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Methane is a powerful greenhouse gas and the second most important when considering global warming due to
anthropogenic added gasses. Global inventories of greenhouse gasses currently do not take into consideration
methane emitted from the ocean and seas. The North Sea is an intensely exploited seas for oil and gas and it was

Ix;:;?;e 4 wells recently suggested to be a major source for manmade methane emissions. All wells drilled through shallow gas
North sea (methane) were found to be leaking and one-third of all abandoned wells was found to be drilled through shallow

gas. Here we present the results from a research expedition to investigate methane leakage at abandoned wells
drilled through shallow gas in the Dutch North Sea. We surveyed 57 abandoned wells of which 33 were drilled
through shallow gas. Nine locations showed bubble plumes (acoustic flares). We noted a distinct difference
between gas leakage of abandoned wells and locations with natural gas seepage. Whereas well leakage consists of
one or two bubble plumes at the wellhead itself and no bubble plumes in the surrounding area, natural plume
fields are characterized by tens to hundreds of plumes and none at the wellhead. At six wells, we conclude that
the plumes are caused by the well leaking shallow gas, whereas three observed plume fields classify as natural
seepage. We found that 18% of wells drilled through shallow gas were leaking, with 11% of all abandoned wells
being drilled through shallow gas. When we compensated for over-representation of shallow gas wells in our
sample (58% of our sample is drilled through shallow gas), we find that less than 2% of all abandoned wells in
the Dutch North Sea is likely leaking. Well leakage seems to occur when large quantities of shallow gas are
present and the abandoned well apparently suffers from an integrity issue.

The Netherlands

1. Introduction

Methane is a powerful greenhouse gas and the second most impor-
tant for global warming. Different sources contribute to atmospheric
methane, both natural and anthropogenic, with the relative contribu-
tions of these sources being a subject of intense research (Saunois et al.,
2020). Primary anthropogenic contributors to atmospheric methane are
the agricultural sector, closely followed by the oil and gas industry. This
not only raises scientific interest, but also draws considerable attention
from governmental bodies and NGOs. The North Sea is one of the most
intensely exploited seas for oil and gas, and it was recently suggested
that all wells (100%) drilled through shallow gas accumulations might
be leaking (Vielstadte et al., 2015; 2017; Bottner et al., 2020). This
would imply that potentially one third of all decommissioned wells are
leaking shallow gas, which would result in a potentially appreciable

release of methane from the North Sea. This in turn gave rise to concerns
in European states bordering the North Sea. In the Dutch House of
Representatives, parliamentary questions were asked and the State Su-
pervision of Mines (Staatstoezicht op de Mijnen, SodM) initiated the
here presented research, which indicates urgency felt by society.

Gas leakage from abandoned wells may be originating from both
deep and shallow gas sources. Shallow gas is defined as the gas that is
occurring in the uppermost sediments, up to a maximum depth of 1000
m (Floodgate and Judd, 1992; Schroot and Schiittenhelm, 2003), and
which can be of microbial or thermogenic origin (Floodgate and Judd,
1992). In the North Sea, shallow gas is typically of microbial origin
(Vielstadte et al., 2015; Verweij et al., 2018; de Bruin et al., 2022) and
the occurrence of shallow gas is widespread. As monitoring the release
of methane over the sea surface is difficult using satellite observations
(MacLean et al., 2023), in-situ observations are needed to determine
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methane release. This also applies to potential methane leakage from
abandoned wells, as well as the rate at which these wells leak. Therefore,
over the last decade several studies were conducted (Fig. 1) using
ship-based observations to investigate methane emissions in the North
Sea for natural and anthropogenic (shallow) gas release (Vielstadte
et al., 2015; 2017; Bottner et al., 2020, Romer et al., 2021).

Here we present the results from a research cruise with the RV
Pelagia (PE503, June 5-22, 2022), jointly organized by the Royal
Netherlands Institute for Sea Research (NIOZ), the Geological Survey of
the Netherlands (TNO-GDN) and the Dutch State Supervision of Mines
(SodM). The aim of this cruise was to investigate methane leakage from
abandoned wells in the Dutch North Sea, and how potential leakage
relates to the occurrence of shallow gas in the subsurface.

