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Blowouts present a small but genuine risk when drilling into the deep
subsurface and can have an immediate and significant impact on the
surrounding environment. Nevertheless, studies that document their
long-term impact are scarce. In 1965, a catastrophic underground
blowout occurred during the drilling of a gas well in The Netherlands,
which led to the uncontrolled release of large amounts of natural gas
from the reservoir to the surface. In this study, the remaining impact
on methane chemistry in the overlying aquifers was investigated.
Methane concentrations higher than 10 mg/L (n = 12) were all found
to have δ13C-CH4 values larger than −30‰, typical of a thermogenic
origin. Both δ13C-CH4 and δD-CH4 correspond to the isotopic compo-
sition of the gas reservoir. Based on analysis of local groundwater
flow conditions, this methane is not a remnant but most likely the
result of ongoing leakage from the reservoir as a result of the blow-
out. Progressive enrichment of both δ13C-CH4 and δD-CH4 is observed
with increasing distance and decreasing methane concentrations. The
calculated isotopic fractionation factors of eC = 3 and eD = 54 suggest
anaerobic methane oxidation is partly responsible for the observed
decrease in concentrations. Elevated dissolved iron and manganese
concentrations at the fringe of the methane plume show that oxida-
tion is primarily mediated by the reduction of iron and manganese
oxides. Combined, the data reveal the long-term impact that under-
ground gas well blowouts may have on groundwater chemistry, as
well as the important role of anaerobic oxidation in controlling the
fate of dissolved methane.

groundwater contamination | well blowouts | methane |
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Uncontrolled subsurface leaks of natural gas resulting from
human underground activities have been shown to occur for

several decades (1, 2). However, they became a highly debated
subject in recent years after elevated methane concentrations in
groundwater were attributed to well failure of nearby shale gas
wells in an area of intense shale gas development (3–5). In addition
to anthropogenically induced leaks of natural gas to groundwater,
conduits for the migration of natural gas may exist naturally, as
evidenced by phenomena such as methane seeps, mud volcanoes,
and seabed pockmarks (6, 7). Leakage of natural gas through a
freshwater aquifer can adversely affect groundwater quality by
changing redox conditions and increasing pH (8, 9). Furthermore,
it can result in an explosion and/or asphyxiation hazard (10).
Hydraulically induced fractures have also been investigated for

their potential to act as conduits for gas leakage to groundwater
(11). However, groundwater impacted by gas leakage through
hydraulically induced fractures has never been unequivocally
identified (12). In contrast, such connections are known to have
been generated as a result of gas well blowouts (13). In general,
blowouts occur during drilling when unexpectedly high gas
pressures are encountered that can no longer be contained.
While the frequency of blowouts is relatively low [∼1:1,000 wells
drilled (14)], their potential environmental impact is huge, as
evident from high-profile cases such as the Deepwater Horizon

(15) and Aliso Canyon (16) blowouts. In some cases, the pres-
sures generated during a blowout do not escape at the surface
but form a fracture network that allows the well to blow out
underground (17). When these fractures reach the surface, they
may negatively impact the chemistry of shallow groundwater by
the massive introduction of methane (18).
In this study, we investigated the long-term effect of an un-

derground blowout on the current methane chemistry in a shallow
groundwater system. On December 1, 1965, an underground blow-
out with a catastrophic outcome occurred near the village of Sleen,
The Netherlands. At a depth of 1,944 m below ground level, serious
well control issues were experienced while drilling well SLN-02 (Fig.
S1) as a result of an unexpectedly high downhole pressure. Even-
tually, gas started erupting from a crater that formed several tens of
meters away from the spud point. Within 40 min (during which all
personnel were evacuated), numerous similar eruptions appeared
within a 350-m radius that coalesced to form a crater that engulfed
the entire well pad. Half an hour later, the drilling rig collapsed and
eventually sank completely into the ground (Fig. 1). On December
16, a relief well (SLN-03) was spudded ∼600 m northwest of the
blowout (Fig. S1). Using deviated drilling, this well was drilled to-
ward the underground location of the blowout. At a depth of
1,924 m, hydraulic fracturing was successfully carried out to establish
a connection with well SLN-02. On February 18, after more than
2.5 mo of near-continuous leakage of large amounts of natural gas,
760 m3 of heavy mud, followed by 390 tons of cement, was injected
into the relief well, which eventually caused the blowout to die out.

