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• Elusive mechanisms for AOM in a tropi-
cal wetland were explored.

• Humus promoted net AOM with a
poorly-reactive ferric oxide as electron
sink.

• Humus-driven electron shuttling en-
hanced carbon sequestration as inert
minerals.

• Environmental significance of humus
electron shuttling in AOM is discussed.
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Keypathways for the anaerobic oxidationofmethane (AOM)have remained elusive, particularly in organic rich eco-
systems. In this work, the occurrence of AOM driven by humus-catalyzed dissimilatory iron reduction was investi-
gated in sediments from a coastal mangrove swamp. Anoxic sediment incubations supplied with both goethite (α-
FeOOH) and leonardite (humic substances (HS)) displayed an averageAOMrate of 10.7±0.8 μmol CH4 cm

−3 day−1,
which was 7 and 3 times faster than that measured in incubations containing only goethite or HS, respectively. Ad-
ditional incubations performed with 13C-methane displayed Pahokee Peat HS-mediated carbonate precipitation
linked to 13CH4 oxidation and ferrihydrite reduction (~1.3 μmol carbonate cm−3 day−1). These results highlight
the role of HS on mitigating greenhouse gases released from wetlands, not only by mediating the AOM process,
but also by enhancing carbon sequestration as inert minerals (calcite, aragonite and siderite).

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Wetlands are complex ecosystems characterized by the flooding of
soils and are important in global carbon dynamics because of their
tes).
large soil carbon pools and potential for carbon sequestration in peat
formation, sediment deposition, and plant biomass. These ecosystems,
commonly classified as bogs, marshes and swamps, represent the larg-
est biogenic source of greenhouse gases, particularly methane (CH4),
and growing evidence suggests that these emissions are climate sensi-
tive; thus, future CH4 wetland budgeting will be tightly controlled by
global warming (Arneth et al., 2010; Bridgham et al., 2006; Davidson
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and Janssens, 2006). The net amount of CH4 released to the atmosphere
from wetlands is estimated to be one third of the global CH4 budget
(~164 Tg yr−1) (Bridgham et al., 2013), and is the result of the balance
between methanogenesis (microbial generation of CH4), and
methanotrophy (biological oxidation of CH4) (Kirschke et al., 2013),
with the latter process being promoted by the reduction of molecular
oxygen (Trotsenko andMurrell, 2008) or an alternative electron accep-
tor (sulfate, nitrate/nitrite, oxidized metals, humic material) (Cui et al.,
2015; Valenzuela et al., 2017). Due to limited oxygen availability in-
duced by flooding conditions, anaerobic oxidation of methane (AOM)
constitutes a key CH4 sink in wetlands with the potential to exert out-
standing impact on global biogeochemical carbon cycling (Segarra
et al., 2015). After decades of elusiveness, AOM in wetlands has been
linked to the reduction of sulfate (Segarra et al., 2013, 2015), nitrate/ni-
trite (Hu et al., 2014; Shen et al., 2014, 2017; Zhu et al., 2012), and re-
cently to the electron-accepting fraction of natural organic matter
(NOM), also known as humus or humic substances (HS) (Valenzuela
et al., 2017). HS is the term traditionally employed to denote the recal-
citrant fraction of NOM with redox activity (capability to accept or do-
nate electrons) (Lovley et al., 1996, 1999; Stevenson, 1983), which has
also been referred to as organic acids (Lehmann and Kleber, 2015).
Once HS are reduced by microbial activity, they can be chemically re-
oxidized, either by molecular oxygen (Klüpfel et al., 2014) or oxidized
compounds, such as metallic oxides (Lovley et al., 1998; Scott et al.,
1998) promoting further oxidation of pollutants. Due to their abun-
dance on Earth and availability in both terrestrial and aquatic environ-
ments, the oxidized forms of iron, which at near neutral pH values
prevail in the form of crystalline minerals, are the most important
metals with the capacity to re-oxidize HS in natural ecosystems
(Lovley et al., 1998). To date, iron-dependent AOM has been reported
in several aquatic ecosystems including marine sediments (Beal et al.,
2009; Egger et al., 2015; Riedinger et al., 2014; Wankel et al., 2012), a
polluted aquifer (Amos et al., 2012), and freshwater lakes (Bar-Or
et al., 2017; Nordi et al., 2013) by means of isotopic tracing and biogeo-
chemical profiling (He et al., 2018). Nevertheless, the role of HS on this
reaction has not been demonstrated despite the fact that electron shut-
tling reactions (involving both metals and sulfurous compounds) have
been previously demonstrated to play key roles in the dynamics of an-
aerobic degradation of organic molecules (Heitmann et al., 2007;
Heitmann and Blodau, 2006; Lovley et al., 1998). The occurrence of
humus-mediated iron-dependent AOM, firstly hypothesized almost a
decade ago (Smemo and Yavitt, 2011), would represent an unrevealed
methane sink that could have huge biogeochemical and ecological im-
plications, since the net amount of CH4 mitigated by ferric iron and HS
in organotrophic ecosystemsmay be much higher than previously con-
sidered due to the redox interactions involved (Lovley et al., 1998;
Martinez et al., 2013; Reed et al., 2017). Until now, it has been estimated
that AOM contributes to suppress methane emissions in freshwater
wetlands by 200 Tg of methane year−1 (Segarra et al., 2015).

