06). Bin size is 0.2 ‰. There is no correlation between the δ18O and δ13C of individual samples (R2< 
0.1 for all species). 

Crucially, if bottom water temperature is the dominant control on methane seepage, we 

would expect to see a correlation between foraminiferal δ18O and foraminiferal δ13C (e.g. 

Cook et al. [2011]), with lower δ18O (higher temperature) accompanied by lower δ13C 

(methane release). However, Mackensen et al. [2006] note that 18O-enrichment of pore fluids 

can result from release of water from hydrate dissociation, which could potentially mask any 

shift in δ18O related to warming of bottom waters. Since shifts in hydrate stability are 

expected to influence the occurrence, but not necessarily the magnitude, of δ13C excursions, 

we also checked for differences between δ18O of 13C-depeleted (δ13C < -2 ‰) samples and 

those with normal marine δ13C values (Figure 5-6). Methane-related carbon isotopic 

signatures are more commonly observed at slightly lower δ18O than normal marine δ13C, but 

are not observed at the lowest δ18O values. This could indicate that because seepage is related 

to hydrate dynamics, it reflects a transitional temperature regime: when temperatures warm 
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after cold periods have allowed the accumulation of hydrate on the upper slope. Therefore, 

when bottom waters are warmest, methane seepage may have shifted further downslope, or 

stopped because all of the accumulated methane had already been released. 

The low sampling resolution and poor age control on the GHSZ-limit cores, due to alteration 

of the stratigraphic record by the high methane flux environment, prohibits linking δ13C 

events to specific climate intervals.  

5.6. Conclusions 

The sedimentary record in the vicinity of the GHSZ limit of the Western Svalbard upper 

continental margin provides new insight into the history of seafloor methane seepage in this 

climate-sensitive environment, as well as the applicability of different proxies of AOM in 

this setting. 

• Magnetic susceptibility, i.e. the alteration of primary iron oxides following the

release of sulphide by AOM at the SMTZ, does not record the depth of the SMTZ

in this setting.

• The absence of barite fronts associated with the depth of the SMTZ indicates that

the depth of the SMTZ has not been maintained for periods of longer than ~ 5,000

years.

• Despite the presence of authigenic carbonate nodules and methane-derived (13C-

depleted and fossil) authigenic carbonate overgrowths on foraminiferal calcite,

there is no evidence in the bulk sediment inorganic carbon record or sedimentary

calcium record for accumulation of carbonate due to AOM at the depth of the

SMTZ.

• Neither planktonic nor benthic foraminifera in sediments at 340 and 320 m water

depth, ~ 1 km upslope of the present day seafloor methane seeps near the GHSZ

limit, record a methane-derived carbon isotopic signature. Therefore, upslope

migration of the GHSZ during times of colder ocean bottom water temperatures has

not been accompanied by methane seepage at the seafloor. Furthermore, a regional

depletion in bottom or surface seawater δ13C-DIC related to the release of methane

from hydrate dissociation is not recorded in the sedimentary record for the last ~

20,000 to 30,000 years.

• Immediately upslope of the present-day GHSZ limit, where present-day active

seafloor methane seepage occurs, both planktonic and benthic foraminiferal δ13C
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record episodic seafloor methane seepage in the past. The foraminiferal oxygen 

isotope record indicates that the relationship between episodes of seafloor methane 

seepage, bottom water temperature, and hydrate dissociation, is complex. 

Our study highlights that the effects of methane seepage on foraminiferal δ13C records are 

variable. For example, we report the presence of a methane-derived carbon record from 

planktonic foraminifera, as did Millo et al. [2005a]; [2005b] offshore Greenland, but this 

was not observed at Blake Ridge [Panieri et al., 2014a]. We also observe that M. barleanum 

is consistently more 13C-depleted than C. neoteretis in seep environments, while Panieri et 

al. [2014b] observed the opposite trend at Vestnesa Ridge. Furthermore, applying an 

extensive oxidative cleaning protocol to 13C-depleted benthic foraminifera was found to 

yield species-specific results, while similar cleaning has previously been reported to 

consistently remove the more 13C-depleted authigenic carbonate overgrowth and produce 

δ13C closer to normal marine values (e.g. Panieri et al. [2012]; [2014b]). Further work is 

required to continue to improve our understanding of the ability of foraminifera to record 

primary and secondary δ13C signals related to methane-derived carbon and methods for 

differentiating, and towards deconvoluting these signals. 

Several important questions are also raised pertaining to the relationship between seafloor 

seepage aligned immediately upslope of the present-day GHSZ limit offshore Western 

Svalbard, and temperature driven hydrate destabilization. Migration of the GHSZ limit does 

not appear to have caused focused seafloor seepage further upslope of the current seepage 

area in past periods of colder bottom water temperatures during the last ~ 30 thousand years, 

implying that as yet unidentified lithological controls may distinguish the present-day 

seepage region from subsurface gas flow regimes immediately upslope. Within the area of 

present-day seafloor seepage, temperature-driven GHSZ limit migration may have led to 

episodic seafloor seepage. When the GHSZ limit was further upslope, methane hydrate 

would have accumulated, blocking gas escape from the seabed. Increased temperatures and 

downslope GHSZ limit retreat would have released gas and led to seafloor seepage, but only 

if sufficient methane had accumulated during the preceding cold interval. After the 

accumulated methane was released, upward methane fluxes may have decreased enough to 

allow AOM to consume all methane beneath the seafloor so that no seepage occurred, despite 

the downslope position of the GHSZ limit. Therefore, the absence of a simple relationship 

between foraminiferal 13C-depletion and bottom water temperature does not preclude a link 

between seafloor seepage and methane release from gas hydrate. 
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Unfortunately, the dynamic and locally variable depositional environment of the sediments 

offshore Svalbard provides a challenging setting for the application of sedimentary proxies, 

which is compounded by the effects of high methane fluxes in shallow sediments on the 

stratigraphic record. We are therefore unable to correlate episodes of seafloor methane 

seepage with local or global climate events. Furthermore, the evolution of the methane-

hydrate stability zone offshore Western Svalbard at > 2,000 years is unknown, but will 

reflect a complex relationship between water temperature and sea level due to ice formation 

and ice loading.s 
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6.1. Summary 

This thesis presents a comprehensive geochemical characterization of the sediments and 

water column in the vicinity of seafloor methane seepage at the landward limit of the gas 

hydrate stability zone on the upper continental margin offshore Western Svalbard. This site 

has been the focus of a number of ongoing multidisciplinary studies since the seafloor seeps 

were discovered in 2008. The results of this dissertation represent a significant contribution 

to understanding this methane seepage system both now and in the past. 

The isotopic and molecular composition of the gas indicates subsurface gases and seafloor 

bubble plumes, are made up of thermogenic methane which has migrated laterally from 

offshore. This same gas forms hydrate in shallow sediments further down the continental 

slope. 

Sediment pore water chemistry profiles on the upper slope reveal active anaerobic methane 

oxidation which efficiently consumes methane before it reaches the seafloor, except near 

seeps where highly focused subsurface methane flow allows bubbles to escape into the water 

column. Modelling of pore water chemistry profiles shows that diffusive methane fluxes are 

significantly lower than fluxes of methane escaping the seafloor in the gas phase at bubble 

plume sites. This demonstrates that focusing of gas flow in small cracks and fractures in the 

low-permeability glaciogenic surface sediments provides a mechanism for gas to escape 

anaerobic oxidation. Shallow subsurface methane fluxes are largely at a steady sate outside 

the hydrate stability zone, while in sediments where hydrate may be present subsurface 

diffusive methane fluxes appear to be more dynamic. Hydrate destabilization at the base of 

the stability zone due to warming ocean bottom waters is likely responsible for the observed 

increased methane fluxes. 

The distribution of methane in the water column is characterised by elevated concentrations 

in the bottom waters above seafloor seeps. This is due to dissolution of gas bubbles; no 

methane remains in the gas phase more than 200 m above the seafloor, and highest dissolved 

concentrations are restricted to the bottom 75 m. Methane concentrations in intermediate and 

surface waters are much lower, but are also supersaturated with respect to the atmosphere. 