Significance

The rapid increase in shale gas production in recent years has
led to increased attention to its potential negative environ-
mental effects, including the risks of contaminating ground-
water with methane and other substances. In this context, the
uncontrolled gas migration that is triggered during well
blowouts is an understudied environmental hazard. We show
that the methane chemistry in shallow groundwater overlying
the site of a catastrophic underground blowout continues to be
impacted 50 y later. The occurrence of anaerobic methane
oxidation limits the spatial extent to which the dissolved ther-
mogenic methane plume could be observed and discerned from
local biogenic methane sources. However, it also highlights the
requirement to carry out monitoring in close proximity to po-
tential gas leakage sources.
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After the blowout, a network of groundwater monitoring wells
was installed by the local drinking water production company to
monitor for possible adverse effects on groundwater quality at
the site of the blowout. For this study, we sampled all relevant
monitoring wells. Samples were analyzed for dissolved gas mo-
lecular and isotopic composition as well as general groundwater
chemistry. Aims of the study were to assess (i) the long-term
effects of an underground gas well blowout on dissolved gas
concentrations in the shallow aquifer, (ii) the fate of dissolved
light hydrocarbons during groundwater transport, and (iii) sec-
ondary chemical effects of sustained elevated gas concentrations
in groundwater.

Hydrogeological Setting
Currently, the site of the blowout is a small parcel of woodland
entirely surrounded by pastures (Fig. 2). The topography is flat,
with surface elevations of 16–18 m above sea level. The water table
at the location of the blowout varies seasonally at between 1 and
2 m below ground surface. Based on head measurements in the
monitoring wells near the blowout area (Fig. 2), the direction of
groundwater flow is toward the south and east, with a low hydraulic
gradient of roughly 0.25–0.50 m/km. The shallow geology is dom-
inated by a thick succession of Quaternary sands and gravels down
to a depth of around 120 m (Fig. 2). Three main formations are
distinguished with increasing depth: the glacial Peelo Formation
(fine- to medium-grained sand), the fluvial Appelscha Formation
(coarse sand and gravel), and the marine Oosterhout Formation.
The Oosterhout Formation consists of an upper unit of fine- to
medium-grained sand and a lower unit that alternates sandy and
clayey deposits. The Dutch National Hydrogeological Model,
REGIS II (19), describes all but the lower Oosterhout clayey unit as
having hydraulic conductivities between 10 and 100 m·d−1. The
Oosterhout Formation is underlain by the highly impermeable
Breda Formation, a clayey, marine, Neogene unit. Together with
the aforementioned formations, it is part of the Upper North Sea
Group, which extends to a depth of around 225 m (Fig. S1).
The Sleen gas field consists of a series of Triassic sand and

claystone layers known together as the Main Bundsandstein
Subgroup, part of the Lower Germanic Trias Group. Gas is cap-
ped in these layers by a more than 100-m-thick deposit of evap-
orites of the Röt Formation (Fig. S1). In total, seven gas wells
were drilled in the Sleen municipality. The first exploratory well
(SLN-01), drilled in 1950, was abandoned at a depth of around
1,000 m after no hydrocarbons had been encountered. SLN-
02 was destroyed in the blowout, and SLN-03 was used as the
relief well. Wells SLN-04 up to SLN-07 (Fig. 2) were drilled be-
tween 1975 and 1980. Gas was produced from the aforementioned
Triassic sandstones of the Bundsandstein Group. However, it was
found that the reservoir was highly compartmentalized due to
fracturing. Hence, production was halted after only 40% of the

Fig. 1. Aerial photograph (39) of the crater formed by the SLN-02 un-
derground gas well blowout in 1965. Remnants of the well pad and asso-
ciated trucks and trailers can be seen at the edge of the crater.

Fig. 2. (Left) Shallow stratigraphy showing the dominant lithology of each formation as well as the approximate location, depth, length, and designation of
each wellbore and individual monitoring well. (Right) Topographic map showing the location of the groundwater monitoring wells sampled for this study as
well as the spud point of the blowout well (SLN-02) and other nearby gas wells. Blue lines signify hydraulic head contours.