2. Geological setting: Dutch North Sea

For our study, we first made an inventory of all abandoned wells in
the Dutch North Sea and selected locations to investigate based on the
known geological setting. This setting determines the occurrence of
shallow (and deep) gas and defines the structures in subsurface that
could be responsible for natural seepage.

In the Southern North Sea shallow gas resides in shallow marine to
continental (deltaic) deposits of the Southern North Sea delta or Erida-
nos Delta (de Bruin et al., 2022; Overeem et al., 2001). This Neogene
geological succession is named the Upper North Sea Group (TNO-GDN,
2024a) and is characterized by a westward prograding sedimentary
succession comprising mostly of very fine sand, silts and clays of Middle
Miocene to Pleistocene age. These sediments are unconsolidated and
consist of erosional products from Scandinavia, mainly derived from
southern Sweden (Verweij et al., 2018). The Cenozoic sediments in the
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Dutch sector host an abundance of seismic-amplitude anomalies related
to shallow gas occurrences including bright spots, velocity pull-downs,
flat spots, seismic blanking, and phase reversals (de Bruin et al., 2022).

In the North Sea shallow gas is widespread, and in the Dutch sector
numerous and often large accumulations are found in the Dutch Central
Graben (DCG) and Step Graben (Doornenbal et al., 2019). At least 8
accumulations have large enough quantities of gas that they can be
profitably produced or will be produced in the near future (https://www
.nlog.nl/media/3052). Shallow gas production started in 2008, and in
2022, the production of shallow gas was 968 million Nm?, which was
13% of the total offshore gas production of the Netherlands (TNO-GDN,
2024b). Deep Carboniferous sourced (thermogenic) gas fields are not
found in the DCG, with the exception of the southernmost part. This is
because the Carboniferous source rocks are buried too deep in the DCG
and are therefore overmature. Thermogenic (deep) gas fields are pre-
dominately found south of the DCG (e.g. south of our study area). With
the production of thermogenic gas declining, the relative contribution of
shallow gas produced increases. In the DCG (study area), oil fields are
found, which are sourced by Jurassic Posidonia source rocks
(Doornenbal et al., 2019). Most of the wells drilled in the northern sector
of the Dutch North Sea are exploration wells that did not find deep
(thermogenic) gas (in commercial quantities), while in some instances
oil was encountered. Because these deep wells were drilled through the
overlaying succession, they should have passed through shallow gas
when present.

3. Methods

In addition to abandoned wells drilled through shallow gas, we also
included wells drilled close to shallow gas accumulations (<1 km) as
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Fig. 1. Bathymetric map of the North Sea with limits of exclusive economic zones of bordering states, and areas from which gas leakage or natural seepage has been
reported in previous studies. For the present study seismic and well data of the entire Dutch sector was analyzed, but the focus is on the northern part where most of
the shallow gas is found (marked in white). In the focus area (red) we conducted the PE503 expedition.
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these might be prone to leakage too (Bottner et al., 2020). We also
investigated other sources for methane emissions such as natural
seepage, leakage from deep reservoirs and seepage from methane
sources close to the seabed. Wilpshaar et al. (2021) argued that these
could all potentially interfere when trying to link abandoned wells and
ebullition.

To distinguish gas from shallow sources from gas derived from
deeper reservoirs, we looked at differences in gas composition. Deep
thermogenic gas is characterized by a relatively high ethane concen-
tration (typically 3-6%), while ethane is only present in trace amounts
(0.02%) in shallow gas (Verweij et al.,, 2018). To exclude natural
seepage, we first looked at the reports of the surveys that were con-
ducted before drilling. Such pre-drilling surveys are specifically con-
ducted to assess drilling risks related to potential shallow gas
occurrences close to the seabed. When shallow gas is found, it is com-
mon practice to change a planned location. Chances for a well being
drilled exactly at a location where natural seepage occurs are therefore
very small. Still, there are some examples where wells were drilled close
to natural seepage sites (e.g. well 15/25b-1A described by Bottner et al.,
2019), but never directly in a bubble plume. Accordingly, we argue that
a single bubble plume or a few plumes directly at the wellhead location,
with no plumes in the vicinity, is very unlikely natural seepage and
hence indicates well leakage. In contrast, natural seepage in the Dutch
part of the North Sea (Romer et al., 2017) is generally characterized by
large numbers (up to several hundreds) of bubble plumes over large
areas (several square kilometers).

