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Abstract
The large natural gas storage facility at Stenlille, Denmark, has been moni-
tored to investigate the effect of pumping large amounts of gas into the sub-
surface. Here, we present a new dataset of microseismicity at Stenlille since 
2018. We compare these data with methane in groundwater, which has been 
monitored since gas storage was established in 1989. Further, we conducted 
a controlled 172 day microcosm experiment of methane oxidation on an iso-
lated microbial community under both aerobic and anaerobic conditions. For 
this experiment, water was filtered from a well at Stenlille with elevated levels 
of thermogenic methane and ethane. No microseismic activity was detected 
in the gas storage area above an estimated detection level of ML 0.0 for the 
established network. The long-term monitoring for methane in groundwater 
has still only detected one leak, in 1995, related to a technical problem during 
injection. The microcosm experiment revealed that oxidation of methane 
occurred only under aerobic conditions during the experiment, as compared 
to anaerobic conditions, even though the filtered water was anoxic.

Introduction
Storage of CO2 in the subsurface as a means of reducing CO2 in the atmo-
sphere receives great international interest. Therefore, there is a need for 
knowledge about how the subsurface behaves when large volumes of gas 
are pumped into reservoirs accompanied by potential contamination of 
groundwater aquifers. In Denmark, the primary onshore interest focusses on 
sandstone reservoirs, with the Gassum Formation as a prime candidate (Ham-
berg & Nielsen 2000). The Stenlille underground gas storage facility (Fig. 1a) 
 provides an opportunity to monitor the effects of large-volume pumping; 
while the gas pumped is natural gas and not CO2, the volume pumped is 
large and can provide information about the effects of pumping activity on 
both groundwater geochemistry and microseismic activity.

Leakage is also important to monitor because groundwater aquifers are 
sensitive to changes (Datry et al. 2004), and therefore increases in methane 
as well as trace concentrations of other alkanes may alter the groundwater 
ecosystem. Groundwater aquifers are complex ecosystems that are of critical 
importance for geochemical cycles (Griebler & Lueders 2009). Therefore, it 
has been important to monitor for hydrocarbons in the shallow groundwater 
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because of the underground gas storage, and thereby 
detect possible impacts on this environment.

Here, we present a new dataset of microseismicity 
at Stenlille since 2018 and compare these data with 
methane in groundwater, which has been monitored 
since gas storage was established in 1989. Further, we 
report on a controlled 172 day microcosm experiment 
of methane oxidation on an isolated microbial commu-
nity under both aerobic and anaerobic conditions.

Stenlille underground gas storage 
facility
The Stenlille underground gas storage facility is located 
70 km south-west of Copenhagen, operated by Gas Stor-
age Denmark A/S (Fig. 1a). It was established in 1989 to 
buffer the supply of gas from the North Sea and has since 
been re-developed to increase storage capacity. Today, 
a total of 20 deep wells operate at the facility. Fourteen 
wells are deployed for injection and withdrawal of gas 
and six wells are used for observational purposes. Most 
observation wells are located in the periphery of the site 
(Fig. 1b; Laier & Øbro 2009).

The storage at Stenlille is an anticlinal structure 
shaped by salt tectonics. A vertical closure of c. 35 m cov-
ers an area of 14 km2 (Fig. 1c). The reservoir is formed 
in the Upper Triassic – Lower Jurassic Gassum Sandstone 
Formation, where gas is stored by displacing formation 
water. The top Gassum surface is located 1500–1600 m 
below ground level. The Gassum Formation consists of 
cyclically interbedded sandstone and marine mudstone 
deposited in a changing depositional environment (Ham-
berg & Nielsen 2000). The formation has excellent reser-
voir properties due to the overlying 300 m thick Lower 
Jurassic Fjerritslev formation. It consists of claystone and 
hence serves as a caprock for the sandstone reservoir.

The total estimated storage capacity of the Sten-
lille structure equals three billion normal cubic metres 
(Nm3), and due to reservoir heterogeneities, gas is 
stored in several separate zones. 

For safety and environmental reasons, the storage 
operation is monitored carefully. No sign of gas leak-
age has been observed in a monitoring well located in 
a sand stringer 15 m above the gas reservoir (Laier & 
Øbro 2009). Other wells are monitored for possible lat-
eral escape of natural gas. A baseline study of naturally 
occurring hydrocarbons (Laier & Øbro 2009) performed 
before the Stenlille facility came into operation indicated 
the presence of only trace amounts hydrocarbon gases 
(in the form of biogenic methane) in the subsurface of 
the Stenlille facility. 