Northward-flowing bottom water currents carry the methane-saturated bottom waters away 

from the seafloor seeps before it has a chance to mix vertically upwards into surface waters. 

In order for methane from seafloor seeps to reach the atmosphere, enhanced vertical mixing 

in the water column is therefore required. In the absence of such mixing, methane will 
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eventually be aerobically oxidized at depth – making a minor contribution to the dissolved 

carbon dioxide inventory. Supersaturation of surface waters is attributed to intense seafloor 

seepage at < 100 m water depths on the continental shelf, where gas bubbles inject methane 

directly into the surface mixed layer and the overlying atmosphere. This marine methane 

source is not large enough to increase atmospheric methane concentrations nor to affect the 

carbon isotopic signature of methane in the immediate vicinity of the study site. 

The sedimentary record shows that high methane fluxes have been a feature of sediments at 

~400 m water depth in this area for more than 20,000 years. However, sedimentary proxies 

of methane seepage do not record present or past sediment depths of anaerobic oxidation of 

methane, suggesting that the input of methane has not been stable on timescales of longer 

than a few thousand years. This is supported by the foraminiferal calcite δ13C record which 

indicates that methane seepage is episodic. The absence of a correlation between 

foraminiferal calcite δ13C and δ18O, in addition to the absence of evidence for past seepage 

upslope of the current seepage area, indicates that the relationship between seafloor seepage 

and temperature-driven migration of the hydrate stability zone is complex. 

6.2. Conclusions 

The specific objectives explored in this thesis, the outcomes of which are summarized in the 

preceding section, contribute to answering the following overarching questions: 

1) Is temperature-driven methane hydrate destabilization a driver for seafloor methane 

seepage offshore Western Svalbard? 

2) Does methane in shallow sediments reach the overlying atmosphere? 

3) How is methane seepage likely to evolve in the future in the context of continued 

warming ocean bottom waters? 

Geophysical evidence (e.g. Sarkar et al. [2012]), temperature studies (e.g. Berndt et al. 

[2014]; Ferré et al. [2012]; Thatcher et al. [2013]; Westbrook et al. [2009]), acoustic bubble 

plume mapping [Sahling et al., 2014], and hydrate stability modelling (e.g. Marín-Moreno 

et al. [2013]; Reagan and Moridis [2009]) all support the hypothesis that temperature-driven 

methane hydrate destabilization contributes to methane seepage at the present day landward 

limit of hydrate stability offshore Svalbard. Analyses of the chemical and isotopic 

composition of the seep gases cannot unequivocally distinguish between gas which has 

recently been released by dissociating shallow hydrate and that which has migrated through 

sediments without ever being in the hydrate phase. Nevertheless, geochemical data are 
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consistent with descriptions of gas migration in the shallow subsurface based on seismic data 

(Rajan et al. [2012]; Sarkar et al. [2012], summarized and reviewed in Thatcher et al. 

[2013]). Specifically, the geochemical data: 

• confirm that hydrate-bound and seep gas have the same source, 

• provide evidence for significant lateral migration of thermogenic gas from offshore 

into shallow upper slope sediments, 

• support ongoing redistribution of hydrate saturation closer to the seabed in sediments 

where temperature fluctuations are reducing the extent of, but not eliminating, 

hydrate stability.  

Constraints on the spatial and temporal stability of seafloor seepage further test the hydrate 

destabilization hypothesis. Apparent steady-state diffusive pore fluid depth profiles of 

species involved in anaerobic oxidation of methane indicate that throughout most of the 

seepage area, shallow subsurface methane fluxes do not respond to seasonal or decadal 

fluctuations in temperature, which can affect the position of the gas hydrate stability zone. 

Thus, it seems likely that hydrate is unaffected by transient temperature fluctuations, unless 

it occurs only in very localized pockets of sediment not sampled in this study. Such a 

heterogeneous distribution of hydrate is suggested by the heterogeneous distribution of the 

seafloor methane seeps. Analysis of bulk sediments indicates that on timescales of >1000 

years, methane fluxes in shallow sediments have not been stable enough to allow 

accumulation of sedimentary proxies of anaerobic oxidation of methane in distinct intervals. 

Temporally variable methane fluxes within the current seepage area are further demonstrated 

by evidence for intermittent seepage in the foraminiferal calcite δ13C record. However, the 

foraminiferal δ13C record provides no evidence for methane seepage from sediments 

immediately upslope at any time over the past ~ 30,000 years. Thus, a picture emerges of a 

complex relationship between ocean bottom water temperature, hydrate stability, and 

seafloor methane seepage. While the data do not support a straightforward migration of 

seafloor seepage with the temperature-driven hydrate stability zone limit water depth, they 

also do not indicate continuous, hydrate stability independent, seafloor seepage. 

There is no direct methane transport from seafloor seeps near the hydrate stability zone limit 

into the overlying atmosphere. While focused high fluxes and gas-phase transport allow ~ 

90 % of the gas flux into shallow sediments to enter ocean bottom waters, gas bubbles 

dissolve near the seafloor. The bottom waters of the West Spitsbergen Current then rapidly 

sweep water containing high methane concentrations northwards while the methane is 

slowly oxidized and diluted by mixing horizontally and vertically. In the absence of a 
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mechanism for enhanced vertical mixing, methane is effectively trapped at depth. 

Concentrations and rates of bubble influx are not high enough relative to background 

dissolved oxygen and dissolved inorganic carbon for methane oxidation to affect inventories 

of these species. In the current oceanographic setting, hydrate destabilization offshore 

Svalbard is not likely to be a significant source of methane to the atmosphere. 

Extending the implications of this study on the West Spitsbergen upper continental margin 

to the broader global and future implications of temperature-driven hydrate destabilization: 

the magnitude and timescale of current warming are unlikely to produce a hydrate-

destabilization atmospheric methane feedback. In other words, the interval of time over 

which global, and particularly Arctic, temperatures have been rising is not sufficient for the 

destabilization and release of enough methane from the continental margin hydrate reservoir 

to significantly perturb the local or global carbon and climate cycles. There is potential for 

significant methane release in the future, but the available evidence does not support a 

catastrophic short-term release mechanism. 

6.3. Future work 

When marine methane hydrate climate feedback was proposed, its proponents (e.g. Dickens 

[2011]; Kennett et al. [2003]) called for more research to test their hypotheses. The response 

to this call is evidenced by the growing body of literature on the subject (e.g. Figure 1-9; 

Milkov [2004]). The emerging consensus does not support catastrophic gas escape. While 

adding to evidence refuting the basic clathrate-gun-type hypothesis of methane hydrate 

climate feedback, the results of this work point to a number of specific and more general 

areas for future study: 

• Thus far, studies of the methane seepage site offshore Western Svalbard have

neglected the physical oceanographic controls, which have emerged as a key factor

determining the eventual fate of methane released into the water column from

hydrate destabilization in the sediments. Future studies need to better characterize

the oceanographic controls on the fate of methane, and focus sampling downstream

to further constrain the atmospheric methane flux.

• Sediment pore water chemistry profiles reveal the critical role of small cracks and

faults in allowing methane to escape oxidation beneath the seafloor. While the rocky

sediment surface of the upper margin off Svalbard makes core recovery extremely

challenging, better spatial coverage – in the seepage region, within the hydrate
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stability zone, and in shallower water – is required to further constrain flux 

heterogeneity.  

• Better understanding of the temporal variability must follow from the initial work at

the GHSZ limit seepage site west of Svalbard. The water column dissolved methane

concentration distribution demonstrates small-scale temporal variability of gas phase

methane fluxes into the water column, and of oceanographic controls. Conversely,

the climatic implications are on very long temporal scales, which cannot be

understood without long-term monitoring. For example, continued multi-year

seafloor observatory deployment. The lack of evidence for a catastrophic warming

result should not reduce the focus on multi-decadal study of this important

environment.