Schout et al. PNAS | January 9, 2018 | vol. 115 | no. 2 | 297

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711472115/-/DCSupplemental/pnas.201711472SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711472115/-/DCSupplemental/pnas.201711472SI.pdf?targetid=nameddest=SF1


total gas in the reservoir had been produced (20). The chemical
and carbon isotopic composition of gas produced from the Sleen
field is available through the analyses of samples from wells SLN-
04, SLN-05, and SLN-07 carried out in the early 2000s (Table S1).
Notably, the average mole fraction of nitrogen in gas samples
from the Sleen field is very high at 53.7%, while that of methane is
44.7%. The average δ13C-CH4 of the three samples was −22.1‰
(δD-CH4 was not analyzed).

Results and Discussion
Minimum and maximum observed methane concentrations in the
groundwater monitoring wells near the blowout were 0.01 and
43.8 mg/L, respectively (Table 1). The highest methane concen-
trations were found in the monitoring wells directly adjacent to the
blowout area. Although no threshold levels for safe concentrations
of methane in groundwater have been set in The Netherlands,
methane concentrations in 12 of the sampled monitoring wells
exceeded the recommended 10-mg/L hazard threshold level set by
the US Department of the Interior (21). Of these 12 wells, seven
exceeded the 28-mg/L hazard mitigation level. As methane con-
centrations up to 100 mg/L have been shown to occur naturally in
Dutch groundwater (22), concentrations alone were not sufficient
for determining the origin of dissolved methane. Isotopic charac-
terization showed that all samples with concentrations greater than
10 mg/L (n = 12) had a δ13C-CH4 above −30‰ (Fig. 3), typical of
a thermogenic origin. Biogenic methane (δ13C-CH4 < −50‰) in
concentrations higher than 1 mg/L was only encountered in three
monitoring wells up-gradient of the blowout (wells 06-1, 06-2, and
30-1 with concentrations of 2.6, 4.7, and 1.9 mg/L, respectively).
Supporting the biogenic origin of methane in these samples are the
elevated ammonium concentrations (Fig. S2), a common byproduct
during methanogenic decomposition of organic matter (23).

The maximum distance at which dissolved thermogenic meth-
ane was identified is 515 m down-gradient of the location of the
blowout well in both monitoring wells 28-1 and 28-2 (Fig. 2). This
suggests that dissolved methane traveled with a minimum ef-
fective velocity of 10 m·y−1 in both the Peelo and Appelscha
Formations. One kilometer further down-gradient, at monitoring

Table 1. Detailed results of the chemical analyses of sampled wells, as well as the depth of the middle of the well screen
and stratigraphy

Screen ID

Depth
mid-screen,

mbgl Formation
CH4,
mg/L

C1/[C2 + C3],
molar ratio

δ13C-CH4,
‰ (PDB)

δD-CH4,
‰ (SMOW)