Finally, we distinguished locations with and without methane sour-
ces close to the seabed. The reason for this is that ebullition has been
reported at places without a direct indication for shallow gas. For
example, one of the wells in the study of Vielstadte et al. (2015) showed
ebullition (well 16/4-2) but was not drilled through a bright spot (the
closest bright spot being about a kilometer away from the drill site).
Therefore, we also need to include sources for biogenic gas close to the
seabed in our analyses, which are inherently less visible on conventional
seismic data. Holocene and Pleistocene sediments may contain consid-
erable amounts of gas of (shallow) biogenic origins (Brekke et al., 1997;
Borges et al., 2016; Missiaen et al., 2002; Lippmann et al., 2020). This
gas may even accumulate in so-called ‘tunnel valleys’ (U-shaped chan-
nels that formed under the ice of the last ice age and were rapidly filled
with sediment during and after the deglaciation) or in and beneath
organically rich sediments such as peat layers (known as “Basisveen”,
TNO-GDN, 2024c), which in the North Sea represent the last phase of sea
level rise during the deglaciation (Oele, 1969).

3.1. Site selection

There is a total of 1450 abandoned wells in the Dutch North Sea
sector, which made a pre-selection of sites necessary. Here we first
explain the rationale for our site selection and how this needs to be
accounted for in the later statistical data treatment.

Firstly, we established which wells were drilled through shallow gas
and which not, based on available seismic and well data. All seismic
bright spots (and related seismic anomalies) related to shallow gas in the
entire Dutch Offshore were manually mapped using seismic data which
is available at TNO-GDN (www.nlog.nl). Based on these maps, we
established which wells were drilled through seismic anomalies indic-
ative of shallow gas occurrences and which not. Using a database of gas
shows (provided by Energie Beheer Nederland, EBN), we also estab-
lished whether gas was encountered during drilling at the depth of the
observed bright spots. This way, bright spots could be directly linked to
shallow gas occurrences. We found that, out of the 1450 wells drilled in
the Dutch sector, 153 wells were drilled through a bright spot (Fig. 2)
and for 91 of these wells, actual gas was recorded during drilling at the
depth of the bright spot. For the remaining 62 wells, the bright spot
could not be linked to gas based on well data. Still, in many cases no well
data was available because either the data was not recorded during
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Fig. 2. Overview of all abandoned wells including sidetracks (1450) in the
Dutch North Sea, and the relation to shallow gas. We selected 57 wells of which
33 were drilled through shallow gas, 8 drilled near a bright spot and 16 were
not associated with shallow gas.

drilling, or the drilling circumstances prevented gas from entering the
well. Although gas could be absent at sites with bright spots, we
considered this to be unlikely and find it more likely that a lack of direct
gas observations is due to operational limitations. Conversely, 49 wells
had gas shows (all in the shallow domain) while no bright spot was
distinguished in the available seismic data (Fig. 2). Most of these wells
were, however, drilled close to a bright spot. Because shallow gas ac-
cumulations are typically very flat (only 10-20 m gas column and a
couple of kilometers wide), they tend to thin out towards the edges.
Hence, at a distance, the gas column gets so thin that tuning occurs and
the bright spot is no longer observed.

We selected a total of 57 abandoned wells (App. A). All wells were
drilled as exploration or appraisal wells (no production wells). Most
wells targeted an underlying thermogenic interval, albeit that most wells
were unsuccessful. Of all the selected wells, only 16 wells encountered
thermogenic hydrocarbons, mostly in the form of shows (noncommer-
cial quantities). Seven wells were drilled through an oil field and 41 did
encounter shallow gas. 33 wells were drilled trough a shallow gas
related bright spot and eight wells showed gas shows, although the
seismic data did not show a bright spot. However, five of these wells
were drilled close to of a bright spot (less than 1 km) and therefore likely
penetrated a thinned-out gas layer no longer visible locally as a bright
spot. There are also three wells that encountered shallow gas while
drilling, whereas no bright spot was observed, also not in the vicinity of
the well (Fig. 2 and appendix B.).