• On the global scale, more sites need to be studied with the same multidisciplinary,

multi-year interest which the West Svalbard margin has attracted. Echosounder and

seismic surveys are likely to continue to identify sites of interest (e.g. the Antarctic;

Römer et al. [2014], eastern North America; Skarke et al. [2014], and western North

America; Hautala et al. [2014]). Is the Svalbard margin typical of shallow gas

systems in the context of downslope methane hydrate stability zone retreat? The

conclusions must be tested on a more globally representative scale.
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Large amounts of the greenhouse gas methane are released from the seabed to the 

water column1 where it may be consumed by aerobic methanotrophic bacteria2. This 

microbial filter is consequently the last marine sink for methane before its liberation 

to the atmosphere. The size and activity of methanotrophic communities, which 

determine the capacity of the water column methane filter, are thought to be mainly 

controlled by nutrient and redox dynamics3-7, but little is known about the effects of 

ocean currents. Here we show that cold bottom water at methane seeps west off 

Svalbard, containing a large number of aerobic methanotrophs, was rapidly displaced 

by warmer water with a considerably smaller methanotrophic community. This water 

mass exchange, caused by short-term variations of the West Spitsbergen Current, 

constitutes an oceanographic switch severely reducing methanotrophic activity in the 

water column. Strong and fluctuating currents are widespread oceanographic features 

common at many methane seep systems and are thus likely to globally affect methane 

oxidation in the ocean water column. 

Large amounts of methane are stored in the subsurface of continental margins as solid gas 

hydrates, gaseous reservoirs or dissolved in pore water8. At cold seeps, various physical, 

chemical, and geological processes force subsurface methane to ascend along pathways of 

structural weakness to the sea floor where a portion of this methane is utilised by anaerobic 

and aerobic methanotrophic microbes1,9. On a global scale, about 0.02 Gt yr-1 (3-3.5% of the 

atmospheric budget10) of methane bypasses the benthic filter system and is liberated to the 

ocean water column1 where some of it is oxidised aerobically (aerobic oxidation of methane 

- MOx) (ref 2), or less commonly where the water column is anoxic, anaerobically 

(anaerobic oxidation of methane – AOM) (refs 2, 11). MOx is performed by methanotrophic 

bacteria (MOB) typically belonging to the Gamma- (type I) or Alphaproteobacteria (type II) 

(refs 12, 13): 

CH4 + 2 O2 → CO2 + 2 H2O 

Water column MOx is consequently the final sink for methane before its release to the 

atmosphere, where it acts as a potent greenhouse gas. The water column MOx filter could 

become more important in the future because environmental change may induce bottom 

water warming, which in turn may accelerate release of methane from the seafloor14, in 

particular along the Arctic continental margins15. Despite the paramount importance of MOx 

for mitigating the release of methane to the atmosphere, little is known about environmental 

controls on the efficiency of the water column filter system. Known important factors 

determining the structure, activity and size of MOx communities are the availability of 
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methane5-7 and oxygen3, or the abundance of trace metals (e.g. iron and copper) (refs 4, 7). 

Moreover, evolutionary adaptations to specific environmental conditions select for certain 

types of methanotrophs13. In addition to environmental selection, the physical transport of 

water masses harbouring distinct microbial communities has been identified as an important 

factor in shaping the biogeography of prokaryotic communities16. However, the potential 

effects of advective processes on the distribution of methanotrophs and the efficiency of the 

water column MOx filter system remain unconstrained11,17,18. 

During two research cruises to the Svalbard continental margin with R/V Poseidon (cruise 

POS419) and R/V Maria S. Merian (cruise MSM21/4) in August 2011 and 2012, 

respectively, we investigated methane dynamics and the activity levels and size of the water 

column MOx community in relation to water mass properties (Figure A-1). The Svalbard 

margin hosts an extensive, elongated (~22 km) cold seep system that is influenced by gas 

hydrates (Figure A-1a) (ref 19). Numerous gas flares emanate from the sea floor between 

the 350 and 400 m isobath19,20, which corresponds to the landward termination of the gas 

hydrate stability zone. Seep sites have also been mapped on the shelf19-21, and elevated 

methane levels have been observed in several of the fjords in the Svalbard archipelago6,22,23.  

The hydrodynamics west of Svalbard are governed by the West Spitsbergen Current (WSC), 

a 100 km-wide branch of the Norwegian Atlantic Current, which transports large amounts 

(up to 10 Sv) of warm and salty Atlantic Water (AW; >1°C, >35 psu) northward into the 

Fram Strait24. The WSC flows above cold Arctic Intermediate Water (AIW; <1°C, ~34.9 

psu) (ref 25). It is steered topographically, and its eastern extension is constrained by the 

shelf break26. East of the WSC on the shelf, the comparably slow East Spitsbergen Current 

transports cold and relatively fresh Arctic Water (ArW; <3°C, <34.8 psu) to the north27.  

During two sampling surveys in late August 2012, we measured methane concentrations, 

MOx activity and MOx biomass, as well as temperature, salinity and oxygen along a transect 

perpendicular to the line of the methane flares. The two mid-transect stations were at the 

MASOX site (named after the MASOX observatory19), which is located at 380 m water 

depth in the centre of the gas flare area both along slope and down slope. During both 

surveys, methane concentrations were highest in bottom waters, frequently exceeding 100 

nmol L -1 (Figure A-1b). Surface water methane concentrations (9 nmol CH4 L -1 on average) 

were ~3-fold supersaturated with respect to the local atmospheric equilibrium, indicating 

methane efflux to the atmosphere from this seep system19. Methane dissolved in the water 

column apparently originates from gas bubbles, which we observed visually during dives 

with the submersible Jago, and which were detected as flares in the middle of the transect 

with hydroacoustic single-beam systems19. Despite the constant supply of methane from the 

133 



Appendix A 

sea floor, we found considerable spatial and temporal variability in MOx activity (Figure A- 

1c, Supplementary Figure B-1). MOx was highest in bottom waters (>300 m water depth) 

during the first survey (Aug. 18/19) with methane turnover rates of up to 3.2 nmol L-1 d-1 

(Figure A-1c, Table A-1). These rates were similar to maximum rates detected at seeps on 

the Svalbard shelf21 and in a nearby fjord6. In contrast, overall MOx activity was strongly 

reduced during the second survey (Aug. 30/31, Figure A-1c, Table A-1). Consistent with the 

MOx activity measurements, cell enumeration conducted in the mid-transect region revealed 

a maximum in type I MOB cells on August 18/19 (up to 3.0 × 104 cells mL-1; Table A-1, 

Supplementary Figure B-1), but ~75% lower cell numbers during the second survey (up to 

7.6 × 103 type I MOx cells mL-1). The distributions of MOx activity and cell numbers 

translate to relatively constant, although low12,28, cell-specific MOx rates of 1.54 to 1.66 × 

10-2 fmol h-1 during the two sampling campaigns (Table A-1). This constancy suggests that 

the efficiency of the methanotrophic filter system in the water column was controlled by the 

size of the MOx community rather than by an environmental stimulus or suppression 

mechanism of MOx activity at the organismic level (Supplementary Figure B-2a, b).  

Together with the reduction in MOx activity and community size, we observed a strong 

spatiotemporal change in the distribution of water mass properties. During the August 18/19 

survey, bottom waters consisted of cold AW with admixture of AIW and ArW (Figure A-

1d, e), which we subsequently refer to as cold AW (cAW). The cAW has water mass 

properties (temperature and salinity) akin to those of bottom waters found on the shelf21. By 

August 30/31, the cAW at the bottom was replaced by warmer Atlantic water (wAW, Figure 

A-1d, e). As the standing stock of methanotrophs in wAW was much lower compared to the 

cAW, rapid water mass exchange constitutes an oceanographic switch, causing a system-

wide reduction of the efficiency of water column MOx. This apparent mechanistic link 

between MOx activity and the presence of either cAW or wAW is reflected in all water 

column profiles measured in 2012, as well as 2011 (Supplementary Figure B-1n, 2c).  