Alkalinity,
mg/L, as HCO3

Mn,
mg/L

Fe,
mg/L pH

NH4 ,
mg/L

SO4,
mg/L

Pa-1 −20.0 Peelo 0.08 871 −59.6 −341 178 0.31 11.39 7.06 0.21 <1.3
06-1 −12.7 Peelo 2.6 7,923 −75.8 −259 136 0.56 17.16 6.98 2.73 <1.3
06-2 −41.2 Appelscha 4.7 5,828 −73.0 −235 111 0.63 21.41 6.76 3.14 <1.3
25-1 −12.5 Peelo 0.08 24,000 −55.9 −356 47 0.18 13.50 6.94 0.85 2.4
25-2 −56.2 Appelscha 0.02 270 −61.9 −254 54 0.22 11.13 6.09 0.86 43.1
27-1 −14.0 Peelo 14.4 44 −26.0 −98 333 0.51 44.74 6.97 0.30 <1.3
27-2 −32.0 Peelo 0.88 108 −21.3 −62 40 0.54 20.25 7.10 1.38 32.2
28-1 −19.0 Peelo 4.6 52 −15.5 −12 108 0.68 20.29 7.26 0.48 <1.3
28-2 −52.5 Appelscha 0.62 43 −15.3 −33 49 0.48 12.46 7.20 0.54 <1.3
29-1 −12.0 Peelo 9.9 35 −18.5 −65 275 0.39 26.38 6.89 2.51 <1.3
29-2 −50.0 Appelscha 16.4 44 −21.1 −112 71 0.39 14.66 6.88 0.17 34.7
30-1 −5.7 Peelo 1.9 10,500 −54.3 −260 373 0.68 41.78 6.45 0.35 <1.3
30-2 −52.8 Appelscha 0.06 1,125 −65.9 −213 52 0.24 16.78 6.89 0.45 24.8
31-1 −27.0 Peelo 0.08 112 −20.1 111 31 0.07 20.84 5.82 0.77 21.9
31-2 −55.0 Appelscha 0.01 260 −70.0 45 0.21 25.89 6.56 0.07 52.4
32-1 −20.0 Peelo 22.8 65 −20.4 −90 642 0.65 60.15 6.85 1.07 36.7
32-2 −49.0 Appelscha 13.4 80 −20.7 −106 57 0.45 8.36 7.00 0.27 23.4
32-3 −88.0 Oosterhout 32.6 34 −21.3 −117 193 0.06 2.74 7.73 0.14 <1.3
32-4 −109.0 Oosterhout 28.8 34 −21.1 −118 221 0.10 1.61 7.97 3.80 21.4
32-5 −120.0 Breda 43.8 36 −20.8 −118 244 0.09 0.68 8.38 1.01 4.1
56-1 −51.6 Peelo 0.20 523 −36.5 −195 158 0.23 9.19 7.40 0.08 32.6
68-1 −24.0 Peelo 32.2 40 −21.8 −111 209 0.18 20.95 7.39 0.21 0.0
68-2 −54.0 Appelscha 0.11 27 −48.2 −196 60 0.47 19.10 7.17 0.30 38.6
69-1 −17.5 Peelo 20.4 46 −17.7 −74 131 0.30 40.43 7.17 0.19 31.5
69-2 −72.5 Oosterhout 42.9 33 −21.2 −117 470 0.02 2.25 7.58 0.11 <1.3
69-3 −87.5 Oosterhout 32.3 32 −21.3 −118 212 0.03 2.41 7.65 0.44 <1.3
69-4 −102.5 Oosterhout 33.1 32 −21.1 −117 237 0.04 4.40 7.80 2.71 219.7

mbgl, meters below ground level; SMOW, Standard Mean Ocean Water; VPDB, Vienna Pee Dee Belemnite.

Fig. 3. Carbon isotope ratio vs. dissolved methane concentration. Samples
labeled with gray dots are from the four wells located directly adjacent to the
approximate location of the crater (68, 69, 32, and 27; Fig. 1). The mixing line
is calculated with a biogenic end member (0.05 mg/L, −70‰) and a thermo-
genic end member (10 mg/L, −22‰). VPDB, Vienna Pee Dee Belemnite.

298 | www.pnas.org/cgi/doi/10.1073/pnas.1711472115 Schout et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711472115/-/DCSupplemental/pnas.201711472SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711472115/-/DCSupplemental/pnas.201711472SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1711472115


well Pa (Fig. 2), the groundwater appears to be unaffected by the
blowout. However, this well is screened in the Peelo Formation and
not the more conductive Appelscha Formation, where methane
contamination could have traveled farther. Assuming a hydraulic
conductivity of 100 m·d−1 and porosity of 0.3, groundwater in this
formation is estimated to have an average velocity of 30 m·y−1, given
the hydraulic head gradient of around 0.25 m/km. Methane concen-
trations in monitoring wells 25 and 31 (located 230 and 383 m up-
gradient of the blowout well, respectively) are less than 0.1 mg/L. This
shows that although lateral free gas migration may have occurred
during the blowout, this does not contribute significantly to the ob-
served present-day distribution of methane concentrations. Such two-
phase gas migration would be largely independent of the direction of
the low hydraulic gradient, and hence occur in all directions equally.
There was no visually recognizable methane seepage at ground

