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ABSTRACT

Methane emissions from Lompolojänkkä, a Finnish aapa mire within the Arctic Circle, were studied by non-

intrusive Keeling plot methods, to place better constraints on the seasonal variations in isotopic signature of

methane (d13CCH4) emitted from Arctic wetland. Air samples were collected in Tedlar bags over the wetland at

heights of 42 and 280 cm between May and October 2009 and in August 2008. The mixing ratio and d13C of the

methane in the samples were incorporated into Keeling plot analyses to derive bulk d13CCH4 signatures for the

methane inputs to the air above the wetland. The results show an unexpected consistence in d13CCH4 from early

to late summer, clustered around �68.590.7�, but during spring thaw and autumnal freezing, d13CCH4 is

enriched by approximately 2 and 4�, respectively. The techniques reported in this paper are simple and

economical to employ, and give a bulk source signature for the methane inputs to the air above the entire

wetland that can be extrapolated to a larger regional area.
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1. Introduction

Methane from Arctic wetland is closely implicated in past

rapid climate change (Nisbet and Chappellaz, 2009). Mean

annual temperatures are currently rising two times faster in

the Arctic than the global average temperature (Rodrigues,

2008). This change is extending the growing season

significantly and is likely to increase methane emissions

from northern wetlands. It is thus important to develop

ways of characterising Arctic and boreal emissions so that

the northern inputs to the global budget can be specifically

quantified. Isotopic methods in particular offer powerful

tools in characterising the signatures of northern emissions.

In 2007, after a long period of near stability, global

annual methane mixing ratios rose suddenly (Rigby et al.,

2008; Kaufman et al., 2009; Dlugokencky et al., 2009,

2011). The rise might partly be attributed to methane

sources in the Arctic (Rigby et al., 2008; Dlugokencky

et al., 2009) where summer 2007 brought spectacular sea ice

retreat (Comiso et al., 2008) and an intense heatwave in

the Siberian Arctic (Rodrigues, 2008). Arctic wetland is

most active between the thaw in spring and the freeze in

autumn, and this is the time when methane fluxes to air are

highest (Christensen et al., 2003; Tokida et al., 2007;

Mastepanov et al., 2008). This study was designed to

characterise these emissions isotopically.

Most isotopic measurements of methane emissions

depend on small-scale chamber studies. Unless the wetland

is very homogenous, local microbial consortia under the

chamber may differ from the wider wetland. Some parts

of the wetland may experience higher fluxes at certain

times than other parts (Moore et al., 1990). Even if the

selected area under the chamber is fully representative of

the wetland as a whole, the chamber itself may create

local, disturbed microenvironments within the trapped air,

where pressures and temperatures may differ from ambient

conditions.

In contrast, bulk emissions from wide areas of wetland

can be measured in campaigns sampling diel (24-hour

period, over the day/night cycle) variations in methane in

ambient air, under conditions when there is a build up

of methane under nocturnal inversions (Quay et al., 1988;
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Levin et al., 1993; Lowry et al., 2001). These diel sampling

campaigns allow the calculation of an isotopic signature

that is better representative of methane from across the

whole wetland. The isotopic signature of the methane

source is identified from the intercept of Keeling plots,

a graphical technique in which d13CCH4 is plotted against

the reciprocal of the CH4 mixing ratio (Keeling, 1958, 1961;

Levin et al., 1993; Lowry et al., 2001; Pataki et al., 2003;

Miller and Tans, 2003; Cuna et al., 2008).

This method allows local inputs to a regional back-

ground to be identified and characterised and has the great

advantage that it does not intervene in, or in any way

disturb, the source. The method measures only the methane

that is actually emitted into the air, which is of particular

interest in assessing the changing contribution of wetlands

to the regional methane budget. By characterising specific

sources of Arctic methane emissions, it may be possible

to determine if new or increased methane sources may be

responding to global warming (Fisher et al., 2011).

2. Methodology

We report bulk d13CCH4 signatures of methane emitted

from subarctic wetland, using isotopic fingerprinting by

Keeling plot analysis. This study was conducted in Pallas,

Finnish Lapland, which is within the Arctic Circle. Mean

wetland methane emissions in the northern zone of the

country are estimated at 23 g m�2 yr�1. (Huttunen et al.,

2003). Approximately 42 000 km2 of land in Finland is

wetland (Vasander, 1996).

2.1. Location

Air samples were taken at a wetland site, Lompolojänkkä

(67859.832?N, 24812.551?E, 269m a.s.l.), that covers an

area of approximately 12 000m2 (Aurela et al., 2009; Lohila

et al., 2010). The station is run by the Finnish Meteor-

ological Institute (FMI) and contributes to the UN World

Meteorological Organisation’s Global Atmosphere Watch

programme (Hatakka et al., 2003; Aalto et al., 2007).