Given the recent evidence on the potential role of HS as an electron
acceptor in the AOM (Scheller et al., 2016; Valenzuela et al., 2017), we
aimed to provide biogeochemical insight into the role of humus-
catalyzed reduction of iron oxides in the AOM in wetland sediments.
To this end, we studied the addition of two widespread mineral forms
of ferric iron, and two sources of external HS on themethanotrophic ac-
tivity carried out by the biota of a coastal wetland sediment, which pre-
viously showed AOM activity linked to the reduction of HS and their
analogues (Valenzuela et al., 2017). Three scenarios were considered:
1) a long-term incubation inwhichdepletion of intrinsic electron accep-
tors allowed substantial rates of net AOMwith a highly crystalline iron
oxide (e.g. goethite) as terminal electron acceptor, 2) an incubation
cycle in which the biogeochemical conditions prevailing in the sampled
site were preserved, and 3) an incubation under artificial conditions
using destructive sampling to minimize the interference related to the
biogeochemical complexity of natural samples. The reduction of differ-
ent external electron acceptors (two sources of HS and two iron oxides
of different reactivity) was correlated to AOMboth as 13CO2 enrichment
and as net rates of 12C and 13C-methane consumption.

2. Materials and methods

2.1. Wetland description and sediment sampling

The Sisal wetland is a mangrove swamp located within the ports of
Celestun and Sisal in the Yucatán Peninsula, southeastern Mexico
(21°09′26″N, 90°03′09″W). This coastal zone has a semi-arid climate
and presents a high degree of karstification of sediments, which are
mainly composed of tertiary carbonates subject to constant dissolution.
Due to intermittent saltwater inputs from the ocean (which reach
40 km inland) (Batllori-Sampedro et al., 1999), this water reservoir pos-
sesses significant levels of salinity, which can vary seasonally depending
on the rainfall regime.Wetland sediment sampleswere collected in Jan-
uary 2016, the depth of the sampled cores being 15 cm. Sediment cores
were harvested under a water column of approximately 70 cm. Water
samples from the top of the sampling pointwere also collected. All sam-
ples were sealed in hermetic flasks and maintained in ice until their ar-
rival to the laboratory where they were then stored at 4 °C in a dark
room. Before performing the incubation assays, sediment and water
samples were chemically characterized. The characteristics of sediment
and water samples are provided in Supplementary Material (SM,
Table S1).

2.2. Microcosms set-up

2.2.1. Long-term incubations

2.2.1.1. Inoculation and first incubation cycle. A wetland sediment core
was homogenized inside of an anaerobic chamber (COY 14500; atmo-
sphere composed of N2/H2, 95%/5%, v/v) and 2 g of wetland sediment
were inoculated into 120 mL serological flasks. Subsequently, 30 mL of
anoxic artificial basal medium with the following composition (in
g L−1): NH4Cl (0.3), K2HPO4 (0.2), MgCl2·6H2O (0.03), CaCl2 (0.1),
NaCl (3), and 1 mL L−1 of a trace metals solution previously described
(Valenzuela et al., 2017), were provided as liquid medium. In order to
provide the different experimental conditions, the artificial basal me-
dium was enriched with the following electron acceptors in different
experimental treatments: 5000 mg L−1 of bulk leonardite (catalogue
number from International Humic Substances Society: BS104L),
50 mmol L−1 of chemically synthetized goethite (Cornell and
Schwertmann, 2003), a combination of both, or none (unamended sed-
iment control). Sixflaskswere inoculated under each experimental con-
dition and afterwards they were sealed with air-tight rubber stoppers
and aluminum caps and flushed with a mixture of N2:CO2 (80%/20%
[vol/vol]) for 10 min. Before initial headspace measurements and incu-
bation at 28 °C in the dark, three flasks from each experimental treat-
ment were spiked with 30 mL of CH4 (99% purity; Praxair), reaching a
partial pressure of ~0.39 atm (on a 90mLheadspace), while the remain-
ing three were left with a N2:CO2 atmosphere to serve as endogenous
controls. Killed controls (amendedwith the same concentrations of elec-
tron acceptors (leonardite and goethite)) were also prepared by
autoclaving the sealed microcosms three times at 120 °C for 21 min
and then spiked with the same volume of CH4.

