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Summary
Forest rings are 50–1600 m diameter circular
structures found in boreal forests around the
globe. They are believed to be chemically reducing chimney features, having an accumulation of
reduced species in the middle of the ring and oxidation processes occurring at the ring’s edges. It
has been suggested that microorganisms could
be responsible for charge transfer from the inside
to the outside of the ring. To explore this, we
focused on the changes in bacterial and archaeal
communities in the ring edges of two forest rings,
the ‘Bean’ and the ‘Thorn North’ ring, in proximity
to each other in Ontario, Canada. The drier samples from the methane-sourced Bean ring were
characterized by the abundance of bacteria from
the classes Deltaproteobacteria and Gemmatimonadetes. Geobacter spp. and methanotrophs,
such as Candidatus Methylomirabilis and Methylobacter, were highly abundant in these samples.
The Thorn North ring, centred on an H 2 S accumulation in groundwater, had wetter samples and its
communities were dominated by the classes
Alphaproteobacteria and Anaerolineae. This
ring’s microbial communities showed an overall
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higher microbial diversity supported by higher
available free energy. For both rings, the species
diversity was highest near the borders of the
20–30 m broad ring edges.
Introduction
Circular features, also known in Canada as ‘forest rings’,
are clearly visible in air photos and satellite images due
to lower tree densities and the formation of a depression
(up to 3 m deep) on the ring edge, which can be
10–30 m in thickness (Brauneder et al., 2016). A number
of theories have been proposed for forest ring formation,
including the drainage of thermokarst lakes (thaw
basins), the collapse of peat plateaus after the melting of
covering ice (Mollard, 1980), or the presence of kimberlites or other mineral deposits within the ring (Brauneder
et al., 2016). It was shown that the rings are similar to
‘reduced chimneys’ in terms of shape and geochemistry
that form over mineral deposits and oil and gas accumulations (Pirson, 1981; Hamilton et al. 2004a, b; Cameron
et al. 2004; Kelley et al. 2006; Klusman, 2009). All rings
studied to date are centred on accumulations of chemical
reductants (e.g., methane, hydrogen sulﬁde) in soil and
rock (Hamilton et al., 2004c). Oxidation processes linked
to these reduced species on the surface are responsible
for the generation of acidity and the formation of a
swampy depression (ring edge) due to carbonate dissolution (Veillette and Giroux, 1999; Hamilton and Hattori,
2008). It has also been suggested that microorganisms
might contribute to the ring formation by promoting oxidation of the reduced chemical species (Hamilton and
Govett, 2010). However, to our knowledge soil microbial
proﬁle in forest rings has never been investigated.
In this study, we investigate two forest rings located in
Northern Ontario, Canada (Supplementary Information
Fig. S1). The ﬁrst is the 430 m wide ‘Bean’ ring, 60 km
northwest of Hearst, which is located over carbonate-rich
till with numerous sand lenses and a peat layer (up to
5 m) on top. The primary reductant in this ring is methane, similar to eight other rings located nearby (Hamilton
et al., 2004c). For details see Supplementary Information.
The second is the 560 m wide ‘Thorn North’ ring located
45 km northwest of Timmins, which overlies an upward
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sequence of glaciolacustrine clay and clayey till, glaciolacustrine sands (~0.3 m), and peat (Brauneder et al., 2016).
Hydrogen sulﬁde was found to be the primary reductant in
this ring. The purpose of this study is to investigate the role
of microorganisms in these two forest rings using 16S rRNA
gene sequencing, geochemical and isotopic investigations,
and statistical analyses.

