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Preface

Methane is a strong greenhouse gas and its emissions are of wide concern, especially in relation
to climate change. The International Association of Oil and Gas Producers (IOGP) asked TNO to
prepare a literature overview on the natural and man-induced methane emissions for the North
Sea and the Gulf of Mexico. This study aims to present a structured overview of scientific, publicly
available data on the natural and man-induced methane emissions for the North Sea and the Gulf
of Mexico as related to release from the seabed. Chapter 1 presents the Introduction in which the
framework of the project is explained, and Chapter 2 presents the methods employed. Chapter 3
provides background information on global methane emissions and a brief introduction to the
biogeochemistry of marine methane. Chapters 4 and 5 present the findings for the North Sea and
the Gulf of Mexico, respectively. In these chapters, the geology of the two oil and gas provinces
is first explained along main lines. Subsequently, the natural seepage becomes addressed and,
finally, the human-induced leakage. Atmospheric emissions also become addressed for both
study areas and both sources. Site-specific data on methane fluxes is compiled as much as
possible for both situations. Chapter 6 intercompares the findings and evaluates the data
availability. Finally, Chapter 7 provides a concluding summary.
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1 Introduction

In marine environments both natural and man-induced emissions occur of the greenhouse gas
methane. Many natural seeps and vents are found at the bottom of seas and oceans and part of
the methane (or natural gas) released may reach the atmosphere by rising through the water
column and degassing at the sea-a i r interface (henceforth r
Another part gets transformed or immobilized by physical and biogeochemical processes. A third
part gets dissolved in sea water and may be released at a later stage to the air or stays dissolved
contributing to the increasing concentration of methane in seawater. Man-induced leakage of
methane (or natural gas) from the seabed also occurs due to gas flow from subsurface methane-
bearing |l ayers along or through offshor aenduedl

eferred

and

|l eakagedd6). Comparable attenuating pr oemlsaseds ar e

methane escapes to the air. Other man-induced emissions of methane are also present in the
marine environment such as leakage from horizontal seabed gas pipelines but such emissions
lie outside the scope of the present study.

Insight in both types of emissions from the seabed is of general interest in order to estimate their
contributions to the global methane budget. Methane seepage or leakage has been shown to occur
as a natural venting process where it is associated with tides, with the presence of salt diapirs, and
with faults. Some recent publications have attributed methane leakage in the vicinity of wells to
the process of drilling these wells (Vielstadte et al., 2017; Bottner et al., 2020), but this has been
guestioned amongst others by TNO (Wilpshaar et al., 2021). Unfortunately, natural seepage and
man-induced leakage have not been systematically monitored. However, a number of case
studies are well documented, especially for the North Sea area and (the American part of) the
Gulf of Mexico.

The International Association of Oil and Gas Producers (IOGP) asked TNO to prepare a literature
overview on the natural and man-induced methane emissions for the North Sea and the Gulf of
Mexico. The aim of this desk study is to provide a structured overview of scientific and publicly
available data on this topic for the two regions. The results should provide insight into the size of
natural seepage versus human-induced leakage of methane. TNO conducted the work
independently and used publicly available sources of information in particular peer- reviewed
publications. The activities consisted of: 1. collection of literature, 2. structuring of data and
information and 3. categorising reviewed data.

This report contains four more chapters. Chapter 2 presents the methods employed. Chapter

3 contains a brief overview of global methane emissions and biogeochemistry of marine methane.
Chapters 4 and 5 present data on methane fluxes, concentrations and geological background
information for the North Sea and the Gulf of Mexico, respectively.

ga

op
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2 Methods

This report presents a literature study. TNO built upon earlier literature reviews for the North Sea
(TNO, 2018; Wilpshaar et al., 2021). The literature review for the Gulf of Mexico was novel for
TNO. TNO used scientific search machines such as Google Scholar and Scopus as well as the
regular search machines at the internet. In this way, TNO obtained peer-reviewed literature
together with grey literature that is publicly available and web pages. Used keywords were:
methane, North Sea, Gulf of Mexico, seep, leakage, well, gas, remote sensing, satellite,
Deepwater Horizon.

Secondly, limited attention was paid to remote sensing studies on methane fluxes as they cannot
always distinguish between the various sources: methane originating from natural seepage,
originating from within the water column, from leakage along/through oil and gas wells, and from
platforms, gas pipelines and other infrastructure present (cf. Yacovitch et al., 2020; Irakulis-
Loitxate et al., 2022).