We simulated the observed hydrodynamics using the high-resolution (1/20°, ~2.5 km grid 

space) VIKING20 model, which is nested in the global ocean/sea-ice model ORCA025 and 

represents ocean circulation variability in the northern North Atlantic at great 

verisimilitude29 (Supplementary Figure B-3). For the WSC, the model yields two modes 

(offshore and nearshore) with respect to the meandering of the main, warm core of the WSC 

(Figure A-2, Supplementary Figure B-3d, e). During the offshore mode, the WSC separates 

into a warm offshore component and a cold undercurrent, which flows closely along the 

shelf break. The increase of the undercurrent causes stronger tilts of the isotherms and results 

in comparably cold bottom water temperatures. As a consequence, bottom waters at the shelf 
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break and on the shelf are of similar density. The ArW on the shelf and fjord waters, both of 

which are characterised by a high MOx capacity6,21, can thus be entrained downslope and 

contribute to the cAW, a situation that we observed during the August 18/19 survey. As a 

result, it is plausible that the high standing stock of methanotrophs in cAW partly originates 

from the shelf. The slow-flowing East Spitsbergen Current and the sheltered fjords lead to 

comparably long water mass residence times, ensuring continuity of methane supply and 

supporting MOx community development in the shelf waters. During the nearshore mode, 

which is representative of the situation that we encountered during the August 30/31 survey, 

the warm core of the WSC flows closely along the shelf break, replacing the cAW with 

wAW and separating shelf and deeper AIW. The open-ocean origin of the WSC24 makes an 

exposure to elevated methane concentrations in the history of the wAW unlikely, and could 

therefore explain the low standing stock of methanotrophs in this water mass.  

The dynamics and magnitudes of bottom water temperatures and current velocities simulated 

by our model correspond well to recorded long-term measurements at the shelf break of the 

Svalbard margin19,24. Modelled and observational data indicate a transition time of 5-10 days 

between the two described modes. The meandering of the WSC appears to be associated 

with far-field variations and internal variability of the WSC, but this causality is non-linear 

so that the exact timing of the observed switch between the off- and nearshore mode cannot 

be predicted. Yet, both our model results as well as measured data from previous work19,24 

indicate that the WSC predominantly flows along the shelf break, whereas the offshore 

mode, with cAW at the bottom and a high MOx capacity in the water column, occurs only 

15 % of the time. 

At the Svalbard margin, methane flares were observed along a 22 km-long stretch of the 

upper slope at around 390 m water depth19,20. Our model results, together with the 

measurements of MOx activity and water mass properties, indicate that the entire area is 

similarly affected by water mass exchange. When spatially extrapolating MOx rate 

measurements from the transect samplings to the whole seep area (66 km2), total MOx 

amounted to 0.28 t CH4 d-1 on August 18/19, and was reduced by 66 % on August 30/31 

(Table A-1). Based on the maximum measurements, the capacity of the MOx filter in the 

studied seep area could well exceed 100 t CH4 yr-1, but this potential remains largely 

unexploited because the predominant nearshore mode of the WSC reduces MOx capacity to 

45 t CH4 yr-1.  

Similar to our measurements, varying MOx activities were detected in systems affected by 

differential circulation patterns and water mass mixing (Black Sea11; Santa Monica Basin18), 

and only low water column MOx activities were found at highly active methane seeps 
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influenced by strong bottom currents (Hydrate Ridge17; Haakon Mosby Mud Volcano30). 

Currents result in relatively short water mass residence times above methane point sources, 

so that not enough time and continuity is provided for the development of large 

methanotrophic communities. Similarly, a well-established MOx community will be swept 

away from the methane source with the onset of water mass exchange. Dissolved methane, 

together with the methanotrophic community, will be dispersed leeward where ongoing 

MOx activity reduces methane concentrations further7, most probably at rates controlled by 

the size of the MOx community. With respect to methane emission to the atmosphere, the 

impact of currents on water column MOx thus seems strongest in shallow-water cold seep 

environments, where the spatiotemporal distance between seafloor methane venting, water 

column methane consumption and methane evasion to the atmosphere is short. Most 

methane seeps are located along continental margins, where bottom water currents are 

commonly strong and fluctuating, as shown by our results from a global, high-resolution 

circulation model (ORCA12; Figure A-, Supplementary Figure B-4). We thus argue that the 

variability of physical water mass transport is a globally important control on the distribution 

and abundance of methanotrophs and, as a consequence, on the efficiency of methane 

oxidation above point sources.  

 Data Availability 

All data presented in this paper are available in the PANGAEA data library 

(www.pangaea.de). In-depth information on the ORCA12 and VIKING20 models (data and 

code) will be provided on request. 
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Figures 

 

 

 

Figure A-1: Study area and distribution of aerobic methanotrophy and 
physicochemical parameters above methane seeps at the Svalbard continental margin. 
a, Map of the seep system with numerous methane flares (grey stars) emanating from the 
sea floor around the depth of the landward termination of the gas hydrate stability zone. 
Sampling locations are indicated (squares: POS419, 2011; circles: MSM21/4, 2012). 
Distribution of b, methane, c, aerobic methane oxidation rates (rMOx), d, temperature and e, 
salinity measured during two sampling surveys along the same transect crossing the 
MASOX site19. b-e, Positions of discrete samples (crosses) and continuous measurements 
(lines) are indicated.
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Figure A-2: Modelled cross-slope distribution of water column temperature and 
current velocity in the West Spitsbergen Current. Modelled time-averaged water column 
temperature (°C), sigma-t (green contours, kg m-3-1000) and current velocity (black 
contours, cm s-1) for a, cold temperature anomalies, b, mean temperature and c, warm 
temperature anomalies. Anomalies were defined as one standard deviation below or above 
the seasonally and interannually varying temperature mean in bottom waters at the MASOX 
site (cross mark; cf. Supplementary Figure B-3c). During times of cold temperature 
anomalies, the WSC is in its offshore mode, with a cold undercurrent along the slope.  
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Figure A-3: Modelled bottom current velocity at methane seeps. Modelled (1/12° 
resolution) mean annual (year 2000) bottom water current velocities for bottom depths 
between 100 and 2500 m. Current velocities at continental margins, where most methane 
seeps are located, frequently exceed 10 cm s-1 and can be highly variable (cf. Supplementary 
Figure B-4). Locations of selected methane seeps are indicated by white circles. 
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Tables 

 

 

 
Table A-1: Comparison of methane consumption and methanotrophic cell numbers 
between the two transect sampling campaigns in 2012. Total CH4 oxidised in the seep 
area was calculated by extrapolation of average MOx rates calculated for each sampling 
date to the total seep-affected water mass volume (3 km width × 22 km length × 0.388 km 
average water depth). Highest MOB cell numbers and fraction (in %) of total cell numbers 
are indicated. Cell-specific MOx rates represent the average of all samples counted on the 
respective transects (±standard error. n=12, Aug. 18/19; n=15, Aug. 30/31). 

 sampling date (August 2012) 

  18/19 30/31 

bottom water type cAW wAW 

WSC mode offshore nearshore 

max. MOx activity 3.2 nmol L-1 d-1 2.1 nmol L-1 d-1 

CH4 oxidized in seep area 17.82 kmol d-1 (0.28 t d-1) 5.57 kmol d-1 (0.09 t d-1) 

max. MOB cells 29.7 × 103 mL-1 3.65 × 103 mL-1 

max. MOB cells (% of tot. cells) 8.3 2.5 

cell specific MOx activity 
1.54 ± 0.34 × 10-2 fmol h-1 

(0.22 – 5.74 × 10-2 fmol h-1) 

1.66 ± 0.37 × 10-2 fmol h-1 

(0.06 – 5.66 × 10-2 fmol h-1) 
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B.1.  Physiochemical and biogeochemical water column parameters 

B.1.1 Temperature and salinity 

Temperature and salinity were measured with a Seabird SBE911 CTD (CTD: 

conductivity/temperature/density probe; Seabird-Electronics, USA) equipped with dual 

temperature and conductivity sensors. For monitoring sensor performance, we conducted 

several CTD casts with a third set of temperature and conductivity sensors (SAIV A/S 

SN363, Norway, calibrated by SAIV A/S directly before the cruise). The offsets between 

the Seabird and SAIV were ≤0.01°C and ≤0.04 psu. During the MSM21/4 cruise, most CTD 

casts were taken at the MASOX site (78°33.3’N, 9°28.6’E; ~380 m water depth; ref 1) and/or 

along a transect crossing this site. One additional CTD cast was performed ~6.4 km further 

north at the HyBIS site (78°36.68’N, 009°25.50’E; cf. Figure A-1a; ref 1). During the 

POS419 cruise, CTD casts were also performed using a Seabird SBE911 device at three 

stations between the MASOX and HyBIS site and at one station ~8.8 km south of the 

MASOX site (Figure A-1a). For a complete station list see Supplementary Table B-1. 