3.2. Sensors used during the survey and observations made

The survey comprised of both real-time observations with sensors
and discrete sampling (de Stigter et al., 2022). Before observations were
made at the abandoned well sites, the given positions of abandoned well
heads buried below the seabed were verified. For this purpose, we
conducted surveys with a magnetometer (Geometrics G882), that de-
tects the metal component of the buried well. In addition, profiles of the
shallow subsurface geology were acquired with a Sub Bottom Profiler
(Innomar Medium 100).

Presence of active ebullition was assessed on the basis of water col-
umn acoustic backscatter profiles acquired with a high resolution mul-
tibeam echosounder (Kongsberg EM2040). Gas bubbles give a strong
acoustic signal and are therefore clearly visible. Since the bubbles are
rising from the seafloor, bubble plumes form long, vertical reflectors
rising from a distinct source. At each location, at least 5 parallel lines
were recorded using a swath overlap of approximately 50%. In order to


http://www.nlog.nl

G. de Bruin et al.

achieve this overlap, a distance of 40-50 m was maintained between
subsequent lines, depending on water depth (30-50 m). At each well
location, an area of approximately 250 by 400 m was covered this way.
The orientation of the lines was largely decided on the basis of
maneuverability of the ship depending on weather and sea state
conditions.

A methane sensor (Franatech Laser Methane Sensor) was used for
measuring the CHy partial pressure in-situ in the water column at several
depths. In addition, analysis of gas content in near-bottom water was
performed with a laser spectrometer (Tunable Infrared Laser Direct
Absorption Spectroscopy; TILDAS; Aerodyne Research Inc., Billerica,
USA). Water from a few meters above the seabed was pumped up via a
weighted hose (named “Slurf”), degassed using a Weiss equilibrator or a
membrane filter and the gasses were continuesly analyzed with a laser
spectrometer (de Stigter et a., 2020). The spectrometer measured
simultaneously methane and ethane, which is essential for distinguish-
ing shallow gas from deep thermogenic gas.

3.3. Surveys conducted

Due to time constraints, not all selected locations were fully sur-
veyed. In total 48 wells (App. A) were fully surveyed (i.e. at least 5
parallel multibeam echosounder (MBES) tracks, Sub Bottom Profile,
Magnetometer, LMS Methane Sensor, ‘Slurf’ continuous near-bottom
water analysis) while 9 wells were partially surveyed (i.e. one pass
with MBES, and ‘Slurf’), which is listed in appendix A.

4. Results
4.1. Multibeam detection of bubble plumes

At nine abandoned wells, bubble plumes (acoustic flares) were
observed (Fig. 3). From the observed bubble plumes in relation to the
wellhead locations (confirmed by the magnetometer), we conclude that
there are two distinct types. 1) Wellhead plumes: one or two bubble

6 3 48 57

Wells with Wells with Wells without Wells
bubble plume bubble plumes bubble plume

at wellhead away from well

6

—

;26 33

Wells through

shallow gas
Q- 2 3 6 8
Wells near
shallow gas
R S 16
Wells no
shallow gas

Fig. 3. Occurrence of bubble plumes detected in multibeam water column data
(MBES) in relation to the wellhead and the occurrence of shallow gas. At six
wells a plume was observed at the wellhead. All six wells were drilled through
shallow gas. At 3 locations, multiple plumes were found at a significant distance
from the wellhead.
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plumes at the wellhead (within 23 m) and no bubble plumes in the
surrounding area. 2) Plume fields: Numerous plumes (tens to hundreds)
at a considerable distance from the well (74 m or more) and none at the
wellhead itself.

4.1.1. Wellhead plumes

At six abandoned wells (A08-01, A14-02, A15-03, B17-03, B17-05,
F01-01, appendix A) one or two bubble plumes were observed directly at
the wellhead (Fig. 5), while no plumes were detected in the vicinity (i.e.
there are only one or two plumes at the wellhead location itself). An
example of such a bubble plume observed by multibeam is shown in
Fig. 4 for location B17-05. All six wells that showed bubble plumes at the
wellhead are drilled trough known shallow gas accumulations.