Attempts were made to categorise the literature on methane fluxes into three major sources of
methane:

1. Natural seepage to the seabed

2. Leakage from commercially exploited reservoirs

3. Leakage from other methane-bear ing | ayers via wells (often

context of the North Sea).
Distinction between the last two sources was more feasible for the North Sea than for the Gulf of

Mexico. By fiShall ow Gasodo we mean gas occurrences

m (Verweij et al, 2018).

Further, data on fluxes and aqueous concentrations of methane were categorised into the
following interfaces and compartments:

1 fluxes from the seabed

1 concentrations within the water column

71 fluxes between surface water bodies (only for the North Sea region)
1 fluxes (also called emissions) at the sea-air interface

Frequently, gas fluxes are presented in gas volume per unit time where the pressure is not
equal to atmospheric. The gas law was used to convert this to a weight basis:

PV=ZnRT

Where P is pressure, V is volume, Z is compressibility factor that accounts for non-ideal behaviour
at large depth, R is the gas constant and T is absolute temperature. Z was set to

0.76 instead of 1.0 (Weber et al., 2014) when the depth was large (e.g. 1300 m). In our
calculations to covert gas volume to mass of gas, pressure was sometimes estimated as the
depth (in m) divided by 10.

cal

at
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3 Global methane budgets and biogeochemistry of marine
methane

3.1 Global budgets

A brief overview of global methane budgets is presented below that is mainly based on Saunois et
al. (2020). We realise that other numbers may be around in other literature, but it was beyond the
scope of this study to (critically) assess the global budgets on methane and the literature behind
it. Moreover, the paper by Saunois et al (2020) is arguably decisive, as it has been written by 91
authors from dozens of research institutes that collect data and model emissions, both bottom-
up and top-down.

The focus in global methane budget studies is on atmospheric emissions as methane is the
second most important human-influenced greenhouse gas with respect to climate forcing. For the
2008i 2017-decade, global methane emissions are calculated to be 550-594 Tg y! based on
atmospheric inversions (note 1 Tg = 1 megatonne = 1 Mtonne), which is called the top-down
approach. According to bottom-up methods in which the individual sources get summed, the
global emissions are 594-881 Tg y1. There is a considerable gap between these two ranges. and
it has been assumed that the emissions of some of the sources are overestimated (Saunois et
al., 2020).

With respect to the sources, distinction is made between natural and anthropogenic origins. The
processes in which emitted methane was produced may be biogenic, thermogenic or pyrogenic.
Biogenic methane is produced from decomposition of organic matter by Archaea in anaerobic
environments. Thermogenic methane refers to breakdown of buried organic matter under
elevated temperature and pressure. Pyrogenic methane is from incomplete combustion of
biomass and other organic material. Peat fires and biofuel burning are examples of the latter.

Table 1: Averages and ranges in atmospheric methane emissions from various anthropogenic sources for the
period 2008- 2017 (Saunois et al., 2020).

Source Annual emission
(Tg methane y1)
Agriculture and waste
1. Livestock (domestic ruminants and manure) 111 [106-116]
2. Landfills & waste 65 [60-69]
3. Rice cultivation 30 [25-38]
Fossil fuels
4. Coal mining 42 [29-61]
5. Oil & gas 80 [68-92]
6. Industry 3[0-7]
7. Transport 4[1-12]
Biomass & biofuel burning
8. Biomass burning 17 [14-26]
9. Biofuel burning 12 [10-14]
Total 366 [349-393]

Table 1 presents averages and ranges ranges in anthropogenic methane emissions that were
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established using bottom-up approaches. The corresponding range from the top-down approach
is 336-376 Tg y for the total anthropogenic emission, which shows considerable overlap.
According to the table, the largest source is livestock, followed by landfills & waste and oil & gas.
The oil & gas subcategory includes emissions from both conventional and shale oil and gas
exploitation. Both fugitive and planned emissions during the drilling of wells in gas fields,
extraction, transportation, storage, gas distribution, end use, and incomplete combustion of gas
flares emit methane and are included in this subcategory (Saunois et al, 2020)
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The ranges for the natural sources are presented in Table 2. The corresponding range from the
top-down approach is 183-248 Tg y-! for the total global emission. Here, the range for Wetlands
has considerable overlap with 159-200 Tg y-1 whereas that for other natural sources is only 21- 50
Tg yL. A large discrepancy thus exists. Wetlands are recognised as a major, natural source of
methane. Surface water bodies are supposed to be the largest source under other land sources
followed by Geological sources. Five categories were distinguished under Geological sources:

On-land gasi oil seeps,

Mud volcanoes,

Diffuse micro seepage, and

Geothermal manifestations including volcanoes.
Submarine seepage

akrwdn e

On-shore micro seepage is considered to be largest source with 24 Tg. The other values are
4.7 Tg yrtfor geothermal manifestations, about 7 Tg yr-1 for submarine seepage, and 9.6 Tg yr?
for onshore seeps and mud volcanoes. These numbers are partly derived from Etiope &
Schwietzke (2019). An inverse calculation based on *CHjs trapped in ice cores suggests 0.1 -
5.4 Tg y1(95%) for global geological emissions (Hmiel et al., 2020). This result was strongly
critised by Thornton et al. (2021). Weber et al. (2019) also obtained values for the total oceanic
emission that are in the lower end of the range. These estimations were based on machine
learning calculations using aqueous methane concentrations combined with constraints on
bubble-driven ebullitive fluxes resulting in a figure of 6-12 Tg y* and where shallow near-shore
environments were believed to produce the largest contribution.

In Table 2, the range for marine seepage refers to the emission at the sea-air interface. US- EPA
(2015) estimated marine seepage from the seabed as 8-65 Tg y1. The difference is explained by
physical and biogeochemical processes at the seabed and in the water column, as discussed in
the next chapters for the North Sea and the Gulf of Mexico.

Table 2: Ranges in atmospheric methane emissions from various natural sources for either 2008-2017
(Wetlands) or 2000-2009 (others; Saunois et al., 2020).

Source Annual emission (Tg methane y1)

Land sources
1. Wetlands 102-182
2. Surface water bodies 117-212
3. Geological 13-53
4. Wild animals 1-3
5. Termites 3-15
6. Permafrost soils 0-1
7. Vegetation Uncertain and partly included under wetlands
Oceanic sources
8. Geological 5-12
9. Biogenic 4-10

Total 245-488
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3.2 Biogeochemistry of marine methane

9/51

Methane that originates from the subsurface either naturally or from man-induced actions may
undergo various processes that cause atmospheric emissions to be substantially lower than
associated fluxes at the seabed. The following processes are relevant:

1 Anaerobic methane oxidation in the shallow seafloor sediments with associated uptake in
carbonates (Methane Derived Authigenic Carbonates, or MDAC).
1 Formation of gas hydrate from methane-supersaturated fluids at sufficient depth (> 60 bar,
equivalent to 600 m) and low temperature (< 4°C; Suess, 2010). A gas hydrate is like ice,
where the low molecular weight gas molecule is surrounded by a cage of frozen water

molecules.
9 Dissolution of gas bubbles while rising through the water column with associated expansion

of bubbles at decreasing depth and partitioning of dissolved air into the bubbles.

Dispersive mixing of methane-rich seawater with surrounding methane-poor seawater.

1
1 Entrapment of methane at the marine pycnocline/thermocline.
1

Aerobic oxidation of methane in the water column.

The fraction of seeped methane that reaches the sea-air interface therefore is strongly dependent
on various factors such as: water depth, size of initial bubbles, whether oil is associated with

bubbles etc.

Figure 1: Drawing showing

some of the characteristic
features of macroseeps
with 1. Ebullition of
bubbles, 2. Hydroacoustic
flares, 3. Methane con-
centration anomalies, 4.
Aureoles, 5. Topographic
expressions, 6. MDAC
development, 7. Bacterial
mats, 8, upwelling
seawater, 9 downwelling
water or entrainment, 10
slicks and nutrients at the
seawater surface, 11
enhanced biodiversity, 12
methane anomalies in the
air (derived from Hovland
et al., 2012). Note that the
role of gas hydrates is not
indicated in this drawing.
This is a specific feature
for the deeper parts of the
Gulf of Mexico but not for
the North Sea
(https:/iwww.usgs.gov/me
dia/images/map-gas-
hydrates).


http://www.usgs.gov/me
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It should be noted that field observations indicate that gas fluxes at the seabed vary in time over
periods of weeks/months (e.g., Hu et al., 2012; Jerram et al., 2015; Meurer et al., 2021). Many
numbers presented are based on a single investigation but may thus differ over time. For example,
the figure below shows how seep intensity may vary over time for Bush Hill site, a major seep in
the Gulf of Mexico, due to precipitation of gas hydrate. Small shallow gas reservoirs are formed
under impermeable gas hydrates that get formed. When gas bursts to surface seepage intensity
at seabed is elevated until the reservoir deflates and the driving force of seepage dissipates. The
appearance and disappearance of shallow gas reservoirs and subsurface bubbles also induces
pore water flow into the seabed or not to compensate outflowing volumes of gas and water.