Results
Site characteristics and geochemical parameters
At both rings the major surface cover was peat, with highly
variable thicknesses ranging from 30 to 180 cm (Table 1).
The average peat thickness was greater along the Thorn
North edges with 103 18 cm and 178  2 cm for transect
1 and 2 (see maps in Supplementary Information Fig. S1)
respectively. The average peat thickness in the Bean ring
was 59  20 cm and 82  15 cm for the two transects. At
the points of sampling, the Thorn North samples had a
higher average moisture content of 30%  12% versus
21%  3% at the Bean ring. The pH was similar in both
rings: 6.7  0.6 in the Bean ring, and 6.5  0.6 in the
Thorn North ring, and expressed an inverse relationship to
the moisture content. Major plant species were recorded
and are described in the Supplementary Information.
The metal distribution along ring edges, determined by
aqua regia digestion, varied greatly (Table 1; more details in
Supplementary Information Tables S1 and S2). Ca and Mg
concentrations were generally higher on the borders of the
ring edge and lower in the middle (Supplementary Information Fig. S2), consistent with previously described carbonate
dissolution (Brauneder et al., 2016). Sulfur (Supplementary
Information Fig. S2) was abundant in the Thorn North soils
(up to 885 ppm) and was in general low on the ring edge borders (as low as 81 ppm). CaCl2 extraction released few
metals from the Bean ring samples, suggesting low mobility
of those metals (Supplementary Information Table S1). Transition metals, such as Co, Ni and Cu, were more abundant in
the exchangeable fraction of the Thorn North soils, averaging
0.27  0.14, 0.30  0.07 and 0.17  0.07 ppm respectively
(Supplementary Information Table S2). In the Bean ring the
concentrations of those metals were considerably lower, that
is, 0.07  0.03, 0.06  0.01 and 0.07  0.03 ppm
respectively.

Gas concentrations and isotopic signatures
In the Bean ring, gas measurements indicated an oxygen
drop (from 20.9% to 20.2%) and a carbon dioxide spike
(from 0.2% to 1.0%) on the inner edge of transect 1 (Supplementary Information Fig. S2). In transect 2 of the
Thorn North ring, a similar but less pronounced oxygen
drop (20.9%–20.7%) with a carbon dioxide spike (0.2%–

0.5%) was observed, suggesting that respiration in the
ﬁrst layers of the mineral soil is strongest on the inner
edge of the rings. δ13C-CO2 was typical for soils, ranging
from −8.8‰ to −22.4‰. Most samples did not have sufﬁciently high CH4 concentrations to conduct isotopic measurements. However, in the Bean ring, δ13C-CH4 was
measured for the outer edge of transect 1 and the inner
edge of transect 2, having values of −56‰ and −79‰
respectively (Table 1). The inner edge reading was similar
to that reported by Hamilton et al. (2004c) for the methane
at the centre of the ring (−81.2  4.9‰) but δ13C-CH4 for
the outer edge was isotopically heavier. In the Thorn North
ring, trace amounts of methane were measured in samples
from the inner edge and in the middle of the ring edge of
transect 2, with a δ13C of −120‰ and −116‰ respectively.
The sulfate in water from shallow (8 m) monitoring wells at
Thorn North centre had a δ34S-SO42− of −13.2‰  1.1‰
(n = 4) Canyon Diablo Troilite (CDT). For δ34S-S2−, a value
of −18.5‰  3.5‰ (n = 2) CDT was determined.
Microbial community and diversity
In Bean ring, Deltaproteobacteria, Nitrospira, Gemmatimonadetes and Betaproteobacteria were the dominant
classes, while in Thorn North, the community was dominated by Alphaproteobacteria, Anaerolineae, Betaproteobacteria and Nitrospira (Fig. 1). A comparison of these
microbial communities to other peatlands can be found in
the Supplementary Information.
In the Bean ring samples, OTU1 classiﬁed as Geobacter
was the most abundant in the Bean ring samples, comprising 0.03%–27.44% of all reads (Table 2). Also highly abundant, especially in the Bean ring transect 2 (2.19%–7.26%),
was a sequence related to 0319-6A21, an uncultured bacterium of the class Nitrospirales, which is thought to be
involved in nitriﬁcation (Lavoie et al., 2017). The third most
abundant OTU may also be linked to the nitrogen cycle, as it
was related to the Deltaproteobacterial taxon 43F-1404R,
which has been suggested to carry out denitriﬁcation
(Rasigraf et al., 2017). Another abundant OTU, OTU16, was
related to Ferriphaselus, an Fe(II)-oxidizing Betaproteobacteria (Chan et al., 2016). At the Thorn North site, the most
abundant OTU (0.33%–5.48%, mostly in transect 2) was
assigned to the phylum Atribacteria, which are mainly bacteria performing primary or secondary fermentation under
strictly anaerobic conditions (Nobu et al., 2016). Several
OTUs important in Thorn North samples belonged to the Miscellaneous Creanarchaeotic Group (0.00%–6.21%). The
major metabolism associated with this group is likely chemoheterotrophy (Fillol et al., 2015) and not linked to methane
oxidation (Kubo et al., 2012). OTU12 (0.00%–3.18%, mostly
transect 2) was classiﬁed as Ralstonia, an Fe(II)-oxidizing
Betaproteobacteria. The full list of assigned OTUs can be
found in the Appendix S1.
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Note the different concentration units for metals. The distance (‘Dist’) represents the relative distance to the inner edge after scaling the edge to a nominal thickness of 20 m as used in Fig. 1. The
sampling depth represents the depth of the peat/mineral soil interface. For the diversity, the Inverse Simpson index is shown. More species richness and diversity parameters and detailed aqua
regia and CaCl2 extraction results can be found in Tables S1–S3 (Supplementary Information). ‘B’: Bean ring. ‘TN’: Thorn North ring. ‘n.s.’: not sequenced.
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Table 1. Summary of major geochemical parameters for the collected samples.
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Fig. 1. 16S rRNA-based class composition summary of the ring transects after removal of unknowns, eukaryotic sequences and singletons. For
each of the four transects, samples are ordered from the inside of the edge to the outside. The relative distance is given on the x-axis (scaled to
a 20 m nominal edge width as shown in Table 1). Only classes with a relative abundance of > 2% are shown. In total, 855–2954 OTUs per sample were found (Supplementary Information Table S3). The distribution of the sample sequencing depth and the rarefaction curves are shown in
Supplementary Information Figs. S3 and S4. See Supplementary Information Fig. S5 for phylum composition.