4.1.2. Plume fields

At 3 locations (near wells B13-01, B17-04, F17-14), plumes were
observed at tens to hundreds of meters distance from the wells (i.e., no
bubble plume was observed at the wellhead itself). In blocks B13 and
B17, fields of plumes were found (i.e., tens of plumes spread over a
larger area), which could be linked to the presence of shallow gas. The
plumes in the vicinity of well F17-14 are not related to any known
shallow gas occurrence.

4.2. Methane and ethane in near-bottom water

With the ‘Slurf’ based measurements, we found elevated methane
concentrations at locations where bubble plumes were seen with the
MBES. Peaks in methane were seen at five of the six wells where bubble
plumes were observed, at A0O8-01, A14-02, A15-03, B17-03 and B17-
05. The ‘Slurf’ only detected enhanced methane concentration and did
not detect any enhanced ethane concentrations at the bubble plume
locations. To test the sensitivity of the ‘Slurf’, measurements were done
around a pipeline used for transport of natural gas, which did show
simultaneous peaks of methane and ethane.

5. Discussion

Fig. 6 shows an overview of all the results, such as the number of
observed bubble plumes, distance to the well, all sources of methane
that the well penetrates, the methane measurements, and whether
plumes were present before drilling. No peat was present at any of the
wells that featured a bubble plume at the wellhead based on inspection
of the SBP data. The SBP data were only recorded at the wells and not at
the three bubble plume locations away from wells, which therefore still
might correspond to the occurrence of peat.

5.1. Leakage at six wells

During our survey, we observed both isolated wellhead plumes and
plume fields at some distance from the well (Fig. 6). For the plumes
categorized as ‘wellhead plumes’, we observed that these bubble plumes
are isolated and located at the wellhead. Hence, we conclude that they
are caused by leakage of the well, rather than natural seepage. To further
rule-out interference of natural seepage, we used data from pre-drill site

Date
Time

Lafitude 816'

Longitude — 4°31.391E .

Heading  14.730° \ B
Speed 2.157 knots (mm?)
Frequency 400 kHz )

e S e RS i it e A

Fig. 4. At well B17-05, a bubble plume was observed at the wellhead. Example
of data used for identifying and pin-pointing bubble plumes.
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Fig. 5. Overview map of the northern part of the Dutch North Sea and the surveyed locations. Scale bar in the upper left corner. At the location of 6 abandoned wells,
a bubble plume was observed at the wellhead (yellow). At 3 well locations, bubble plumes were observed in the vicinity of these wells but not at the wellhead (green).
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Fig. 6. Overview of wells where plumes were observed, the number of plumes,
the minimal distance between the wellhead and the bubble plume(s). The po-
tential sources encountered in the well are peat layers close to the surface
(yellow), tunnel valleys (orange), shallow gas (green) and deep thermogenic
gas (blue). LMS is the Franatech Methane sensor that was attached to the CTD
rosette. ‘Slurf’ (laser spectrometer) measured only methane at the wells, no
ethane was encountered at these locations. Plume before drilling refers to the
results of the surveys conducted before the wells were drilled. Only data for two
wells was available.

surveys obtained by the different operators/drilling companies. Site
surveys are not publicly available, and the survey reports have to be
supplied by the owners of the well. We received reports of the site sur-
veys at A08-01 and A14-02 from the Nederlandse Aardolie Maat-
schappij (NAM). The pre-drilling-survey reports show no evidence for
bubble plumes (related to natural seepage) before drilling. Our obser-
vations show only bubble plumes at the six well locations and no other
bubble plumes in the vicinity, so avoiding the bubble plume would have
been easy for the drillers. Consequently, it is highly unlikely that natural
seepage was present at these six sites prior to drilling.

All putatively leaking wells discussed here were drilled through
shallow gas, with no other sources encountered. This is in line with the
‘Slurf” not detecting enhanced ethane concentrations. The absence of
enhanced amounts of ethane near the leaking wellheads makes it likely
that the gas is of microbial, biogenic, origin (i.e. shallow gas). Since all
six wells were drilled through shallow gas, the observed well leakage is
most likely from this shallow gas. The actual mechanism responsible for
the observed leakage remains to be proven and is discussed below.