B.1.2. Methane concentrations 

 For analysis of methane concentrations and MOx rates at discrete water depths, we sampled 

the water column with 24 × 10 L PTFE-lined Niskin bottles mounted on a CTD/Rosette 

sampler and sub-samples were taken immediately upon recovery of the sampler1. During the 

MSM21/4 cruise, methane was analysed with a headspace technique and gas 

chromatography with flame ionisation detection1. Briefly, ~ 600 mL seawater was 

subsampled bubble-free into triple-layer Evarex Barrier Bags (Oxford Nutrition, U.K.) 

followed by the addition of a headspace (20 mL N2) and equilibration for several hours. 

Methane concentrations were determined by gas chromatography (Agilent 7890A GC; 

80/100 mesh HayeSep Q packed stainless steel column, 1.83 m length, 2 mm i.d.; flame 

ionization detector set at 250 °C; oven operated isocratically at 60 °C; N2 carrier gas at 33 

mL min-1) from a 2 mL aliquot of the headspace. The GC system was calibrated with external 

standards (20 ppm methane standard, Air Liquide, Germany), and reproducibility 

(determined by 3 replicate analyses of an individual sample) was < ± 5 %. During the 

POS419 cruise, methane concentrations were analysed with a slightly modified headspace 

method with respect to sampling vials (120 mL glass vials, 5 mL N2 headspace, fixed with 

0.5 mL saturated aqueous HgCl2 solution) and manufacturers of analytical instruments 

(Thermo Scientific FOCUS GC, direct injection; Resteck packed column HayeSep Q 

145 



Appendix B 

80/100, 2 m length, 2 mm i.d.; flame ionization detector set at 170 °C; oven temperature was 

ramped from 40 to 120 °C in steps, H2 carrier gas at 33 mL min-1). Seawater methane 

concentrations and the degree of saturation with respect to the atmospheric equilibrium were 

calculated with consideration of sample and headspace volume, temperature, salinity, 

atmospheric pressure and atmospheric CH4 mixing ratio2,3.  

B.1.3. Methane oxidation rates  

MOx rates were determined at sea from ex situ incubations with trace amounts of tritium-

labelled methane (3H-CH4) similarly to published methods4,5 with some modifications6. For 

each depth, four crimp-top vials (20 mL) were filled bubble-free and closed with bromobutyl 

stoppers (Helvoet Pharme, Belgium), amended with 10 µl gaseous 3H-CH4/N2 mixture (~25 

kBq, <50 pmol CH4, American Radiolabeled Chemicals, USA) and incubated for 72 h at in 

situ temperature in the dark. Linearity of MOx during the incubation time period (~72 h) 

was confirmed by replicate incubations at 24, 48 and 72 h. MOx rates were corrected for 

(insubstantial) tracer turnover in killed controls (addition of 100 µl, saturated aqueous HgCl2 

solution). Rates on the POS419 cruise were measured analogously, but instead of 20 ml we 

incubated in 120 ml bromobutyl-sealed (Ochs, Germany) crimp top vials with an amendment 

of 100 µl tracer gas. Single or triplicate incubations were conducted for each depth. MOx 

rates were calculated from the fractional turnover of labelled CH4 and water column CH4 

concentration assuming first order kinetics5. Average standard deviation between replicates 

was ±20.4 % for MSM21/4 incubations and ±38 % for POS419 incubations. 

B.1.4. Biomass estimation of methanotrophs  

The identity and abundance of aerobic methanotrophic bacteria (MOB) was investigated by 

catalysed reporter deposition fluorescence in situ hybridisation (CARD-FISH; refs 7,8) from 

samples collected during the MSM 21/4 cruise. A 100 ml seawater aliquot was fixed for ~4 

h with formaldehyde (1.5 % final concentration) at 4 ○C. The fixed sample was filtered 

through a polycarbonate filter (Whatman Nuclepore black track-etched polycarbonate 

membrane filter, 25 mm diameter, 0.2 µm pore size) with a gentle vacuum-pressure of 0.5 

bar. Filters were air-dried and stored at -20 ○C until further analyses. Cells embedded on the 

filter were permeabilised with lysozyme7, followed by inactivation of endogenous 

peroxidases in a 0.15 % H2O2/methanol solution for 30 min at room temperature. Filters 

were then washed successively in sterile MilliQ (1 min) and aqueous ethanol solution (96 %, 

v/v; 2 min) and finally air-dried. Filters were hybridised with ~300 µl hybridisation buffer 
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for 3 h at 46 ○C. The buffer contained either a mix of probes Mγ705-HRP and Mγ84-HRP 

(0.3 ng µL-1 each), or probe Mα450-HRP (0.6 ng µL-1) for the detection of Type I and Type 

II MOx communities, respectively9. Negative controls (sulphide-oxidizing mixed culture, 

enriched from a freshwater lake) were used to ensure specificity of probe binding with our 

hybridisation conditions. Catalysed reporter deposition and DAPI staining was carried out 

according to published recommendations8 with an amplification time of 20 min at 37 ○C in 

a buffer containing 1 µL of the labelled tyramide (Alexa488: Invitrogen A20000, lot 

1252193; USA). Filters were finally washed for 10 min in PBS. We used Citifluor AF1 

(Citifluor Ltd., U.K.) as mountant for fluorescence microscopy. CARD-FISH- and DAPI-

stained samples were examined with an epifluorescence microscope (Leica DM2500 

equipped with the external ultraviolet light source, EL6000) at a 1000-fold magnification. 

For each sample, ~1000 DAPI-stained cells in ≥ 10 microscopic fields were counted. Total 

cell numbers in the lowest 200 m of the water column were similar between sampling dates 

(2.09 ± 0.14 × 105 cells mL -1), while surface water generally contained higher cell numbers 

(up to 10.8 × 105 cells mL -1) with higher variations between sampling dates (data not 

shown). 

Type I MOB cells occurred as single/double cells (Supplementary Figure B-1m) or as loose 

‘aggregates’ (Supplementary Figure B-1j). To account for the heterogeneous distribution of 

the aggregates, we counted 70 microscopic fields for each sample (average StDev. of MOB 

cell numbers between grids for one sample: ± 37%). Type II MOB cells accounted for less 

than 1 % of all MOB cells (data not shown), and were thus of minor importance for the water 

column MOx filter capacity. 

Water samples collected at the MASOX site during the MSM21/4 cruise concomitantly 

showed elevated type I MOB cell numbers and MOx rates (Supplementary Figure B-1). Vice 

versa, water samples characterised by low MOx rates generally contained low numbers of 

MOB cells. Although MOx was maximal in bottom waters with elevated methane 

concentrations (Figure A-1c, Supplementary Figure B-1), we frequently encountered low 

levels of MOx activity (and methanotrophic biomass) in bottom water samples with high 

methane concentrations. MOx activity was thus determined by MOx biomass rather than 

methane substrate availability (Supplementary Figure B-2a, b). Furthermore, together with 

the MOx community size, the MOx filter capacity (see MOx rates in Supplementary Figure 

B-1) was only elevated in relatively cold and saline bottom waters (<4 °C, >34.9 psu, 

Supplementary Figure B-2c), which were only present during the offshore mode of the West 

Spitsbergen Current (WSC).  
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B.1.5. Interpolation and extrapolation of physiochemical and biogeochemical water 

column parameters. 