The current amount of gas stored is just under 
1600 MNm3, with an annual injection and extraction 
of close to 500 MNm3. The pumping rates typically 
vary between 100 and 250 kNm3/h but with extraction 

rates occasionally going up to 400 kNm3/h (Fig. 1d). The 
detailed pumping activity for the individual wells for the 
period summer 2018 to summer 2019 can be seen in 
supplementary file S1.

Methods
Seismological monitoring
During August and September 2018, we established a 
seismic network for monitoring microseismicity around 
the Stenlille underground gas storage facility. The net-
work consists of six seismographs placed within 5 km of 
the main pumping facility (Fig. 1b). Data for the period 
1 October 2018 to 31 March 2020 have been screened 
for events, using the CONDET code (Havskov et al. 
2020). The screening triggers several hundred times 
on the data. The triggers are very unevenly spaced in 
time, depending not only on actual seismic events, but 
also on thunderstorms and noise. A manual screening 
of the triggered events resulted in 32 locatable seismic 
events and a large number of acoustic events related to 
thunderstorms.

Geochemical monitoring
Monitoring for hydrocarbons has been carried out 
monthly from 1989 to 1994, followed by quarterly mea-
surements thereafter by the Geological Survey of Den-
mark and Greenland (GEUS). Shallow groundwater is 
monitored from private drinking water wells, ground-
water wells supplying waterworks in the vicinity of the 
gas storage and observation wells at Stenlille. The two 
observation wells, K1 and K2, were established where 
the risk of leakage was considered highest. Observa-
tion well K1 allows water samples to be taken from 
melt-water sand at 36 m depth and at 98 m in Paleo-
cene calcareous sand (Fig. 2). Observation well K2 was 
established in 1993 with a screen in the melt-water 
sand at a depth of 25–39 m (Fig. 2). Groundwater was 
sampled quarterly in 15 mL serum bottles with rub-
ber septa and stored at 5°C until analysis within two 
days of sampling. Analysis of C1–C4 hydrocarbons was 
done by gas chromatography flame ionization detec-
tion (GC-FID) on a Shimadzu GC2010 equipped with a 
capillary column (GS-Gaspro, 60 m, 0.32 mm) with a 
detection limit of 2 µg/L for both methane and larger 
hydrocarbons.

Microcosm experiment
A total of 2400 L of groundwater was pumped and fil-
tered over a glass fibre filter with a pore size of 0.3 µm 
and 293 mm in diameter (Sterlitech, Kent, Washing-
ton, USA) using a submersible pump (Grundfos MP1, 
Grundfos, Bjerrringbro, Denmark). The pump rate was 
8–10 L  min-1 (September 2019). The filter was stored 
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Fig. 1 Location, site details and pumping activity at the Stenlille underground gas storage facility. a: The Stenlille facility is located 
on Sjælland, Denmark (red hexagon) b: Well locations and extension of the different gas zones at the Stenlille underground gas 
storage facility. Contour lines indicate depth in metres to the top Gassum Formation. Red triangles indicate the Stenlille seismic 
network seismographs deployed as part of the SECURe project. Seismographs are within 5 km of the main pumping station (STE00). 
ST-01 to -20 are wells and STE01–06 are seismic stations. Modified from Gas Storage Denmark A/S 2018 (Fig. 2.2). c: The cross-sec-
tion of the Stenlille underground gas storage facility. Prod.: production well. Obs.: observation well. Modified from Gas Storage 
Denmark A/S 2018 (Fig. 2.1). d: History of pumping activity at Stenlille. Modified from Gas Storage Denmark A/S 2018 (Fig. 3.1).  
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Fig. 2 Geological cross-section of the upper 
layers of the Stenlille underground gas stor-
age facility. Approximate location and depth of 
monitoring screens in K1 and K2 are shown. The 
red shading indicates the probable distribution 
of gas after a leakage event at ST-14 in August 
1995. Modified from the work of Laier (2012). 

cold after sampling and microcosms were setup within 
24 hours. The filter was divided into 24 fragments, and 
each part was placed in a 583 mL flask containing 90 mL 
of groundwater and 10 mL of salt solution. The concen-
trations in each microcosm were 0.62 mM MgSO4•7H2O, 
0.99 mM KNO3, 0.88 mM NH4Cl, 0.18 mM NaHCO3, 0.51 
mM NaCl, 0.52 mM CaCl2•2H2O, 5.00 mM CaCO3 and 
0.50 mM Fe(III)OOH. Flasks were crimp sealed with butyl 
rubber stoppers and flushed with He before a con-
trolled headspace was created comparing (1) untreated 
control, (2) CH4 and (3) CH4 and C2H6 under both aerobic 
and anaerobic conditions. Flasks were incubated in the 
dark at 10°C on a rotational shaker at 75 rpm. During 
incubation, the concentrations of CH4, C2H6, O2 and CO2 
was quantified by GC-FID. 