5.2. Natural seepage of shallow gas

The plumes categorized as ‘plume fields’ are most likely caused by
natural seepage. The plumes in the B13 block have been studied before
(Schroot et al., 2005; Romer et al., 2017; de Groot et al., 2024), and the
consensus is that these plumes are part of a larger natural seepage area
above a producing shallow gas field. There are four abandoned wells
(B10-02, B13-01, B13-03 and B13-04) drilled through this gas field.
The absence of a bubble plume at the four well heads, in contrast to the
presence of numerous plumes at considerable distance (B13-01 being
the closest at 150 m), suggests that natural seepage is most likely the
main mechanism for these plumes.
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We found a similar setting in the vicinity of well B17-04, where no
bubble plume was observed at the wellhead itself, but numerous plumes
were found at some distance. B17-04 was drilled through a so-called
seismic chimney (vertically disturbed zone, indicative for vertical gas
migration), most likely related to faults above a salt dome. A shallow gas
field (B17-A) is present on the eastern flank of this salt dome. There is no
gas field found on the western flank, since the reservoir appears to have
leaked through faults, causing the chimney. The bubble plume clusters
are located directly above this seismic chimney, which implies natural
gas is still escaping here. Hence natural seepage of shallow gas,
migrating from the reservoir via the faults, is most likely the source for
the observed ebullition.

In the vicinity of F17-14 several plumes were observed at a distance
of 240 m away from the well, although fewer than at B13 and B17.
Again, the distance makes leakage from the well itself highly unlikely.
Shallow gas has not been observed locally and therefore we cannot link
the seepage to a distinct source. No new sub bottom profiler data was
collected during the survey at this location, but shallow drilling in the
area identified a clear Basisveen Bed to be present. Hence, natural
seepage of gas from this peat layer is probably best explaining the locally
dispersed occurrence of bubble plumes. Still, new data at the actual
location would be needed to match the locally found ebullition with a
potential source.

5.3. Statistical analysis of well leakage

Extrapolating our observations to a larger area to infer the chances of
well leakage to occur requires to first consider the possibility that we
might have missed leaking wells (false negative) during the survey and/
or misidentified wells as leaking that are actually not leaking (false
positive). This could potentially introduce a systematic bias, which
cannot be accounted for by statistics. For instance, a false positive could
be caused by a school of fish or another unknown acoustic artefact being
misinterpreted as a bubble plume at a wellhead. Chances on such a false
positive are, however, extremely small since ebullition was always
consistently identified at the leaking sites in a series of subsequent passes
(at least 3 times) over the wellhead. Also, the chance of a false negative,
missing an actually leaking well, is small because of the repetitive and
multi sensor observations. Temporal changes could still interfere with
our observations, when a leaking well is not constantly leaking resulting
in an intermittent flux, with long intervals of no leakage. For instance, de
Groot et al. (2024) found that the natural seeps in the B13 area have a
clear tidal control. Comparing our observations with the tidal cycle
however shows that we observed leaking wells during all phases of the
tidal cycle (i.e. mid, low and high tide), indicating that although tides
may modulate flow, this likely not cause an intermittent flux. Over-
lapping MBES-swaths also guarantees at least some temporal coverage,
albeit that the overall MBES survey at one location was mostly
completed within 2 h. Each well was covered at least by three swaths of
the MBES survey and the MBES was also continually recording during
CTD deployment at the well locations. Hence, only intermittency with a
very long down time would result in a false negative. We are therefore
confident that chances of a false positive are very small and chances for a
false negative are small but cannot be fully ruled out and that we can
treat the data and statistics without considering a systematic bias.

Our results show that 18% (6 out of 33) of the investigated wells
drilled through shallow gas are leaking. Using the Wilson score interval
(Wilson, 1927), compensated for a finite population (i.e. there is a finite
number of wells drilled in the Dutch North Sea sector), we calculated the
binomial proportion confidence interval for the probability of leakage
(Table 1, App. C.). At 90% confidence level, the estimated probability
range for true leakage is between 9 and 32%.