The Lompolojänkkä site is an open, rich fen. The field

layer, which is quite dense, is dominated by Betula nana,

Menyanthes trifoliata and Salix lapponum. One-sided leaf

area index at the peak season is about 1.3m2m�2. Moss

cover of the ground layer is patchy (57%), dominated

by peat mosses (Sphagnum angustifolium, Sphagnum

riparium and Sphagnum fallax) and some brown mosses

(Warnstorfia exannulata) (Aurela et al., 2009).

The peat depth at the site varies up to 2m. The mean

water level is relatively high, only seldom falling to a few

centimetres below the peat surface, meaning that nearly

the whole peat profile is water saturated throughout the

year. The long-term annual air temperature is�1.48C

and annual precipitation is 484mm measured at the near-

most long-term weather station run by FMI (Alamuonio,

67858?N, 23841?E) (Drebs et al., 2002).

2.2. Sampling

Ambient air samples were collected from a fixed location

near the centre of Lompolojänkkä at heights of 42 and

280 cm above the wetland throughout diel periods during

which there was night-time methane build up. The cam-

paigns were carried out at distinct points in the growing

season: spring thaw, early summer, late summer and

autumn (5�6 August 2008, 4�5 May 2009, 15�17 June

2009, 8�10 August 2009 and 8�9 October 2009). Samples

were collected at both heights at 1-hour intervals using

identical battery-operated pumps (flow rate 2 lmin�1).

To remove contamination, connections and tubing were

flushed with wetland air for 30 s before samples were

collected in 5 l clear Tedlar bags. A maximum 4 l of sample

was collected in each Tedlar bag to ensure that the Tedlar

bags did not burst during transit. The Tedlar bags were

kept in opaque boxes and were analysed in the laboratory

within 2 weeks of collection. Our previous laboratory

studies (RHUL) had shown that methane mixing ratio

and isotopic ratio were well conserved in Tedlar under

these conditions.

Air samples were also taken from stainless steel cham-

bers for comparison with the ambient air samples. Samples

were collected using battery-operated pumps (flow rate

2 lmin�1) that were identical to the pumps used for the

ambient air sampling. Tubing and connections were flushed

with sample air to remove contamination before samples

were collected into 3 l clear Tedlar bags (filled to 2.5 l).

Samples were taken from manual chambers (22 l) and fixed

automatic chambers (240 l) in June and August, but in May

and October when the automatic chambers were not in

operation (due to weather conditions) only manual cham-

bers were used. Lohila et al. (2010) describe these chambers

in more detail.

The manual chambers were placed into the wetland

water (10 cm below the surface) to ensure the chamber

was sealed from the atmosphere. Before sampling began

the chambers were left open to ensure that any gas emitted

from the wetland during the placing of the chamber did not

remain in the chamber. Chambers were closed for 10min

and air samples were obtained at t�0min and t�10min.

2.3. Analytical methods

Methane mixing ratios were analysed in triplicate using an

HP 5890 Gas Chromatograph � Flame Ionization Detector

system with a repeatability of better than 95ppb (quoted

to 1s as are all the uncertainties in this study) during the
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analysis period. Calibration was against US National

Oceanic and Atmospheric Administration (NOAA) stan-

dards. Methane was converted to CO2 for stable carbon

isotope analysis (d13CCH4) using a Trace Gas pre-

concentrator (Micromass, Manchester, UK). The contin-

uous flow of He carries the liberated CO2 from the

pre-concentrator to an IsoPrime mass spectrometer. Full

details of the operation of the Trace Gas pre-concentrator

can be found in the study of Fisher et al. (2006). Analytical

repeatability for d13CCH4 is better than 90.05�.

d13CCH4 are reported relative to Vienna Pee Dee

Belemnite and are calculated as follows:

d13Cð�Þ ¼ ½ðRsample=RstdÞ � 1� � 1000

where Rsample and Rstd are the 13C/12C ratio of the sample

and standard, respectively. The instrument is first cali-

brated for d13CCO2 in air close to�8� using an air

standard provided by NOAA for which d13CCO2 has been

measured by the INSTAAR Stable Isotope Laboratory,

University of Colorado. A mass spectrometer scale com-

pression correction is then applied to more depleted values

based on analysis of US National Institute of Standards ad

Technology (NIST) CO2 isotopic standards.