Results and discussion
Seismological events
Of the 32 located events, 20 were previously known 
(both earthquakes and explosions) and occurred close 
to Stenlille (Fig. 3) or were large enough and had a fre-
quency content within the range used to trigger on the 
Stenlille stations alone. Twelve previously unknown and 
‘spurious events’ (events of unknown origin) were found. 
These were only observed on the Stenlille network along 
with many similar events, which could not be located. 
None of the events found are within the Stenlille under-
ground gas storage facility (Fig. 3). The events identified 
are of a local magnitude (ML) of –0.2 to 2.5. A distant 
event with body wave magnitude (Mb) 6.7 is observed 
and two regional events of ML 3.5 and ML 2.8 were also 
observed. The newly identified spurious events are all 
smaller than ML 1.0. A full list is provided in supplemen-
tary file S2.

Earthquakes and explosions
These events, detected by screening the Stenlille net-
work, were all previously located by the routine moni-
toring of the Danish seismic service. The fact that these 
events were also detected by independent screening 
of the Stenlille seismic network confirms the fact that 
the network is capable of detecting such events (Fig. 3).

Spurious events
These events all have magnitudes smaller than ML 1 
(Fig. 3) – most are much smaller and all have similar 
signals, with strangely low frequencies in the range of 
10 Hz. This is much lower than expected for such small 
events. We do not know the cause of these events and 
their locations have an uncertainty of up to tens of kilo-
metres. Nonetheless, due to the difference in P and S 
wave arrival times (which relates to the distance from 
the station to the event; data not shown) we are con-
vinced that they do not originate within the area of the 
Stenlille underground gas storage facility.

Correlation with pumping
We have detailed information on the pumping activity 
at the Stenlille underground gas storage facility (see 
supplementary file S1). However, we observe no seismic 
events in the immediate vicinity of the Stenlille facility, 
and so it is not possible to correlate events at Stenlille 
with pumping activity.

Detection level
In order to determine the detection level within the area 
covered by the Stenlille facility we have used 10 natural 
earthquakes detected by the Stenlille network.
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The equation for calculating the ML for earthquakes 
in Denmark is: 

ML = 0.925 × log10(A) + 1.61 log10(Δ) – 2.38  (1)

where A is the maximum amplitude of the S and 
surface wave arrival train in nm and Δ is the distance 
in km (Gregersen 1999). Using the amplitude actually 
observed at each of the Stenlillle stations for each of 
the 10 natural earthquakes and calculating what ML 

would be at distances covering the Stenlille gas storage 
area, we obtain a series of estimates at which magni-
tudes it would be possible to see if the events occurred 
within the Stenlille gas storage facility. The complete 
set of calculations are provided in supplementary file 
S3. Average values for all earthquakes and stations 
are shown in Table 1. We estimate the detection level 
of the Stenlille seismic network to be at least ML 0.0. 
Examples of noise analysis can be found in supplemen-
tary file S4.
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Fig. 3 Seismological events detected by screening data from the Stenlille seismic network. Blue: earthquakes. Light blue: explo-
sions or presumed explosions. Lilac: spurious events. Red: earthquakes and explosions found by the Danish Seismological Service 
in the period October 2018 to March 2020. Triangles are seismological stations. Dark green: the Stenlille network. Yellow: Rasp-
berry Shake stations. Light green: permanent stations in national networks. 

Table 1 Observed local magnitude (ML) around Stenlille Natural Gas Storage Facility

Distance (km) 1 2 3 4 5 6 7 8 9 10

Average observed ML (no units) –1.2 –0.7 –0.4 –0.2 0.0 0.1 0.2 0.3 0.4 0.4
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Why are no events observed at 
Stenlille?
The Stenlille network has, through 18 months of mon-
itoring, not registered any seismic events within the 
Stenlille underground gas storage facility. The detection 
level is estimated to be at or below ML 0.0, meaning that 
any missed events are very small.

GEUS has monitored for earthquakes in Denmark for 
many years, and no earthquake has ever been located 
at Stenlille, bearing in mind that the detection level for 
the national monitoring network is higher at ML 2.0 
(Dahl-Jensen et al. 2013; Voss et al. 2015). The Stenlille 
facility has been operational since 1989, pumping up 
to 500 MNm3 of gas in and out (Fig. 1d) and has to our 
knowledge never received a complaint about shaking. 