Values of physiochemical and biogeochemical water column parameters were measured at 

discrete stations, and, in case of methane concentration and MOx activity, in discrete water 

depths, during the transect sampling campaigns (Aug. 18/19 and 30/31). Depth-integrated 

areal MOx rates were determined by linear interpolation between measured rates and 

extrapolation to a water column of 1 m2. For representation as contour plots (Fig 1b-e), 

discrete values were linearly interpolated by using the Matlab software package. For 

extrapolating MOx rates to the known seep area, we first calculated weighted averages from 

the interpolated MOx rates (Figure A-1c) for the two sampling campaigns. These averages 

(0.7 and 0.2 nmol L-1 d-1 for Aug. 18/19 and 30/31, respectively) were then extrapolated to 

the whole water volume in the seep area (3 km width × 22 km length × 0.388 km average 

water depth).  

B.2. Regional hydrographic changes in a wider oceanographic context  

For a deeper understanding of the hydrographic changes west off the Svalbard shelf and the 

interplay with the large-scale circulation, we utilised 5-daily output from the VIKING20 

model, a high-resolution ocean/sea-ice simulation10,11. Based on the NEMO code12, 

VIKING20 has a 1/20° grid cell size of the subpolar/subarctic North Atlantic (32°N - 85°N) 

(ref 10) and is two-way nested13 in a global 1/4° configuration (ORCA025 grid; ref 11). It is 

forced by atmospheric data covering synoptic (6-hourly to daily), seasonal, interannual to 

decadal timescales of the years 1948-2007 (ref 11). With a ~2.5 km grid space off West-

Spitsbergen and 46 vertical levels (20 in the upper 500 m), VIKING20 realistically captures 

both the large-scale circulation and the mesoscale variability in the subpolar/subarctic North 

Atlantic by great verisimilitude14, both with detailed mean flow characteristics15 and 

temporal variability on short-term to decadal time scales16. The circulation in the Fram Strait, 

for instance, shows the same variability along the eastern boundary, with northward 

velocities up to 40 cm s-1 and beyond, as observed by Schauer et al., 2004 (ref 17). Modelled 

bottom current velocity (Figure A-2) agrees well with measurement data from the MASOX 

observatory (10 cm s-1 on average; ref 1).  

Water column temperatures at the MASOX site (Supplementary Figure B-3a, b) greatly vary 

on seasonal and interannual timescales, but also show distinct minima and maxima 

(Supplementary Figure B-3c) strongly deviating from the (seasonally and interannually 
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varying) temperature mean. These minima and maxima are caused by the variable position 

of the main, warm core of the WSC. Supplementary Figure B-3d shows time-averaged 

circulation patterns of the WSC along the offshore flank of the study area at 300 m water 

depth (the MASOX position is indicated with a cross mark). During time periods of cold 

bottom water temperature anomalies (i.e., greater than one standard deviation below the 

seasonally and interannually varying temperature mean; blue line in Supplementary Figure 

B-3c), the main core of the WSC is located offshore, giving rise to a cold undercurrent at the 

shelf break (Supplementary Figure B-3d), and thus to the observed and modelled cold 

bottom water temperatures at the shelf break. The comparably strong northward tilting of 

the flares that we observed during hydroacoustic surveys just before our samplings on 

August 17 and 18/19 (data not shown) indicates the presence of this fast undercurrent. In 

contrast, when the main core is meandering to the shore, the warm water of the WSC replaces 

the cold bottom water, resulting in the rise of bottom water temperatures. This nearshore 

mode corresponds to observed and modelled average and anomalously warm bottom water 

temperatures (i.e., values above one standard deviation above the seasonally and 

interannually varying temperature mean; red line in Supplementary Figure B-3c). The time-

averaged circulation pattern of the nearshore mode is shown in Supplementary Figure B-3e. 

The meandering of the main core is caused by far-field and internal variations of the WSC, 

leading to a nonlinear behavior of the current with transition times between offshore- and 

nearshore mode of 5-10 days. 

Global bottom water velocities at continental margins were analyzed using a global variant 

of the ocean/sea-ice model at 1/12° resolution (ORCA12). Similar to VIKING20, this model 

has been forced by atmospheric data14, but over a shorter timeframe (1978-2003). Highly 

variable near-bottom currents are common along continental slopes and below regions of 

strong surface currents18.  
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Figures 

 

Supplementary Figure B-1 Methane concentrations, methane oxidation rates and methanotrophic 
cell numbers from repeated sampling campaigns at the MASOX station. a-i, Methane concentration 
(red), methane oxidation rates (grey), and b, c, d, g, h, cell numbers of type I aerobic methanotrophic 
bacteria (MOB; green), at the MASOX site measured during the MSM21/4 cruise at different dates 
(chronological station numbers are indicated in blue). Error bars of MOx represent standard deviation 
(n=4). j-m, Micrographs of water column microbes from samples collected at 380 m water depth at 
the MASOX site (station 554). Type I MOB cells were quantified by CARD-FISH (j, m; in green; 
mixture of probes Mγ705-HRP and Mγ84-HRP) and DAPI (=total cells; k, l, in blue) staining, 
followed by epifluorescence microscopy. The scale bar represents 10 µm. Type I MOB cells occurred 
as m, single/double cells, or j, as loose ‘aggregates’. Stations 554/555 and 637/638 were sampled 
during transect samplings on Aug. 18/19 and Aug. 30/31, respectively. n, Maximum and depth 
integrated MOx rates at the MASOX site (cf. a-g) in relation to the presence of cAW or wAW at the 
sea floor. Together with the MOx community size, the MOx filter capacity was only elevated in 
relatively cold and saline bottom waters (<4 °C, >34.9 psu; cf. Supplementary Figure B-2a), which 
were solely present during the offshore mode of the WSC.
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Supplementary Figure B-2 Aerobic methane oxidation in relation to bottom water properties. a, 
Methane oxidation rates (rMOX) in relation to a, cell numbers of type I aerobic methane oxidising 
bacteria, b methane concentration and, c salinity and temperature, measured during the MSM21/4 
(cyan dots) and POS419 (pink squares) cruise. Note that MOB cell numbers were only determined 
from selected samples from the MASOX site collected during the MSM21/4 cruise, while methane 
concentration, salinity and temperature were determined for all samples designated for MOx rate 
measurements. Linear correlation for b, includes all samples from MSM21/4 and POS419. 
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Supplementary Figure B-3: Modelled temporal progression of water temperature and circulation 
patterns of the WSC. Temperature distribution in a, the entire water column (surface to bottom), and 
b, bottom waters (300 m water depth), as well as c, bottom water temperature corrected for seasonal 
and interannual temperature variations at the MASOX site. d, Time-averaged circulation patterns of 
the WSC at 300 m water depth during the offshore mode (temperature anomaly against long-term 
average, colour-coded, °C), and e, the nearshore mode (long-term averaged temperature, colour-
coded, °C). The MASOX position is indicated with a cross mark. Current velocities are indicated as 
black arrows and wind forcing as green arrows. The vertical distribution of time-averaged 
temperature, density and current velocity, respectively, along a cross-section over the MASOX site 
(black line) is shown in Supplementary Figure B-2.   
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Supplementary Figure B-4 Modelled bottom current velocity and standard deviation of 
current velocities at methane seeps. a, Modelled (1/12° resolution) mean annual (year 2000) 
bottom water current velocities and, b, standard deviation of bottom current velocities (based on 5-
day averages) for bottom depths between 100 and 2500 m. Bottom current velocities at continental 
margins, where most methane seeps are located, frequently exceed 10 cm s-1 and are highly variable. 
Standard deviations typically exceed 50% of the mean flow. Locations of selected methane seeps are 
indicated by white circles.  
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Supplementary Table 1: List of Stations sampled during the POS419 and MSM21/4 

cruises. The numbers of bottles sampled per CTD cast are indicated. 