2.2.1.2. Second incubation cycle.After 65 days of incubation inwhich sub-
stantial methanogenesis occurred (during the first 45 days of incuba-
tion), a subsequent decrease in methane concentration was observed
(net AOM). After this period,microcosmswere opened inside the anaer-
obic chamber, where they were decanted to replace the old liquid me-
dium with freshly prepared basal medium enriched with the same
electron acceptors at the following concentrations: 2500 mg L−1 of
leonardite, 50 mmol L−1 of goethite, the combination of both, or none
(note that the concentration of leonardite was lowered (50%) with
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respect to the first incubation cycle to avoid an excess of labile organic
matter that may trigger methanogenesis). Afterwards, the bottles
were thoroughly shaken and 50% of the content of each microcosm
(15 mL of slurry) was transferred into new serological flasks, which
were then complemented with the respective electron acceptor-
enriched basal medium to reach a final volume of 30 mL. Once outside
the anaerobic chamber, microcosms were flushed with a mixture of
N2:CO2 (80%/20% [vol/vol]) for 10 min, and methane was spiked into
the correspondent microcosms following the same procedures previ-
ously described in Section 2.2.1.1.

2.2.2. Incubations with 13C-methane
Serological flasks (25 mL) were inoculated with 1 cm3 of homoge-

nized sediment on the inside of the previously described anaerobic
chamber. Once inoculated, 15 mL of water collected from the
sampling-point (water column) were provided as a liquid medium,
then the flasks were sealed with air-tight rubber stoppers and alumi-
num caps (no external electron acceptor or methane were added at
this point). Once outside the anaerobic chamber, anoxic conditions
were established by flushing the bottle's headspace with N2 (Ultra
High Purity; Praxair, Mexico) for 5 min. Afterwards, the flasks were in-
cubated at 28 °C in the dark. After 10 days of pre-incubation under these
conditions, the flasks were opened inside the anaerobic chamber and
the following electron acceptors were added to six flasks per treatment
to start the first incubation cycle: 500 mg L−1 of Pahokee Peat humic
substances (PPHS, catalogue number from International Humic Sub-
stances Society: 1S103H), chemically synthetized 2-line ferrihydrite
(Cornell and Schwertmann, 2003) (50 mmol L−1), a combination of
both, or none (unamended sediment control). After amendment with
the electron acceptors, all flasks were sealed again as previously de-
scribed, removed from the anaerobic chamber and flushed with N2 for
5 min. After 12 h of incubation at 28 °C in the dark, to allow carbonate
equilibrium, three of the six flasks were spiked with 2.5 mL of 13CH4

(13CH4, Sigma Aldrich, 99 atom. % 13C), which renders amethane partial
pressure of ~0.28 atm (on a 9-mLheadspace), while the remaining three
were left with a N2 atmosphere to serve as endogenous controls. Imme-
diately after 13CH4 amendment, initial gaseous measurements were
made for every flask, and liquid samples were taken to analyze the con-
centration of intrinsic electron acceptors. Since sulfate was the only in-
trinsic electron acceptor remaining, its concentrationwas followed over
time (Table 1). Killed controls (amended with the same concentrations
of ferrihydrite, PPHS and the same volume of 13CH4)were also prepared
by autoclaving the sealed microcosms three times at 120 °C for 21 min
and by the subsequent addition of 10% v/v of anhydrous chloroform.