The Thorn North samples had a higher diversity than
the Bean samples (Table 1 and Supplementary Information
Table S3); Inverse Simpson indices for transect 1 and 2 of
the Bean ring were 67.2  51.6 and 70.2  33.7, respectively, while the Thorn North had Inverse Simpson indices
of 192.1  53.3 and 98.5  10.8 for transect 1 and
2 respectively. With the exception of Bean transect 1, higher
diversity was generally found for samples at a close proximity to the inner and outer edges of each ring, with lower
diversity within the ring edge itself. The differences in the
community composition between transects were visualized
using a constrained ordinations plot (Fig. 2).

Predicted metabolisms
In all transects, predicted metabolism analysis
(Supplementary Information Fig. S7) indicated a high
abundance of OTUs related to sulfate reducers, comprising on average 11% of all sequences, with slightly
increased values at the boundaries of the ring edge. Furthermore, OTUs associated with nitrite reducers and
ammonia oxidizers, with average abundances of 11% and
14%, respectively, were found in all samples. In the Bean
ring transects, sulﬁde oxidizers were remarkably wellrepresented at 6%–12%, followed by methanotrophs comprising 1%–12%. Examples of such predicted

methanotrophs were relatives of the aerobic Methylobacter, Methylocystic and Methylobacterium genera (Belova
et al., 2013; Anesti et al., 2004; Wartiainen et al., 2006),
the nitrate-reducing Candidatus Methylomirabilis
(Wu et al., 2012), and the archeon Candidatus Methanoperedens which is able to oxidize methane with
nitrate, Fe(III) and Mn(IV) (Cui et al., 2015). The abundance of OTUs consistent with methanotrophy was variable across the Bean ring transects, with the highest
abundance generally being in the middle of the ring
edges. OTUs related to methanotrophs were not highly
abundant in the Thorn North ring transects (0%–4%).
However, the Thorn North ring had a similar abundance of sulﬁde oxidizers (5%–10%) compared with
the Bean ring.