surface. However, the fact that methane concentrations are still
highest in the wells directly adjacent to the location of the crater
formed by the blowout (Fig. 3) suggests that leakage from the
reservoir is still ongoing. Otherwise, with the estimated effective
velocity of 30 m·y−1 in the Appelscha Formation, it is likely that any
dissolved methane released during the blowout event would have
been transported beyond the monitoring wells during the past 50 y.
Also, the phreatic sandy nature of the shallow groundwater system
studied precludes the conditions for secondary gas accumulations.
In addition, a recent field experiment (24) in which gas-phase
methane was injected into a shallow sedimentary aquifer illus-
trated that residual methane was dissolved on a time scale of
months, not years. Alternatively, matrix diffusion of aqueous
methane from the Oosterhout or Breda clays (Fig. 2) due to
underlying secondary gas entrapment might be the origin of
thermogenic methane in the shallow groundwater system. How-
ever, such a process would yield strictly increasing dissolved meth-
ane concentrations with depth, which is not observed (Table 1).
Hence, we argue that the most plausible explanation for the

elevated concentrations of thermogenic methane found in the
shallow groundwater system overlying the location of a blowout
is that gas-phase methane leakage from a deeper thermogenic
gas source continues to this day. Whether or not that source is
the primary source from which the blowout occurred or sec-
ondarily formed gas entrapments is unknown. However, the
perturbation of the sedimentary sequence due to the blowout
would have negatively impacted the likelihood of secondary
gas accumulations. Therefore, ongoing leakage of thermogenic

methane directly from the Sleen gas reservoir from which the
blowout occurred is considered most likely.
The combination of molecular composition (C1/[C2 + C3] ratio)

and the methane carbon isotope ratio found in the majority of
water wells adjacent to the blowout indeed closely resembles that of
the samples from the Sleen reservoir (Fig. 4). Additionally, a subset
of samples fall within a range of values that can be explained by
mixing of biogenic methane formed in situ with thermogenic
methane from the Sleen reservoir. Higher C1/[C2 + C3] ratios than
that of the reservoir are observed in a number of samples with
thermogenic methane. This molecular fractionation could be due to
the differential solubility and sorption characteristics of methane
and higher alkanes (6). Such “solubility fractionation” was used to
explain elevated C1/C2 ratios of thermogenic methane in ground-
water in West Virginia (25). Alternatively, molecular fractionation
may occur as a result of the preferential oxidation of nonmethane
alkanes (26, 27). Partial oxidation of dissolved ethane should leave
the residual ethane enriched in δ13C-C2H6, as the lighter 12C is
preferentially consumed. Indeed, several thermogenic samples with
elevated C1/[C2 + C3] ratios were found to have enriched δ13C-
C2H6, giving credence to this hypothesis (Fig. S3).
The relation between δ13C-CH4 and δD-CH4 indicates that a

number of groundwater samples were significantly enriched in both
carbon and hydrogen isotopic compositions (Fig. 5). Most notably,
wells 29 and 28 (which lie directly down-gradient of the blowout well
at a distance of 201 and 515 m, respectively) showed progressive
isotopic enrichment along with decreasing methane concentrations,
indicating degradation. Since conditions are anoxic, this enrichment
is likely the result of the anaerobic oxidation of methane (AOM)
(28), a process that could potentially limit the extent of a ground-
water methane plume (29). Isotopic fractionation factors of methane
can be quantified as a function of the amount of residual (non-
oxidized) methane using the classical Rayleigh fractionation equa-
tion, which can be rewritten as follows (30):

δ13CðCH4Þt= δ13CðCH4Þi− «C · lnðf Þ, [1]

where f is the residual methane fraction, «C is the kinetic isotopic
fractionation factor, and δ13C(CH4)t and δ13C(CH4)i are the car-
bon isotopic ratios of the residual and initial methane, respec-
tively, and similarly for deuterium enrichment.

Fig. 4. C1/(C2 + C3) vs. δ13C-CH4 of analyzed groundwater wells. Mixing lines
are between a thermogenic end member (average value of the three
available samples from the Sleen gas field) and two possible biogenic end
members [C1/(C2 + C3) of 10,000 and δ13C of −80‰ and −55‰]. Oxidation is
calculated according to equation 15 of ref. 30. VPDB, Vienna Pee Dee Belemnite.