We do not know the reason for the lack of events, but 
we can speculate. Of course, events below our detec-
tion level could be occurring. It is possible that during 
the operation of the monitoring network, after almost 
30 years of pumping, all stresses have long since been 
relieved. Possibly events did occur early in the storage 
facility’s life. The stresses in the subsurface, both natural 

and established by the pumping itself, are too small to 
trigger earthquakes.

Geochemistry: preliminary results and long-
term monitoring
Prior to operational onset the background concentra-
tion in the groundwater aquifers at Stenlille contained 
only biogenic methane with concentrations <0.5 mg/L 
(Laier & Øbro 2009). Hence, leaks from the gas storage 
site are simple to monitor due to low methane back-
ground concentrations and the lack of higher hydro-
carbons. The injected gas consists of methane (89.5%), 
ethane (6.9%) and propane (2.6%; Laier & Øbro 2009); 
therefore, traces of ethane in groundwater would be a 
sensitive indicator of gas leakage. The analytical detec-
tion limit is c. 2 µg/L.

During the 30 years of operation, there has only 
been one known leakage. In September 1995 there was 
a leak due to technical problems during gas injection, 
and even though it was quickly stopped, an estimated 
5000 Nm3 were lost to geological formations above the 
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reservoir cap rock. For further details see the work of 
Laier & Øbro (2009). This leak has resulted in elevated 
thermogenic methane and ethane concentrations in the 
deep K1 monitoring with a decreasing trend since 1995 
as shown in Fig. 4.

Methane in groundwater aquifers can have different 
origins. Thermogenic methane can rise from deeper 
or shallower hydrocarbon reservoirs into shallow sedi-
ment layers and aquifers due to natural gas migration, 
as observed from contamination in the deep K1 well. 
Biogenic methane originates from methanogens that 
produce methane from acetate or hydrogen and CO2 
released when other microorganisms ferment organic 
matter in anoxic subsurface systems (Beeman & Sufl-
ita 1990; Kleikemper et al. 2005). Biogenic methane is 
detected in the K2 screen.

During migration, methane can be oxidized by meth-
anothrophic bacteria or archaea. This oxidation may 
occur aerobically in the presence of oxygen or anaer-
obically with nitrate, sulphate, and oxidized forms of 
iron and manganese. Because the energetics of the 
anaerobic process are severely constrained, the process 
can take place only through syntrophic cooperation, 
involving interspecies electron transfer or other interde-
pendencies. Accordingly, anaerobic methane-oxidizing 
archaea organisms have never been obtained in pure 
cultures (Knittel & Boetius 2009).

Even though methane is often detected in groundwa-
ter with reducing redox conditions there is limited liter-
ature on methane oxidation in groundwater compared 
to marine and freshwater sediments. Hence, from the 
thermogenic impacted K1 well, isolated microbial com-
munities were established in controlled microcosms 
under both aerobic and anaerobic conditions to compare 
methane and ethane oxidation at Stenlille. The concen-
tration of methane and ethane were monitored for 172 
days. During the incubation study the average methane 
oxidation rate was 35.97 µmol L-1 day-1 and 27.99 µmol L-1 
day-1 in a headspace of methane or methane and ethane, 
respectively. The average ethane oxidation rate was 11.07 
µmol L-1 day-1. Oxidation of CH4 occurred only under aer-
obic conditions even though the isolated microbial com-
munity was adapted to anaerobic conditions from the K1 
well. Further, the added salt solution contained NO3, SO4 
and Fe(III) that have been shown to work as an electron 
acceptor during anaerobic methane oxidation. Lack of 
methane oxidation under anaerobic conditions has been 
observed elsewhere (Cahill et al. 2017; Kuloyo et al. 2020).

Implications for future CO2 gas 
storage sites in Denmark
We report no seismic events at the Stenlille facility during 
the monitoring period (October 2018 to May 2020) and 
no sign of elevated methane concentrations in the 

shallow groundwater that could be linked to operational 
activities. Further, if small leaks are occurring from the 
underground storage there is a natural capacity in the 
microbial subsurface community to oxidize methane as 
observed in our microcosm experiments. Based on our 
results, this oxidation will most likely take place in the 
transition zone between aerobic and anaerobic condi-
tions, or potentially by an anaerobic community not cap-
tured in our experimental setup.

It is important to detect leakage immediately. The 
seismic method described facilitates an online contin-
uous detection and could be combined with additional 
geochemical sampling. This could supplement the quar-
terly monitoring, triggered by registered seismic events 
of a certain magnitude and location. This does not imply 
that seismic events necessarily lead to leakage, but it 
could be an additional tool to increase the likelihood of 
rapidly detecting a leak. 
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