Although the wells not drilled through shallow gas inherently have a
much lower chance of leakage (as they showed no leakage in our sur-
vey), we also investigated much fewer of these well. Hence, based on
this study, some leakage occurring in these wells cannot be fully
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Table 1

Observed leakage percentages and computed confidence intervals of the wells
drilled through shallow gas, and calculated for the entire population of surveyed
abandoned wells, also those not drilled through shallow gas. We compensated
the latter for the over-representation of shallow gas wells in our sample (i.e.,
58% of our sample is drilled through shallow gas, while 11% of all abandoned
wells in the Dutch North Sea are drilled through shallow gas).

Leakage Confidence interval
percentage (90%)

6 leaking wells of 33 wells drilled 18% 9-32%

through shallow gas

67 sampled wells compensated for 1.8% 1.4-23%

oversampling shallow gas

excluded here, albeit that it would be much more limited compared to
the wells drilled through shallow gas.

In the vicinity of 4 of the 6 leaking wells (A18-01, A15-03, B17-03,
B17-05), we found other, non-leaking wells (A12-03, A15-02, A15-05,
B17-06), drilled through the same shallow gas accumulations. In three
cases, those were proven shallow gas fields (i.e. large quantities of
shallow gas were proven). This implies that even large quantities of
shallow gas do not necessarily result in well leakage. The occurrence of
well leakage is clearly avoidable and further investigation is needed to
identify the correct measures to avoid it.

From the surveyed wells, 58% were drilled through shallow gas,
whereas for the entire Dutch North Sea, the percentage of wells drilled
through shallow gas is only 11%. Since we found that about 18% of all
surveyed wells drilled through shallow gas are leaking, we predict that
28 of the total of 153 wells drilled through shallow gas in the Dutch
North Sea are leaking, which is less than 2% of all wells (1450) in the
Dutch North Sea (see Table 2).

5.4. Comparison with previous studies

Previous studies such as performed by Bottner et al. (2020)
concluded leakage at 28 out of the 43 wells that were investigated in the
UK sector of the North Sea, of which eight were drilled through shallow
gas (Table 2), whereas Vielstadte et al. (2017) measured the flux of three
leaking wells, leaking biogenic gas. In contrast, Romer et al. (2021)
found no leaking wells at the 10 wells they investigated, of which six
were drilled through shallow gas.

When looking specifically at wells drilled through shallow gas, we
find that there is a striking difference between our findings and Romer
on the one side and Bottner et al. (2020) and Vielstadte et al. (2017) on
the other. Statistically our findings are comparable to Romer et al.
(2021) but differ from those by Vielstadte et al. (2017) and Bottner et al.
(2020). As the studies by Vielstadte et al. (2017) and Bottner et al.
(2020) concentrated on a different sector in the North Sea, this might be
due to differences in geology or the way how wells are designed,
completed and ultimately abandoned.

Table 2

Summary of observations on well leakage from wells drilled through shallow gas
in the Norwegian, UK, German, and Dutch North Sea, as well as leakage of deep
thermogenic gas onshore the Netherlands.

North Sea wells drilled through shallow Wells  Leaking  Leakage

gas percentage

This study 33 6 18%

Norwegian Offshore, Vielstadte et al., 3 3 100%
2017

UK Offshore, Bottner et al., 2020 8 8 100%

German offshore, Romer et al. (2021) 6 0 0%

NL Wells drilled through thermogenic =~ Wells  Leaking  Leakage
HC percentage

This study, thermogenic HC only 16 0 0%

Dutch Onshore, Schout et al., 2019 29 1 3%




G. de Bruin et al.

Schout et al. (2019) investigated well leakage onshore the
Netherlands. All wells had a deep thermogenic target (and no shallow
gas was observed while drilling). They observed that 1 of the 29
investigated wells was leaking (3%). We surveyed 16 wells reaching
deep thermogenic hydrocarbons, and no leakage was found. Because
leakage at these wells is rare, the limited number of sampled wells do not
allow for a meaningful statistical comparison other than that we have no
evidence for differences in leakage between land-based and offshore
abandoned wells.