                  # niskin bottles sampled 

Cruise Station Transect Site Date Lat. (N) Lon. (E)  Salinity Temperature CH4 MOx CARD-FISH 

POS419 599 - CTD-2 13.08.11 78.585 9.458 x x 12 12 - 

POS419 615 - CTD-9 17.08.11 78.585 9.456 x x 12 12 - 

POS419 654 - CTD-33 23.08.11 78.585 9.455 x x 12 12 - 

POS419 671 - CTD-36 27.08.11 78.585 9.456 x x 12 12 - 

MSM21/4 546 - MASOX 17.08.12 78.555 9.477 x x 5 5 - 

MSM21/4 550 1st - 18.08.12 78.553 9.423 x x 24 6 - 

MSM21/4 551 1st - 18.08.12 78.554 9.446 x x 24 6 - 

MSM21/4 552 1st - 18.08.12 78.554 9.455 x x 24 10 - 

MSM21/4 553 1st - 19.08.12 78.555 9.466 x x 24 14 - 

MSM21/4 554 1st MASOX 19.08.12 78.555 9.475 x x 24 17 6 

MSM21/4 555 1st MASOX 19.08.12 78.555 9.479 x x 24 17 7 

MSM21/4 556 1st - 19.08.12 78.555 9.487 x x 24 14 - 

MSM21/4 557 1st - 19.08.12 78.556 9.496 x x 23 10 - 

MSM21/4 558 1st - 19.08.12 78.556 9.508 x x 23 6 - 

MSM21/4 558 1st - 19.08.12 78.557 9.522 x x 23 6 - 

MSM21/4 580 - MASOX 23.08.12 78.556 9.474 x x 24 16 10 

MSM21/4 581 - - 24.08.12 78.556 9.472 x x 23 16 - 

MSM21/4 582 - MASOX 24.08.12 78.556 9.476 x x 23 16 - 

MSM21/4 583 - - 24.08.12 78.555 9.476 x x 23 16 - 

MSM21/4 584 - - 24.08.12 78.555 9.472 x x 23 16 - 

MSM21/4 613 - MASOX 28.08.12 78.555 9.476 x x 24 18 - 

MSM21/4 633 2nd - 30.08.12 78.553 9.423 x x 24 7 - 

MSM21/4 634 2nd - 30.08.12 78.554 9.446 x x 24 7 - 

MSM21/4 635 2nd - 30.08.12 78.554 9.456 x x 23 10 - 

MSM21/4 636 2nd - 31.08.12 78.555 9.466 x x 24 14 - 

MSM21/4 637 2nd MASOX 31.08.12 78.555 9.476 x x 24 17 8 

MSM21/4 638 2nd MASOX 31.08.12 78.555 9.479 x x 24 17 8 

MSM21/4 639 2nd - 31.08.12 78.556 9.487 x x 24 14 - 

MSM21/4 640 2nd - 31.08.12 78.556 9.497 x x 24 10 - 

MSM21/4 641 2nd - 31.08.12 78.556 9.508 x x 24 7 - 

MSM21/4 642 2nd - 31.08.12 78.557 9.523 x x 23 7 - 

MSM21/4 654 - MASOX 04.09.12 78.556 9.473 x x 24 17 - 

MSM21/4 655 - HyBIS 04.09.12 78.611 9.425 x x 24 17 - 
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Supplemental Figure C-1 

 

Map of study area and atmospheric sampling sites. Bathymetry in A is from The GEBCO_08 Grid 

version 20100927, http://gebco.net, B shows shipboard bathymetry from cruise JR253. Red lines 

indicate water column sampling transects shown in Figure 4-2.  
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Supplemental Figure C-2 

 

Southern station (MSM 658), ~ 30 km south of main seepage site – providing evidence for 

undiscovered methane seepage in this area.  
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Supplemental Table C-1 

Water column sampling stations for depth profiles at the main gas hydrate stability zone 

limit seafloor seep site (left), and on the shelf (right). 

  

CTD-ID Date
Water 
Depth 

(m)

Water 
Depth 

(m)
Cruise JR253 On shelf Stations

3 07/08/2011 78 ° 33.296 ' 9 ° 28.58 ' 384 16/08 to 23/08, 2011
4 08/08/2011 78 ° 32.772 ' 9 ° 21.35 ' 458 78 ° 35.05 ' 10 ° 7.72 ' 77
5 08/08/2011 78 ° 33.538 ' 9 ° 32.05 ' 343 78 ° 34.504 ' 10 ° 7.72 ' 80
6 08/08/2011 78 ° 33.611 ' 9 ° 33.10 ' 313 78 ° 33.977 ' 10 ° 7.72 ' 89
7 09/08/2011 78 ° 36.187 ' 9 ° 31.62 ' 217 78 ° 33.976 ' 10 ° 10.40 ' 77
8 09/08/2011 78 ° 35.903 ' 9 ° 29.11 ' 323 78 ° 33.959 ' 10 ° 13.15 ' 110
9 09/08/2011 78 ° 35.500 ' 9 ° 22.98 ' 407 78 ° 34.506 ' 10 ° 13.11 ' 138
12 12/08/2011 78 ° 34.576 ' 9 ° 17.44 ' 463 78 ° 35.041 ' 10 ° 13.18 ' 136
13 12/08/2011 78 ° 35.915 ' 9 ° 26.65 ' 375 78 ° 35.036 ' 10 ° 10.40 ' 106
14 13/08/2011 78 ° 37.064 ' 9 ° 25.36 ' 371 78 ° 34.722 ' 10 ° 9.32 ' 90
15 14/08/2011 78 ° 37.062 ' 9 ° 18.15 ' 440 78 ° 34.510 ' 10 ° 9.30 ' 86
16 14/08/2011 78 ° 38.114 ' 9 ° 24.35 ' 315 78 ° 34.288 ' 10 ° 9.36 ' 76
17 14/08/2011 78 ° 38.241 ' 9 ° 26.48 ' 218 78 ° 34.289 ' 10 ° 10.40 ' 83
18 15/08/2011 78 ° 33.295 ' 9 ° 28.66 ' 385 78 ° 34.288 ' 10 ° 11.49 ' 104