Discussion
The higher microbial diversity found in samples form
Thorn North ring may be related to the availability of
hydrogen sulﬁde as an electron donor. The energy gain
from direct oxidation of HS− with oxygen under normal
surface conditions is higher as compared with the oxidation of methane (Robie et al., 1978). In addition, sulfur
oxidation could be coupled to denitriﬁcation and ammonia
oxidation, allowing for a more direct use of the energy
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Table 2. Summary of the top OTUs for the Bean ring samples (top) and the Thorn North ring samples (bottom), ordered based on their total
amount of counts.
Bean (%)
Tran 1

Thorn North (%)
Tran 2

Tran 1

Tran 2

Taxonomy

Top 10 Bean OTUs
Otu1
7.6%

6.9%

0.0%

0.0%

Otu5
Otu2
Otu4
Otu8
Otu16

1.7%
1.9%
4.2%
2.2%
0.7%

3.3%
2.7%
0.3%
2.2%
2.2%

0.4%
0.5%
0.0%
0.7%
0.3%

0.1%
0.2%
0.0%
0.1%
0.7%

Otu6

0.1%

2.7%

0.1%

0.1%

Otu11
0.8%
Otu149
1.1%
Otu36
1.6%
Top 10 Thorn North OTUs
Otu3
0.0%
Otu17
0.2%
Otu9
0.0%
Otu10
0.0%
Otu33
0.0%
Otu22
0.0%
Otu12
0.3%

2.0%
1.5%
0.7%

0.0%
1.0%
1.1%

0.0%
0.1%
0.1%

Bacteria; Proteobacteria; Deltaproteobacteria;
Desulfuromonadales; Geobacteraceae; Geobacter
Bacteria; Nitrospirae; Nitrospira; Nitrospirales; 0319-6A21
Bacteria; Proteobacteria; Deltaproteobacteria; 43F-1404R
Bacteria; Proteobacteria; Deltaproteobacteria; GR-WP33-30
Bacteria; Acidobacteria; Holophagae; Subgroup-7
Bacteria; Proteobacteria; Betaproteobacteria;
Nitrosomonadales; Gallionellaceae; Ferriphaselus
Bacteria; Proteobacteria; Deltaproteobacteria;
Desulfuromonadales; BVA18
Bacteria; Acidobacteria; Holophagae; Subgroup-7
Bacteria; Chloroﬂexi; KD4-96
Bacteria; Acidobacteria; Acidobacteria; Subgroup-6

0.0%
1.2%
0.9%
0.0%
0.0%
0.2%
0.3%

1.2%
2.0%
2.8%
0.0%
0.1%
0.6%
0.0%

4.4%
2.9%
1.8%
3.1%
2.5%
1.6%
2.1%

Otu19
Otu66
Otu49

2.1%
0.1%
0.0%

1.4%
0.5%
0.3%

0.6%
1.5%
1.5%

0.2%
0.0%
0.0%

Bacteria; Atribacteria
Archaea; Miscellaneous-Crenarchaeotic-Group
Bacteria; Proteobacteria; Deltaproteobacteria; Sva0485
Archaea; Miscellaneous-Crenarchaeotic-Group
Archaea; Miscellaneous-Crenarchaeotic-Group
Bacteria; Actinobacteria; OPB41
Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Burkholderiaceae; Ralstonia
Bacteria; Bacteroidetes; Bacteroidetes-vadinHA17
Bacteria; Proteobacteria; Deltaproteobacteria; Sva0485
Bacteria; Planctomycetes; Phycisphaerae; MSBL9

The percentages represent the average relative abundance of the respective sequence in each transect. ‘Tran’: transect. For a complete OTU
list, see Appendix S1.

(Syed et al., 2006). This overall higher energy availability
allows the Thorn North microbial environment to reach
greater species richness and diversity compared with the
Bean ring (Evans et al., 2005). Highest species diversity
was generally found on the borders of the ring edge,
which were previously shown to be locations of the highest redox gradients across the entire rings (Brauneder
et al., 2016). Higher redox gradients generally favour
higher energy throughput and would support higher species abundance (Lipson et al., 2015).
The constrained ordinations plot (Fig. 2) suggests that
soil moisture, and S content are correlated with the communities at Thorn North. The importance of the soil moisture in controlling microbial communities was previously
described by Brockett et al. (2012) on a regional scale
and demonstrated by Zhao et al. (2016) in ﬁeld trials.
Both studies demonstrated that soil moisture is likely the
key factor determining the microbial composition. The
correlation between exchangeable metals and soil moisture may be caused by greater leaching of metals in the
wetter soil conditions found in the Thorn North ring (Zhao
et al., 2016). Higher water content might also lead to less
aerated soil conditions in Thorn North, which is supported
by the taxonomic composition. For example, the class
Gemmatimonadetes, abundant in the Bean ring samples, is
preferably associated with drier soils (DeBruyn et al., 2011),