The vertical CH4 flux from soil to atmosphere was

measured at a height of 3 m using the eddy covariance

method (Baldocchi, 2003; Rinne et al., 2007). The instru-

mentation included a USA-1 (METEK, Meteorologische

Messtechnik GmbH, Elmshorn, 25337-D) three-axis sonic

anemometer/thermometer and an RMT-100 (Los Gatos

Research, Mountain View, CA, USA) CH4 gas analyser.

Further details are given by Aurela et al. (2009).

3. Results and discussions

The campaigns are discussed individually below. To illus-

trate a typical result, Fig. 1 shows methane mixing ratio and

d13C measured throughout the first diel period in 5�6
August 2008. There was an overnight build up in methane

under an inversion with corresponding depletion in d13

CCH4. The source signature derived from this event is the

intercept of a geometric mean regression. Keeling plot dis-

crimination of all diel campaign samples is shown in Fig. 2.

3.1. Summer campaign

Bulk methane emissions during early to late summer were

tightly clustered. The mean d13CCH4 from the campaigns

on 5�6 August 2008, 15�17 June 2009 and 8�10 August

2009 was�68.590.7�. The diel campaign measurements

of source signatures in August 2008 and August 2009 were

essentially indistinguishable (Table 1).

This finding is close to the�67.2� result of a diel

campaign in the Ob River wetlands (Lowry et al., 2004;

Meth-MonitEUr, 2005), and comparable to older results in

Russia around�69 to�62� (Ovsyannikov and Lebedev,

1967; Bergamaschi et al., 1998; Tarasova et al., 2006)

Fig. 1. Methane mixing ratio and d13C measured in air samples collected at 42 cm above ground level throughout a diel period, 5�6
August 2008.
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and�6495� in Alaska (Quay et al., 1988). This

pan-Arctic uniformity, though surprising, may reflect the

similar conditions of temperature and moisture across

the Arctic. Interestingly, warmer Minnesota wetland in

summer also emitted methane with d13CCH4�67.291�

(Stevens and Engelkemeir, 1988). Also in Minnesota,

Quay et al. (1988) found very similar values of d13CCH4

around�6695�.

3.2. Spring thaw

The bulk d13CCH4 signature during the spring thaw

was measured in the diel experiment of 4�5 May 2009.

For this campaign, d13CCH4 was�66.390.6�, an approx-

imate 2� increase relative to the summer signature.

The enrichment of the May signature compared with

the summer signature is small but is statistically significant

(Table 1).

High spring fluxes have been observed at Stordalen mire

in Sweden (Friborg et al., 1997), which is at a comparable

latitude to Lompolojänkkä. Neither Stordalen nor Lom-

polojänkkä has permafrost, and there may be some modest

winter methane production within lower Arctic latitude

wetlands. This winter-accumulated methane could give rise

to the isotopic shift, if it reflects a burst of methane

emissions seen during the spring thaw. One possibility is

Fig. 2. Keeling plots showing the source signature of methane from Lompolojänkkä from spring thaw to autumn freeze in 2009. Also

included is the Keeling plot for the sampling in August 2008, showing that the summer source signature did not change between 2008 and

2009. The source signature in each case is the intercept of a geometric mean regression. The uncertainty given is the SE in the intercept from

the regression.
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that winter-produced methane may be isotopically similar

to summer methane, but that methanotrophy may occur

during winter and early spring, which may selectively

consume 12CH4, leaving an enriched remnant for emission

during spring thaw.

3.3. Autumn freeze

During the campaign of 8�9 October 2009, we did

not observe a strong night-time build-up of methane,

possibly because of the lack of development of a stable

nocturnal boundary layer. Flux measurements (Fig. 4)

do show small peaks though they are not obviously

correlated with temperature. The assessed bulk signature,

d13CCH4�64.9�, therefore has a large SE of94.0� and

is comparable to the summer results.

Interestingly during the freeze-up campaign, once the

main wetland had been frozen over for some hours and

the wind speeds were low, the low methane flux from

the local wetland allowed a second methane input to be

detected, with a bulk d13CCH4 signature of�45.091.6�.

This input was most noticeable at the 280 cm sampl-

ing height, implying that it was from a remote source.

This 13C enriched signature may reflect an influence from

fossil fuel or other fuel burning sources in the regional

source mix.