2.2.3. Destructive sampling incubations
After the incubation period performed under quasi natural condi-

tions (described in Section 2.2.2) lasting 21 days, a second incubation
cycle was started under artificial conditions, which involved a destruc-
tive sampling regime. For this second stage, 15-mL serological flasks
were supplied with 7 mL of artificial basal medium previously de-
scribed. The artificial basal mediumwas amendedwith the same exter-
nal electron acceptors, as in the previous cycle, at the following
concentrations: 2500 mg L−1 for PPHS, 50 mmol L−1 for chemically
synthetized 2-line ferrihydrite (Cornell and Schwertmann, 2003). Fur-
thermore, a treatment including both PPHS and 2-line ferrihydrite, as
well as killed and unamended controls lacking any electron acceptor,
were also considered in this incubation cycle. After inoculation with
0.16 mL of slurry taken from the previous microcosms (mixture of sed-
iment and water column), the flasks were sealed inside the anaerobic
chamber and the headspace was flushed for 5 min with N2. The final
headspace volume was 6 mL, which was spiked with 1 mL of 13CH4 to
reach ~0.17 atm of 13CH4 partial pressure. A total of 90 vials belonging
to 5 experimental treatments (described above) were prepared, and a
complete set involving triplicates for each experimental treatment
was destroyed by the addition of strong-acid. In the first three
sampling-points, each microcosm was acidified by injecting 500 μL of
HCl 3N with a disposable syringe, while during the last two measure-
ments, the same volume of concentrated HCl (37%) was employed.
After acidification, the flasks were thoroughly shaken and left for 12 h
at 28 °C in the dark prior to CO2 (12CO2 and 13CO2) and Fe2+

measurements.

2.3. Chemical determinations

Sulfate, sulfide, nitrate and nitrite were measured by previously re-
ported standard methodologies (APHA/AWWA/WEF, 2012; Cord-
Ruwisch, 1985; Soga and Ross, 1999; Valenzuela et al., 2017). For the
first two experiments (described in Sections 2.2.1 & 2.2.2), ferrous iron
measurements were made by acid extraction from slurry sub-samples
taken over time from the microcosms with disposable syringes. After-
wards, the extracted ferrous iron was measured using the ferrozine tech-
nique in a spectrophotometer located inside of an anaerobic chamber
(COY 14500, atmosphere: N2 (95%)/H2 (5%)) (Stookey, 1970;
Valenzuela et al., 2017). For the incubation cycle involving artificial condi-
tions and destructive sampling (Section 2.2.3), vials were sacrificed for
iron extraction from the flasks' entire content at the acid concentrations
previously described and then iron was quantified following the same
methodology. The reduction of humic material in the form of intrinsic
NOM or added HS was assessed as the amount of ferrous iron produced
by the reaction of ferric citrate with slurry taken from the microcosms
under anoxic conditions; the ferrous iron released was then measured
using the ferrozine technique (Lovley et al., 1996; Stookey, 1970) and
corrected for intrinsic ferrous iron detected (Fe2+ measured in samples
after acid treatment). Unlabeled methane (employed to assess net CH4

oxidation in the first long-term incubations) was measured by injecting
100 μL from the headspace of incubation flasks into a Gas Chromatograph
(GS) Agilent Technologies 6890M equipped with a thermal conductivity
detector and a HayeSep D column (Alltech, Deerfield, IL, USA). The tem-
peratures of the injection port, oven, and detector were 250, 60, and
250 °C, respectively. N2 was employed as a carrier gas at a flux of
12 mL min−1. Methane and carbon dioxide isotopes were measured in
a Gas Chromatograph Agilent Technologies 7890A coupled to an Agilent
Technologies Mass Spectrometer 5975C. The ionization was carried out
by electronic impact, quadrupole analyzer and a capillary column Agilent
Technologies HP-PLOT/Q with a stationary phase of poly-styrene-di-
vinyl-benzene, using helium as carrier gas (Valenzuela et al., 2017).

2.4. Mineral characterization of the sediment

Sediment samples were analyzed by X-Ray diffraction (XRD, Bruker
D8 Advance) and Environmental Scanning Electron Microscopy (ESEM,
QUANTA FEG-250) combined with Energy Dispersive Spectroscopy
(EDS). At the end of the second incubation cycle, selected experimental
units from each treatment were opened inside an anaerobic chamber
and sediment samples were dried under a N2/H2 atmosphere (95:5%).
Samples for ESEM analysis were observedwithout affecting particlemor-
phologic characteristics. XRD analysis was made after the trituration of
dried sediment on an agate mortar. The patterns obtained (2θ = 10° to
80°, step = 10 s, step size = 0.02°) were compared against data from
the International Center of Diffraction Data (ICDD) PDF-4 database.

2.5. Calculations

2.5.1. Fractional enrichment of 13CO2

Labeled carbon dioxide (13CO2) enrichment is denoted as its
fraction with respect to the total CO2 quantified at the headspace
(12CO2 + 13CO2) and is referred to as 13FCO2 throughout the text
(Eq. (1)).

13 FCO2 ¼
13CO2

12CO2 þ 13CO2
ð1Þ
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The 13FCO2 data shown were normalized by subtraction of the initial
value, which was measured after 12 h of incubation before 13CH4 addi-
tion (described in the Microcosms set-up section) and is denoted as
13F'CO2 (Eq. (2)).