Cruise MSM21/4 78 ° 34.506 ' 10 ° 11.49 ' 102
550 18/08/2012 78 ° 33.152 ' 9 ° 25.38 ' 424 78 ° 34.721 ' 10 ° 11.49 ' 104
551 18/08/2012 78 ° 33.227 ' 9 ° 26.76 ' 402 78 ° 34.720 ' 10 ° 10.39 ' 91
552 18/08/2012 78 ° 33.249 ' 9 ° 27.33 ' 403 78 ° 34.614 ' 10 ° 9.87 ' 91
553 19/08/2012 78 ° 33.280 ' 9 ° 27.96 ' 396 78 ° 34.516 ' 10 ° 9.83 ' 88
554 19/08/2012 78 ° 33.300 ' 9 ° 28.52 ' 387 78 ° 34.403 ' 10 ° 9.84 ' 85
555 19/08/2012 78 ° 33.308 ' 9 ° 28.72 ' 390 78 ° 34.399 ' 10 ° 10.38 ' 88
556 19/08/2012 78 ° 33.330 ' 9 ° 29.22 ' 387 78 ° 34.400 ' 10 ° 10.92 ' 95
557 19/08/2012 78 ° 33.348 ' 9 ° 29.79 ' 381 78 ° 34.509 ' 10 ° 10.86 ' 95
558 19/08/2012 78 ° 33.374 ' 9 ° 30.49 ' 376 78 ° 34.612 ' 10 ° 10.88 ' 99
559 19/08/2012 78 ° 33.402 ' 9 ° 31.35 ' 354 78 ° 34.612 ' 10 ° 10.42 ' 88
580 23/08/2012 78 ° 33.332 ' 9 ° 28.43 ' 387 78 ° 34.513 ' 10 ° 10.10 ' 89
581 24/08/2012 78 ° 33.354 ' 9 ° 28.30 ' 387 78 ° 34.456 ' 10 ° 10.12 ' 89
582 24/08/2012 78 ° 33.355 ' 9 ° 28.54 ' 389 78 ° 34.450 ' 10 ° 10.42 ' 88
583 24/08/2012 78 ° 33.316 ' 9 ° 28.56 ' 391 78 ° 34.451 ' 10 ° 10.69 ' 90
584 24/08/2012 78 ° 33.313 ' 9 ° 28.30 ' 388 78 ° 34.507 ' 10 ° 10.68 ' 90
613 28/08/2012 78 ° 33.310 ' 9 ° 28.56 ' 391 78 ° 34.568 ' 10 ° 10.67 ' 91
633 30/08/2012 78 ° 33.160 ' 9 ° 25.39 ' 424 78 ° 34.568 ' 10 ° 10.38 ' 87
634 30/08/2012 78 ° 33.240 ' 9 ° 26.78 ' 403 78 ° 34.569 ' 10 ° 10.10 ' 87
635 30/08/2012 78 ° 33.260 ' 9 ° 27.34 ' 404 78 ° 34.501 ' 10 ° 10.44 ' 87
636 31/08/2012 78 ° 33.290 ' 9 ° 27.97 ' 395
637 31/08/2012 78 ° 33.310 ' 9 ° 28.53 ' 385
638 31/08/2012 78 ° 33.320 ' 9 ° 28.73 ' 391
639 31/08/2012 78 ° 33.340 ' 9 ° 29.22 ' 387
640 31/08/2012 78 ° 33.360 ' 9 ° 29.80 ' 380
641 31/08/2012 78 ° 33.380 ' 9 ° 30.50 ' 376
642 31/08/2012 78 ° 33.410 ' 9 ° 31.36 ' 354
654 04/09/2012 78 ° 33.340 ' 9 ° 28.39 ' 391
655 04/09/2012 78 ° 36.670 ' 9 ° 25.48 ' 380
656 04/09/2012 78 ° 39.300 ' 9 ° 26.01 ' 244
658 04/09/2012 78 ° 18.840 ' 9 ° 41.64 ' 244

Latitude (N)
Longitude 

(E) Latitude (N)
Longitude 

(E)
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Appendix C 

Supplemental material for air-sea flux calculations 

Parameterizations of gas transfer velocity 

A number of different parameterizations for the gas transfer velocity (k) in terms of wind-

speed are shown in Supplemental Table C-3. This list includes parameterizations used in 

similar studies of sea-air methane flux, and is demonstrative rather than exhaustive. While 

the choice of k parameterisation can significantly impact estimations of sea-air flux, a range 

of equations are used in recent literature concerning marine methane air-sea exchange. The 

functional forms of the equations are based on theoretical understanding of air-sea gas 

exchange [Wanninkhof et al., 2009], and fit to experimental and observational data including 

the global natural and bomb-14C-CO2 constraints, wind tunnel experiments, and shipboard 

deliberate tracer studies. The range of wind speeds and time intervals of wind-speed 

averaging are important considerations in the choice of parameterization as the functionality 

of the dependence of k on u10 likely differs between low, average, and high wind speeds (e.g. 

Liss and Merlivat [1986]; Wanninkhof et al. [2009]) and fit constants depend on the 

averaging interval of wind speed data (e.g. [Wannikhof and McGillis, 1999; Wanninkhof, 

1992]). 

To demonstrate the effect different of k parameterization choices, we use those of Liss and 

Merlivat [1986] (LM86), Wanninkhof [1992] (W92), Nightengale et al. [2000] (N00), 

McGillis et al. [2001] (M01) and Wanninkhof et al. [2009] (W09). These parameterisations 

allow comparison to earlier works (LM86 and W92 are widely cited), and also include the 

revised quadratic form of W09. N00 and M01 are included to test the effects of the different 

functional forms (linear term in N00, and cubic in M01). The limited fetch conditions in the 

N00 data are appropriate for the relatively near-shore Svalbard seepage site [Saloranta and 

Svendsen, 2001], and the high wind conditions incorporated in both N00 and M01 reflect 

the high winds observed during 2012 (above prevailing global average wind speeds of 6-10 

m s-1 [Wanninkhof et al., 2009]).  

The resulting sea-air fluxes calculated with the five chosen gas transfer velocity 

parameterizations are given in Supplemental Table C-4. The difference between flux results 

due to choice of k parameterization is relatively small compared to the uncertainty 

contribution from the observed variability of the measured parameters incorporated in the 

calculation (on the order of ± 50 %, see Section 4.3.2). This dominant source of uncertainty 
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Appendix C 

in sea-air methane flux reflects the unavoidable uncertainty related to extrapolating spatially 

and temporally limited observations over a heterogeneous study area and to seasonal to 

annual time scales. 

Supplemental Table C-4 Gas transfer velocities and methane sea-air fluxes calculated by different wind-speed 
parameterizations. 

  gas transfer velocity (k) (m day-1) sea-air flux (mmol m-2 day-1) 

  LM86 W92 N00 M01 W09 LM86 W92 N00 M01 W09 

Depth Profiles                     

2011                     

average u10 2.0 3.2 2.6 2.6 2.4           

u10 distribution 2.1 3.7 2.9 3.6 2.8 12 21 16 20 16 

minimum (u10, Sc) 0.00 0.00 0.01 0.50 0.00           

maximum (u10, Sc) 9 16 12 25 13           
2012                     

average u10 2.4 3.9 3.1 3.5 3.0           

u10 distribution 2.9 5.2 4.0 5.9 4.0 22 40 31 45 31 

minimum (u10, Sc) 0.06 0.35 0.37 0.60 0.27           

maximum (u10, Sc) 8.1 15 11 22 12           
                      
Equilibrator                     
GHSZ limit seeps average         3 5 4 5 4 
  maximim         12 23 17 31 17 
deep average         1 1 1 1 1 
  maximim         7 13 10 14 10 
north average         1 1 1 1 1 
  maximim         4 6 5 5 4 
south average         2 4 3 4 3 
  maximim         12 23 17 30 18 
outer Shelf average         5 8 7 9 6 
  maximim         16 32 24 38 25 
inner Shelf average         6 11 9 10 8 
  maximim         26 47 42 40 36 

Uncertainties related to averaging of observed parameters for depth profile data 

The uncertainty contribution due to variability in atmospheric parameters and surface 

seawater temperature and salinity is relatively small (< 10 %). The temporal variability in 

wind speed is accounted for by calculating the sea-air flux for the distribution of observations 

and averaging the result. Shipboard wind speed measurements may be subject to airflow 

distortions and can overestimate wind speeds by 5-10 % [Ho et al., 2006; Popinet et al., 

2004]. The magnitude of such effects on our data are unquantified and therefore no 

correction has been made. The most significant contribution to the overall uncertainty in the 
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sea-air methane flux is the surface seawater methane concentration. While concentrations 

are generally higher than atmospheric equilibrium, the degree of supersaturation varies 

significantly: from -20 to 200 % in 2011 and 35 to 470 % in 2012 (Supplemental Table C-

5). A best representative estimate of the surface seawater supersaturation is calculated from 

the midpoint of concentration data for each year, in order to avoid the sampling bias effect 

of averaging limited observations. Uncertainty is estimated as the average deviation of 

measurements from the midpoint: ~ ± 40 % for the 2011 data and 30 % for 2012. Combined 

with the uncertainty estimates for the other parameters, the total uncertainty in the sea-air 

flux is expected to be ~ ± 50 %. 
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Appendix D 

Supplemental Figure D-2 

Cross plots of δ18O and δ13C for planktonic (NP: N. pachyderma s., stars), and benthic (CT: C. 
neoteretis, MB: M. barleanum, and NL: N labradorica) foraminifera. Grey bars indicate the range 
of δ13C plotted for off-seep cores. There is no correlation between δ18O and δ13C values. 
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