A B

0 to 130 Days
After Deployment

~130 Days to End Main Gas
of Deployment S

Background Site P -5 Background Site

Transent pressure
relmt and vanable
flow due to temporal
Do rmoatity Changes.
Yuig '

Gas Hydrate Pressure Relief - Gas Venting ‘\L, ” 3
Contwne Ly +—————— Transient Gas Reservoir - U/ 'nxwm N
/ Fluld = pore fluid + Fluid Flow o
w ! > uy hydrocarbons + gas
U,/ S \J/ $
s “.° s /" Background Intergranular .\I y

Flid  piid Plow «

Figure 2: Conceptual model of the Bush Hill site. Distance covered is 50 m horizontally and 100 m vertically. Left
figure depicts stage in which a confining layer traps migrating gas leading to overpressurization and
fracturing. Right figure depicts background fluid flow field derived from Solomon et al. 2008).
Deployment refers to the deployment of remote operated vehicles and does not refer to the feature
itself.

Microbial oxidation of methane in the water column has frequently been demonstrated. There is
a threshold concentration of 3-10 ng CH4 L%, above which oxidation can be substantial and below
which it is very slow (Valentine et al., 2001; Damm et al., 2005). First-order oxidation rates of
0.0004 i 0.05 day?! have been established for marine, arctic to tropical conditions (De Angelis,
1993 and cited references). This implies half-life times of 14 days to 5 years.
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Biogenic methane may also be produced at seeps due to anaerobic degradation of organic
matter. Seeps are usually fertile environments so biological productivity is high and anaerobic
environments may establish from which methanogenesis occurs. This is especially documented
for the Gulf of Mexico region (e.g., Fisher, 2007). Methane may also be produced in the water
column by degradation of dissolved organic matter phosphonates or marine algae (Bizic et al.,
2020). The methane concentration may then lie above the value for equilibrium with air, which is
2 nmol CH4 Lt This may cause elevated concentrations directly above the seabed and in the
shallow, photic zone with low concentrations in between (Figure 3).



TNO PUBLIC | TNO report | TNO 2022 R12275 12/51

4 North Sea

4.1 Introduction

The North Sea contains major gas reservoirs and shallow gas is also frequently found. Oiland
gas are produced at the North Sea and the existence of natural seepage is also well known. The
natural seeps have been studied at the North Sea as has human-induced leakage of methane or
natural gas.

The North Sea is a shallow sea in Northwest Europe bordered by the UK, Norway, Denmark,
Germany, The Netherlands, Belgium, and France. It measures some 1000 by 600 km and
connects to the Atlantic Ocean through the English Channel in the south and the Norwegian Sea
in the north. Its northern boundary with the Norwegian Sea is a bit arbitrary but is taken here as
the line Orkney Islands-Shetland Islands-Alesund. Water depths range from a few tens of meters
in the south to several hundred meters in the North, off the coast of Norway (Figure 4).

Norwegian Sea

Inner Seas off’
the'West Coast
2 of Scotland

North Sea

Irish/Sea and
St. George's
Channel

Bristol
channel

g
English
Channel

f,
o' W

Figure 4: Bathymetry of the North Sea (Marinesources.org).

VLIZ (2016)
Source: ESRI. EMODNet, Marina Regions
E— k
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4.2 Geology
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Figure 5: Location map of the North Sea Basin, showing the main Late Jurassic and Late Carboniferous
depocentres that host the two main source rocks, oil and gas discoveries to date and the seismic line
locations shown in Figure 9 to Figure 11. After Patruno et al (2021).

4.2.1 Oil and gas exploration

Exploration for oil and gas in the North Sea started shortly after the discovery of the giant
Groningen Gas Field onshore The Netherlands in 1959. The First Round of UK Licensing was in
1964, after which the first offshore hydrocarbon fields were discovered in 1965. Initially,
exploration efforts were directed towards finding analogues of the Groningen Field which resulted
in the 6Sout h(eBronweGa,s 1B0%1lmé. Since the early
the Forties and Brent fields, exploration focus was more on oil in the central and northern North
Sea. This resulted in the discovery of large volumes of oil in multiple fields in Jurassic and Tertiary
Sandstones, draped over structural horsts or in tilted fault blocks in the grabens.

Oil and gas fields are not evenly distributed across the North Sea (Figure 5). Most of the oil and

13/51
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condensate fields are found in or near one of the grabens that form the Mesozoic rift system: the
Central Graben, the Moray Firth, and the Viking Graben. Most of the gas fields, on the other hand,
are located in mainly Permian sands in the Southern North Sea, in a E-W trending belt from

Northern Germany, via The Netherlands, to the UK continental shelf (UKCS).