while the wetter conditions in the Thorn North ring edge soil
samples (Table 1) would be less suitable to those bacteria.
The class Anaerolineae (phylum Chloroﬂexi) was shown to
contain strictly anaerobic species (Yamada et al., 2006),
and its relative abundance is higher in the wetter Thorn
North samples.
Methane in the Bean ring likely originates from deeper
layers (9–40 m) (Hamilton et al., 2004c; Brauneder et al.,
2016). In agreement with this, we did not observe high
relative abundance of methanogens (average 0.1%, Supplementary Information Fig. S7) in the Bean ring samples, although the major cofactors necessary for their
metabolisms (Fe, Ni and Co; Glass and Orphan, 2012)
were present. The predicted methanotrophs in the Bean
ring (on average 5.2%), which were especially prominent
closer to the inner side of the ring edge, may consume
the methane originating from these deeper layers. Furthermore, the δ13C for methane (Table 1) is consistent
with active methanotrophy, resulting in the slightly
heavier values (−79‰ to −59‰) observed in residual
methane on the outer ring edge. The lack of deep methane in Thorn North likely led to an overall lower abundance of predicted methanotrophs (on average 1.5%),
which in turn, facilitated lighter isotopic signatures of the
detected methane (−120‰ to −116‰), which was likely
produced by methanogens near the surface. As for the
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Fig. 2. Constrained ordinations plot. The tested environmental
parameters are shown in Table 1. Only soil moisture (‘Water’), S
and Fe contents were signiﬁcant, as determined by Permutational
Multivariate Analysis of Variance (PERMANOVA, p < 0.05, see
Supplementary Information Table S4 for details). The four colours
represent the four transects and the arrows are indicating environmental factors. The clustering of the datasets in this plot is comparable to the principal coordinate analysis plot shown in
Supplementary Information Fig. S6, suggesting that suggesting
that the amount of chosen environmental variables for the statistical analysis was appropriate (Ramette, 2007).

δ13C-CO2, the average value was −16‰, a value lower
than that of atmospheric CO2 (−7 to −8‰) and within the
range of CO2 produced during the decay of plant matter
(Fernandez et al., 2003; Konhauser, 2007). Fermentation
processes, yielding typical δ13C-CO2 values around
−9‰, likely caused the heavier isotopic signatures
observed in some samples, which usually had higher
water contents (Table 1).
Sulfur isotope measurements in the Thorn North ring
indicated that the H2S present cannot result directly from
reduction of dissolved SO42− at the site, because the
δ34S-S2− is only slightly isotopically lighter than the δ34SSO42−. The expected fractionation due to bacterial reduction of aqueous sulfate is at least −25‰ (Habicht and
Canﬁeld, 1997), which would lead to a starting isotopic
composition for SO42− of approximately +6.5‰, which is
much higher than observed. However, the anticipated starting range matches well with the range for δ34S-SO42− in
shield terrain (+6.0‰  5.9‰, n = 159, unpublished data),
found in a large regional groundwater study near Sudbury
(Dell et al., 2016) and in local studies near mineral deposits
in northeastern Ontario (+10.3‰  4.3‰, n = 16; Fritz et al.,
1994). A likely scenario is that the observed deep H2S originally resulted from the bacterial reduction of aqueous SO42−
(δ34S-SO42− of approximately +6.5‰) in the ambient
groundwater of the regional aquifers, yielding the observed