Fig. 5. δ13C-CH4 vs. δD-CH4 of analyzed groundwater wells. The gray arrow
represents the calculated (according to ref. 30) isotopic enrichment due to
AOM with «C = 3 and «D = 54 (ΔD/Δ13C = 18). In the absence of δD-CH4

analyses from the Sleen gas field, the black arrow shows the δ13C-CH4 of Sleen
gas. SMOW, Standard Mean Ocean Water; VPDB, Vienna Pee Dee Belemnite.
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Fig. 6 shows that a reasonable fit was achieved with «C = 3 and
«D = 54 and an initial isotopic composition of δ13C = −22‰ and
δD = −130‰. Due to the uncertainty in travel time of the
methane toward individual well screens, as well as mixing with
unknown proportions of biogenic methane, some deviation from
the modeled line is expected. Calculated fractionation factors
fall within the low end of the reported range for anaerobic mi-
crobial methane oxidation (30). The relatively low fractionation
factors could be due, in part, to the diluting effect of dispersion
on the decreasing methane concentrations during transport with
groundwater flow, which does not affect the isotopic composi-
tion. In addition, however, the low fractionation factors could
possibly be due to iron oxide-mediated AOM, as this oxidation
pathway results in lower fraction factors than for sulfate-coupled
AOM (31). The resulting ratio of carbon versus deuterium en-
richment (ΔD/Δ13C) was found to be 18 (Fig. 5), which falls
within the wide range of values for AOM coupled to the re-
duction of both sulfate and iron oxides as derived from a limited
amount of available studies (30–32).
Methane oxidation coupled to sulfate, iron oxides, or man-

ganese oxides is described by the following net reactions (33),
respectively:

CH4 + 4MnO2 + 7H+ →HCO−
3 + 4Mn2+ + 5H2O [2]

CH4 + 8FeðOHÞ3 + 15H+ →HCO−
3 + 8Fe2+ + 21H2O [3]

CH4 + SO  2−
4 →HCO−

3 +HS− +H2O [4]

Elevated alkalinities are associated with all three pathways and
were indeed encountered in a subset of wells with elevated
methane concentrations (Fig. S2). While AOM coupled to sul-
fate reduction has frequently been described in groundwater
systems (18, 28, 34), sulfate concentrations appear to be unre-
lated to methane concentrations (Fig. S2). Instead, both iron and
manganese concentrations are elevated in wells with intermedi-
ate methane concentrations (∼1–20 mg/L), indicating that the
reduction of iron and manganese oxides is the predominant
AOM pathway (Fig. 7). The lower iron and manganese concen-
trations in the wells with the highest methane concentrations in
the vicinity of the blowout area show that reactive iron and
manganese oxides have become depleted. These more reduced

conditions might locally allow AOM coupled to sulfate reduction
to become more dominant.
The depletion of iron and manganese oxides in the wells directly

down-gradient from the blowout zone highlights the fact that while
AOM plays an important role in controlling the fate of dissolved
methane, it is ultimately limited by the initial availability of iron and
manganese oxides in the aquifer sediments. As precipitation of sid-
erite (FeCO3) and rhodochrosite (MnCO3) likely occurs simulta-
neously with reduction, using the aqueous Fe andMn concentrations
to calculate a rate of oxidation would lead to an underestimation of
the actual oxidation rate (35). Increased manganese concentrations
are observed at lower methane concentrations than increased iron
concentrations (i.e., at the fringe of the plume). This could be due to
AOM coupled to the reduction of manganese oxides being ther-
modynamically more favorable than AOM coupled to the reduction
of iron oxides when the concentrations of the relevant aquatic spe-
cies involved are nearly identical (33, 36).
Given the complexity of the biogeochemical process, in-

terpretation in terms of zero-order or first-order degradation is
inexact. Nevertheless, a tentative assessment of the rate of oxida-
tion can be made based on the observed methane concentrations
along the 515-m transect from the location of blowout well SLN-
02 past monitoring wells 32-1, 29-1, and 28-1. Neglecting the in-
fluence of hydrodynamic dispersion on the attenuation of methane
concentrations along this transect and assuming a flow velocity of
10 m·y−1 to each of these wells yields a rate of oxidation of
0.38 mg·L−1·y−1 (Fig. S4). While rates of AOM in freshwater en-
vironments are still poorly constrained, this calculated rate is much
lower than the average rate of oxidation of 117 mg·L−1·y−1 ob-
served in a recent study of AOM in freshwater wetlands (37). This
shows that, at least theoretically, the near-complete disappearance
of methane along the 500-m flow path can be attributed to AOM.
The occurrence of methane oxidation in stray gas-impacted