5.5. Leakage mechanism

The mechanism responsible for the observed leakage is still under
debate (see Wilpshaar et al., 2021 for discussion). Vielstadte et al.
(2017) and Bottner et al. (2020) proposed that leakage is likely focused
along drilling-induced fractures around the borehole. The authors pro-
posed such a leakage mechanism for the Nordland Group (Middle
Miocene to recent) sediments present in the North Sea in Norway.
However, the Nordland Group consists of unconsolidated to weakly
consolidated silt and clay layers, which show an almost elastic-perfectly
plastic behavior during tri-axial tests (Pillitteri et al., 2003). Therefore, it
is highly unlikely that fractures form. Even when rocks are sufficiently
consolidated to display brittle deformation, fractures only occur when
the drilling fluid used (mud weight) is too heavy during drilling. Such
drilling conditions are typically not found at the shallow intervals where
shallow gas occurs (TNO R10056). To our knowledge, gas migration
through drilling-induced fractures in consolidated rock has not been
observed and/or demonstrated in any other study.

Excluding drilling induced fracturing as a source for leakage, we
consider only well integrity issues as a potential viable leakage mecha-
nism. Leakage pathways concern mostly the casing, the cement, the
interfaces between casing and cement, and the interface between
cement and formation. Further research is needed to establish what the
most common leakage mechanism is.

5.6. Comparison natural seepage and well leakage

We surveyed 57 wells and found six leaking wells with in total eight
bubble plumes. B17-05 had the largest plumes and F01-01 had a very
small plume. At the natural seepage site of B17, we found 31 bubble
plumes in a surveyed area of only 0.05 km? (the total area where seeps
occur is probably larger). Romer et al. (2017) found between 490 and
854 bubble plumes in an 8 km? area at the B13 natural seepage site. The
number of observed natural plumes is hence far greater than the
man-induced plumes. Exact amounts of methane leakage are still under
investigation, but based on comparison between natural and anthro-
pogenic seepage, it is clear that natural seepage exceeds well leakage.
However, many uncertainties about the methane emissions remain.
Leakage could decline over time due to diminishing methane volumes,
but leakage could also increase due to deterioration of well-integrity
issues (rust, etc.). Also, the influence of the production of shallow gas
on both well leakage and natural seepage is unknown at this moment.
The B13 natural seepage site is located above the B13-FA field that is
currently in production. Whether the natural seepage will locally
decrease because of the production of shallow gas is unknown. The
leaking well A15-03 is drilled through the A15-A field that will be taken
in production soon. Also here, production of this shallow gas may
decrease methane leakage from the abandoned A15-03 well. When gas is
produced pressure in the field will decline and thereby the gas escaping
from the abandoned well. Still, there are several gas-bearing intervals
present, and it is unclear which interval is the source of the leakage and
whether that interval is actually being produced.

6. Conclusions

Six wells of 57 investigated abandoned wells are leaking shallow gas
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in the Dutch North Sea. Of the investigated wells drilled through shallow
gas, 18% showed ebullition. No ethane was detected, which implies that
the leakage was sourced from shallow gas. Since leakage is consistently
associated with shallow gas in the subsurface, we conclude that drilling
through shallow gas has a somewhat higher risk of leakage compared to
wells that are not drilled through shallow gas. All leaking wells are
found in the northern part of the Dutch North Sea in an area where
shallow gas quantities are the highest, which is the area with most
commercial shallow gas fields. Because most wells drilled through
shallow gas are not leaking, we also conclude that wells can be drilled
through shallow gas accumulations without resulting in leakage, even
when the wells are drilled through shallow gas fields with high con-
centrations of shallow gas present. There appears to be large regional
variation in percentage of wells leaking when considering the entire
North Sea. This is evident from the comparison of our results with those
from studies performed in the Norwegian, German, and British sectors of
the North Sea. The underlying cause of this offset is not yet clear and
could be due to the way wells are constructed (in accordance with
different national mining regulations in the different sectors), the local
geology, or both. Further research into the leakage mechanism(s) is
essential. However, it is clear that the findings from one specific area are
not necessarily applicable to the entire North Sea.
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