(average) δ34S-S2− value of −18.5‰ for aqueous H2S. The
methane commonly observed in groundwater in the
ﬁne-grained glacial sediments of the Cochrane Till
(Hamilton et al., 2004a,b,c) is evidence that reducing
agents, likely in the form of buried organic material, are
present in these glacial sediments. Where a local
source of reducing agents and a regional aqueous sulfate source are both available, the biogenic production
of aqueous sulﬁde would be biologically favoured over
methanogenesis (Lovley et al., 1982), and this is consistent with the isotopic composition of the deep sulﬁde.
The dissolved sulﬁde then migrates upward and outward from the ring centre and is subject to bacterial oxidation at the ring edge, which likely produces a minor
fractionation of −2‰ to −6‰ (i.e., of a considerably
lower magnitude than during sulfate reduction, Brabec
et al., 2012). The δ34S-SO42− is slightly isotopically
heavier than δ34S-S2− by an average of 5.3‰. This may
result from mixing of a lighter δ34S-SO42− product of sulﬁde oxidation with the isotopically heavier ambient sulfate in the shallow aquifer, to yield a ﬁnal δ34S-SO42−
that is slightly more positive than the δ34S-S2−.
As mentioned above, a Geobacter OTU was among
the most abundant, particularly in the Bean ring
(Table 2). Geobacter species are able to reduce Fe(III),
as well as Mn(IV) and S0, using electron conducting pili
(Childers et al., 2002; Mahadevan et al., 2006; Prakash
et al., 2010), and to live in syntrophic relationships with
methanogens (Rotaru et al., 2014) might play an essential role in the forest ring soils communities. Particularly
considering that Fe was suggested as a major environmental parameter in Bean ring’s microbial communities
(Fig. 2). Other community members, such as Ralstonia
and Ferrifaselus, both Fe(II) oxidizers, might beneﬁt from
Geobacter’s Fe(III)-reducing activity. Geobacter’s potential role in ring formation is further discussed in the Supplementary Information.
Overall, the two forest rings in northern Ontario,
exposed to the same climate and having a similar geology, but fed by either methane or hydrogen sulﬁde,
showed very different microbial communities along their
redox-active edges. The ring edges hosted communities
rich in microorganisms that were able to oxidize the
source material, which was supported by isotopic investigations. While the current study gives new insights into
the microbiological communities and their biogeochemical importance at the ring edge, future studies are necessary to decipher their potential role in ring formation.
In the next step, we will use wider transects that bracket
more of the ring edge. Additionally, deeper sampling at
the ring centre would allow for characterization of material near to the reduced sources and would likely provide insights into their origin and relationship to bacteria
and archaea.
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Experimental procedures
Soil sampling
Sampling was conducted in August 2016. For each ring,
two transects of the ring edge were chosen, similar to
sampling conducted for previous geochemical investigations of the same locations (Hamilton et al., 2004c; Hamilton and Hattori, 2008; Brauneder et al., 2016). The
Bean ring was sampled in the northwestern (transect 1)
and the northeastern sectors (transect 2) as shown in
Fig. 1. Thorn North ring was sampled in the northern
(transect 1) and western sectors (transect 2). The ring
edge location is known to within 5 m from previous
ground and airborne surveys. In this study, the edges
were identiﬁed by measuring with a hip-chain from the
surveyed position of existing monitoring wells (see Supplementary Information Fig. S8 for details). For consistency, we focused on the top-most mineral soil, as the
overlying peat likely developed after the formation of the
rings and because previous studies indicated the strongest geochemical and electrochemical responses in the
mineral soil (Hamilton and Hattori, 2008). On each transect, samples were taken after establishing the peat
thickness and depth of the mineral soil using a hand
auger. A second hole was created to the top of the mineral soil layer, after which 20 cm of mineral soil were
recovered using a narrower soil spoon cleaned with 95%
ethanol. A sterile knife was used to cut the mineral soil in
pieces, which were placed into sampling containers as
described further below. Samples for DNA analysis were
collected in the ﬁrst 2 cm of the mineral soil (clay in Bean
ring, sand in Thorn North ring) and placed into 15 ml centrifuge tubes. The following 10 cm of mineral soil were
placed into 50 ml centrifuge tubes for geochemical analyses. All tubes were sealed with Teﬂon tape and frozen
on dry ice for transportation. Samples were transferred to
a −20 C freezer where they were kept until further
analysis.
16S-rRNA sequencing
DNA was isolated using the FastDNA™ SPIN Kit for soil
(MP Biomedicals). 16S rRNA was ampliﬁed by polymerase chain reaction with primers targeting the V4 region.
Details on sample preparation and sequencing are given
in the Supplementary Information. Sequencing was performed at The Applied Genomics Core (TAGC) laboratory
at the University of Alberta using Illumina MiSeq platform
for pair-end reads and the Illumina NexteraXT library
preparation kit. Data processing was performed using the
MetaAmp version 2.0 (Dong et al., 2017), a server-bound
pipeline based on Mothur (Schloss et al., 2009) with
UPARSE clustering of OUTs (Edgar, 2013) at the 97%
similarity level. Reference alignment was done to the