groundwater has important implications for groundwater moni-
toring programs aimed at uncovering natural and anthropogenic
sources of gas leakage. Here, the maximum distance down-
gradient of the blowout at which thermogenic methane was de-
tected is ∼500 m and is limited by the occurrence of methane
oxidation. Hence, while stray gas migration may occur over much
greater distances in other hydrogeological circumstances (38),
monitoring should ideally occur in close proximity to possible
leakage sources. In addition, the occurrence of methane

Fig. 6. Percentage of residual methane versus δ13C-CH4 (Left) and δD-CH4

(Right). Isotopic fractionation as a result of AOM was modeled using Eq. 1. Re-
sidual methane fractions were calculated as a function of themaximum observed
methane concentration (43.8 mg/L in well 32-5). The best fit was achieved with
fractionation factors of «C = 3 and «D = 54 and initial isotopic compositions of
δ13C-CH4 = −22‰ and δD-CH4 = −130‰. The four wells adjacent to the blowout
are indicated with gray circles, and all other wells are indicated with black circles.
SMOW, Standard Mean Ocean Water; VPDB, Vienna Pee Dee Belemnite.

Fig. 7. Dissolved methane concentrations plotted against concentrations of
manganese and iron for all sampled wells.
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oxidation causes enrichment of methane isotopic composition, which
could lead to false-positive detections of thermogenic methane. A
good example thereof is presented by well 56-1 in this study. This
well was expected to contain biogenic methane, given that it is lo-
cated ∼2 km up-gradient of the blowout. In the absence of knowl-
edge about the composition of leaked gas and local redox conditions,
its δ13C and δD values of −36.5‰ and −195.0‰, respectively,
would typically be considered thermogenic. However, the unusual
isotopic composition of methane in the water from well 56-1 is likely
the result of microbial oxidation of biogenic methane (Fig. 4).

Conclusions
Fifty years after the catastrophic underground blowout that oc-
curred near the village of Sleen, The Netherlands, a detailed
investigation of the groundwater chemistry was carried out in the
shallow aquifer overlying the blowout location. This study led to
the following conclusions:

i) Dissolved methane concentrations in wells close to the lo-
cation of the blowout are highly elevated (up to 44 mg/L)
compared with those in background wells. Methane in con-
centrations greater than 10 mg/L is thermogenic and origi-
nates from the Sleen reservoir at 2 km below ground surface.

ii) Most likely, the long-term persistence of elevated methane
concentrations adjacent to the blowout site is the result of
continuing gas leakage form the Sleen reservoir initiated by
the blowout.

iii) AOM coupled to the reduction of iron and manganese ox-
ides plays a major role in the natural attenuation of the
dissolved methane plume. However, the oxidation capacity

is limited by the availability of iron and manganese oxides in
the aquifer sediments, which is resulting in a slowly expand-
ing methane plume.

iv) Considering the potential impact of methane oxidation, mon-
itoring for gas contamination should be conducted in close
proximity to potential gas leakage sources, and at multiple
monitoring locations. Relying on single sampling points may
lead to false “nondetects” if the monitoring distance is too
large. In addition, the compositional and isotopic impact of
oxidation may lead to erroneous assessment of the origin of
dissolved gases, especially when δ13C is analyzed without δD.

Materials and Methods
A total of 27 groundwater samples were collected between January and April
2016 from 12 nested and two individual groundwater monitoring wells (Fig.
2). Samples were only collected after the temperature, pH, and electrical
conductivity of the water had stabilized and dissolved oxygen indicated
stable anoxic conditions. Samples for the analyses of dissolved gas chemical
and isotopic composition were collected using IsoFlasks and analyzed by
ISOLAB for gas composition (C1 to C5, C5+, N2, CO2, O2, and Ar) as well as
the following stable isotope ratios: δ13C-CH4, δ13C-C2H6, δ13C-C3H8, δ2H-CH4,
and δ13C-CO2. Analytical details are given in SI Methods.
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