In Greenland, spring thaw emissions were less

pronounced than emissions during the autumn freeze

(Mastepanov et al., 2008). We found the opposite: methane

fluxes during the spring thaw were higher than during

the autumn freeze (Figs. 3 and 4). It may be that our

observation of stronger spring emissions reflect release

Table 1. Comparison of wetland methane source signatures calculated from diel and chamber samples in 2009 and some examples from

other studies

Study period

d13CCH4 calculated from diel

campaign (�)

Average d13CCH4 calculated from all

chambers (�)

Range of d13CCH4 calculated from

chambers (�)

5�6 August 2008 �68.790.6 �65.890.7 �66.5 to�65.1 (n�6)

4�5 May 2009 �66.390.6 �67.490.5 �67.7 to�66.7 (n�15)

15�17 June 2009 �68.090.9 �68.793.8 �76.8 to�61.9 (n�13)

8�10 August 2009 �68.890.6 �64.591.8 �68.1 to�61.0 (n�23)

8�9 October 2009 �64.994.0 �66.191.7 �67.9 to�62.7 (n�8)

Location d13CCH4 (�) References

Ob River Wetlands:

Meth-MonitEUr

study

�67.2 Lowry et al. (2004) and Meth-

MonitEUr (2005)

Russia � various �69 to�62 Ovsyannikov and Lebedev (1967),

Bergamaschi et al. (1998) and Tarasova

et al. (2006)

Alaska �6495 Quay (1988)

Minnesota wetland �67.291 Stevens and Engelkemeir (1988)

�6695 Quay et al. (1988)

Numbers in parentheses denote the number of individual chamber experiments.

Fig. 3. Methane fluxes, air and soil temperatures (at 7 cm below the surface) observed at Lompolojänkkä during the spring thaw in May

2009. The methane flux is derived on site using the eddy covariance technique. The methane flux increases rapidly between 4 and 5 May.
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of winter-produced methane (see above), while the pre-

sence of permafrost would restrict winter methane pro-

duction in Greenland. However, we note the burst observed

by Mastepanov et al. (2008) was not found in subsequent

years, which would imply significant year-on-year varia-

tions as would be expected intuitively.

4. Comparison of diel and chamber sampling

techniques

In this study, the SDs using the chamber technique

are mostly greater than those obtained through the diel

technique (Table 1). It has been observed that spatial and

temporal variations in results occur when using chambers

to calculate source signatures (Kuhlmann et al., 1998).

This could be the reason for both the bigger range and

enrichment of the source signature calculated from cham-

ber measurements in our study. Closure of a chamber for

10min is an intervention in the normal functioning of the

wetland, but it is essential to allow a long enough closure

to ensure a significant build up of methane during the

sampling period.

The diel technique has the great advantage of being non-

intrusive. It allows measurement of an integrated signature

over a wide wetland area. Though chamber methods are

suited for local studies, for assessment of bulk emissions

to air in the study of Arctic greenhouse gas inputs, the diel

methodology is superior.

5. Conclusions

The data show that methane from Finnish Arctic wet-

lands, with d13CCH4 around�69 to�68�, is isotopically

recognisable from other Arctic methane sources.

As discussed above (Section 3.1), our d13CCH4 results

are closely comparable to the�6792� measurement in

W. Siberian wetland during the Meth-MonitEUr project

(Meth-MonitEUr, 2005), and to other measurements

of summer wetland emissions in Russia, Alaska and

Minnesota. Slight enrichment of the bulk source signature

was seen during spring and autumn, unrelated to flux.

This isotopic enrichment is likely to reflect release of

methane made during periods of reduced substrate avail-

ability for methanogenesis, at lower temperatures or under

near-frozen conditions.

The characteristic summer d13CCH4 signature of methane

from boreal wetland worldwide thus appears to be in the

range of�69 to�65�. Therefore, it is possible (Fisher

et al., 2011) by sampling at remote stations such as

Zeppelin (Spitsbergen), and by using Lagrangian back-

trajectory analysis, to identify and distinguish north-

ern wetland methane emissions from other sources

such as Russian Siberian Arctic gas emissions, approxi-

mately�50� (Lowry et al., 2004) and clathrate emis-

sions in the Arctic Ocean which vary from�60� to

about�45� (Milkov, 2005; Fisher et al., 2011). Routine

isotopic characterisation of air collected at remote stations,

coupled with trajectory study, thus provides a powerful

method of monitoring Arctic and boreal methane emissions

as they respond to global change, and assessing the relative

importance of inputs, source type by source type, as they

change.

The results also constrain interpretation of d13CCH4

records in ice core studies of glacial and post-glacial

changes. Wetland is strongly implicated in the rapid

changes in methane mixing ratio at the end of the Younger

Dryas (Nisbet and Chapellaz, 2009). Given this past

history and the concern over present change, there is now

a strong case for continuous monitoring of d13CCH4 in

Arctic air.

Fig. 4. Methane fluxes seen during the freezing of Lompolojänkkä wetland during autumn 2009. The decreasing flux correlates with the

decreasing soil temperature (measured at 7 cm below the surface).
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