SILVA version 123 database (Quast et al., 2013; Yilmaz
et al., 2014). After removing singletons and eukaryotic
sequences, a total of 9126 OTUs were assigned. PCoA
and the constrained ordinations (Canonical Analysis of
Principal Coordinates) plots were prepared with R version
3.4.1 using the PHYLOSEQ package to visualize the
importance of environmental factors (Anderson and
Willis, 2003; Ramette, 2007; McMurdie and Holmes,
2013; R Core Team, 2017). The distribution of predicted
metabolisms was analyzed with the METAGENassist tool
by Arndt et al. (2012). Raw sequencing data was
uploaded onto the National Centre for Biotechnology
Information (NCBI) database and can be found under
the BioSample SAMN07782722 (accession numbers
SRX3297044 to SRX3297067). The library names correspond to the sample labels used in this manuscript
(Table 1).
Geochemical analysis
Water content of soil samples was determined by loss of
weight after oven drying a 10 g sample of soil at 105 C
for (24 h). After weighing, the dried samples were then
disaggregated using a mortar and pestle and sieved
through a 2 mm stainless steel sieve. About 0.1 g of each
soil sample were digested in aqua regia using 6 ml 37%
HCl (ACS grade, Fisher Scientiﬁc) and 2 ml 70% HNO3
(trace metal grade, Fisher Scientiﬁc) at 130 C. The liquid
was evaporated and the remains soaked in 2% HNO3
and 0.5% HCl. pH was determined on soil samples dried
at 40 C in an oven and by using a 0.01 M CaCl2 (ACS
grade, Fisher Scientiﬁc) solution, a soil:solution mass to
volume ratio of 1:5. After 6 h equilibration time, the suspensions were centrifuged at 3000 rcf and the supernatant was prepared for the analysis giving the soluble/
exchangeable trace metals (Houba et al., 1990; Kashem
et al., 2007). All solutions were analyzed by ICP-MS/MS
(8800 ICP-MS Triple Quadrupole system, Agilent) after
ﬁltration through 0.2 μm nylon syringe ﬁlter membranes
(Agilent).
Gas and isotopic analyses
Gas samples were collected in the ﬁeld at the same locations as the soil samples using a steel soil gas tube and
a hand pump. The tube was inserted to just above the
soil water level to prevent the water from entering the
rod. The gas was sampled from 30 to 50 cm depth,
depending on the soil water depth, and pumped into plastic Tedlar bags. Field measurements for CH4, CO2 and
O2 on selected samples were taken directly from Tedlar
bags using an Eagle multi-gas meter (RKI Instruments).
Carbon isotope measurements on the collected gases
were made using an Agilent 6890 gas chromatograph
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conﬁgured to a Finnegan Mat 252 stable isotope ratio
mass spectrometer on continuous ﬂow mode. The carbon
isotope data are reported in the delta notation with
respect to VPDB calibrated against NGS 1, 2 and 3 as
well as NBS 18 and 19. Samples for sulfur isotopes of
aqueous sulfate (δ34S-SO4) and sulﬁde (δ34S-S2−) in
groundwater were collected and analyzed in 2006 from
the centre of the Thorn North ring. Water was collected in
polyethylene bottles using an inertial hand-pump from
shallow monitoring wells, screened between 7.5 and
8.5 m depth. Sulﬁde was precipitated in the ﬁeld using
AgCl; SO4 was precipitated using BaCl2 in the laboratory
after removal of any Ag2S precipitate. Both types of precipitates were combusted in an Elemental Analyzer
(Carlo Erba NA1500) to release SO2 for δ34S determination using a Finnegan Delta XL Isotope Ratio Mass Spectrometer. Duplicates had standard deviations of 3.5‰
and 4.9‰ for δ34S-SO4 and δ34S-S2− respectively.
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