As a petroleum basin, the North Sea is mature, as testified by several creaming curves (Figure 6,
Figure 7). Also, the number of wells drilled to date is large: in 2013, more than 23,000 wells have
been drilled (Vielstadte et al, 2017); even when sidetracks and multilaterals are excluded the
number is still 15,781. Oil and gas production has been gradually decreasing after having reached

its peak in the UK in the mid-nineties (Figure 8), and in Norway a few years later (Figure 8).
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Figure 6: Creaming curves for oil and gas in the North Sea (excluding the southern gas province) for Norway,

UK, and Denmark. From Eriksen et al (2003).
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Figure 7: a. Creaming curve for the Anglo-Dutch and North German basins petroleum province; and b. creaming
curve for the Anglo-Dutch and North German basins petroleum province, excluding the Groningen
field. From Breunese et al (2010).
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4.2.2 Petroleum geology

As mentioned above, the North Sea consists of several different plays. The main gas play is the
ARotl iegend fairwayo ( Van-wa¥icprtider(Fegure5ihwhicha@ay) , a wi d
elements fit together: the reservoirs consist of good-quality aeolian sandstones of Permian
Rotliegend age, the source is formed by Carboniferous coal layers, and the seal is provided by
thick Zechstein evaporites. Traps are usually tilted fault blocks. The Rotliegend fairway coincides
broadly with the southern, sand-prone margin of the Southern Permian Basin (Gast et al, 2010).
The thick evaporite series of the Zechstein form an excellent seal. Theyare in fact so good, that
most of the Triassic sandstones in structures above the Rotliegend fairway are dry. This also
means that methane leakage from the Rotliegend to the surface is exceedingly limited and will
be restricted to those places where the Zechstein seal is either locally missing, or where major
faults displace the Zechstein salt to such a degree that a pathway for migration is created.

The majority of the oil that is produced from the North Sea is found in the grabens (Figure 5).
Sourced mainly by the Jurassic Kimmeridge Clay that is buried deep enough in the grabensto
form an active kitchen, the hydrocarbons migrate upward into Jurassic, Cretaceous, and Tertiary
sandstones. Seal is usually provided by Cretaceous and Cenozoic mudstones. For the Jurassic
reservoirs traps are mostly tilted fault blocks, but the post-rift Upper Cretaceous and Paleocene
plays contain traps defined by stratigraphic pinch-outs and drapes over highs (Hill & Woods,
1980).

The tectonic style and history differ from place to place along the rift system, giving rise to different
trap configurations and migration pathways. Three examples are discussed below.

4.2.2.1 Northern North Sea

The Viking Graben and its adjacent platforms, the East Shetland Basin to the West and the Horda
Platform to the East, host the prolific Brent-type fields (Figure 9), both on the UK side and the
Norwegian side of the median line. Faults offset the Jurassic and sometimes the Cretaceous, but
generally do not extend upward into the Tertiary. A thick Tertiary cover of up to 2 km thick has
filled the graben.

4.2.2.2 Central North Sea

The Moray Firth has a slightly different tectonic history than the Central Graben and Viking
Graben. Not much of the Jurassic is preserved (Figure 10) because of continuous uplift and
erosion in the Fladen Ground Spur. As a result, simple, predictable Brent-type fields are not
present here. Play types include stratigraphic traps, but also structural traps are quite common.
Piercement diapirs in the Central Graben that are linked to extensional faulting over the top of
them (Machar, Mungo, Tommeliten etc.) play an important role in seepage in this area. Chalk
reservoirs draped over salt pillows are also important in that respect. Reservoirs are of various
ages: Paleogene, Chalk, Lower Cretaceous, Triassic, Permian, and even Devonian.
Unsurprisingly, there are many different seals in the central part of the North Sea.

4.2.2.3 Southern North Sea

The Southern North Sea area is quite different from the more northerly parts of the Jurassic rift
system (Figure 11). The main differences are 1) The prolific Kimmeridge Clay is largely absent or
has low Total Organic Carbon (TOC); 2) Thick Jurassic sandstones are largely absent; 3) A thick
upper Cenozoic deltaic sequence is present.

Therefore, the southern North Sea is basically a gas province, with Carboniferous source rocks,
Permian reservoirs, and thick Permian rock salts acting as seal. Shallow, microbial gas is also
present in the southern part. In addition, a modest amount of Jurassic oil fields have been found.
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Figure 9: Seismic sections in the Northern North Sea, showing structural style and main depositional units (Patruno
et al, 2021).

Figure 10: (a) Well panel and (b) seismic section in the Central North Sea. From the Outer Moray Firth to the South
Viking Graben area, showing structural style and main depositional units (Patruno et al, 2021).


























































