13 F0CO2 ¼ 13 FCO2 actualð Þ−13 FCO2 initialð Þ ð2Þ

2.5.2. Electron balances
The percentage of net 13CH4 anaerobic oxidation explained by the

reduction of intrinsic and added electron acceptors was calculated as
follows:

%of AOM ¼ EA�
reducedðin the presence of 13CH4Þ−EA�

reduced in the endogenous controls��ð Þ
EA stoichiometric value���

13CH4oxidized

x100

ð3Þ

where *EA stands for electron acceptor, **endogenous controls refers to
microcosms lacking added 13CH4, and ***EA stoichiometric value is 1
for sulfate, 8 for ferric iron according to the respective reactions ofmeth-
ane oxidation (Cui et al., 2015; Valenzuela et al., 2017) and8 for reduced
humicmaterial considering the electron equivalentsmeasured via ferric
citrate reduction.

2.5.3. AOM assessment via carbonate precipitation
The percentage of net 13CH4 oxidation linked to ferrihydrite reduc-

tion, or PPHS-catalyzed ferrihydrite reduction, was calculated by com-
paring the amount of 13CO3

2− precipitated due to Fe2+ exclusively
produced in the presence of 13CH4 and considering the FeCO3 precipita-
tion stoichiometry. Further details for these calculations are given in SM.

3. Results and discussion

3.1. Net CH4 oxidation linked to goethite reduction mediated by HS

After an initial incubation period of 65 days (data not shown, see
Section 2.2.1.2), AOMwas observed associated to leonardite or goethite
reduction in a 24-day subsequent period (Fig. 1).

Substantial CH4 consumption (10.7± 0.8 μmol cm−3 day−1) was pro-
moted by the presence of both leonardite and goethite into the micro-
cosms (Fig. 1A). The reaction rates under these conditions were
approximately 7 and 3 times higher than those observed in microcosms
enriched only with either goethite (1.6 ± 1.4 μmol cm−3 day−1) or
leonardite (3.9± 0.7 μmol cm−3 day−1), respectively (Fig. 1B). Moreover,
Fig. 1. Net anaerobic methane oxidation linked to leonardite-mediated reduction of goethit
incubation cycle (C, methane concentration overtime; Ci, initial methane concentration). Th
incubations ± standard error.
quantification of the milli-electron equivalents (meq) accepted by
leonardite and goethite due to CH4 oxidation after 24 days of active
methanotrophy, revealed a gain of 0.098 ± 0.015 and 0.58 ±
0.042meqL−1, corrected for endogenous controls lacking addedmethane,
which accounts for ~3.4 and 10% of the total methane consumption ob-
served in the leonardite and leonardite/goethite treatments, respectively
(Table S2). No clear methane consumption could be linked to goethite re-
duction in the absence of leonardite (Fig. 1B), emphasizing the importance
of this electron shuttle to promote AOM linked to goethite reduction.

3.2. Incubations with 13CH4 to assess AOM linked to HS and ferrihydrite
reduction

Further incubations, amendedwith 13CH4 as electrondonor,wereper-
formed to assess the capacity of the biota of the wetland sediment to
achieve AOM with PPHS as electron acceptor or as electron shuttle with
ferrihydrite as the terminal electron acceptor. AOM was documented as
both net 13CH4 consumption and 13CO2 enrichment in the microcosms
headspace. In all experimental conditions, a net 13CH4 consumption was
observed together with a transient enrichment in 13CO2 (Fig. 2).

Wetland sediment incubatedwithout any external electron acceptor
displayed one of the shortest periods of net 13CH4 consumption (3 days)
with a maximum rate of 1.15 ± 0.63 μmol 13CH4 cm−3 day−1 (Fig. 2A).
Meanwhile, microcosms enriched with PPHS showed a shorter lag
phase (2 days), as compared to the unamended control, and a 13CH4

consumption rate of 0.83 ± 0.1 μmol 13CH4 cm−3 day−1 during an ex-
tended active period (9 days, Fig. 2B). Furthermore, an increase in
13F'CO2 in this treatment occurred in parallel to net methane consump-
tion. 13CO2 enrichment (over 12CO2) in sediment incubations enriched
with PPHS is remarkable since it has been observed that 12CO2 originat-
ing from the decomposition of the labile fraction of external HS can
mask labeled carbon dioxide production leading to underestimation of
AOM (Valenzuela et al., 2017). Despite these facts, 13F'CO2 values were
always higher in PPHS enriched treatment when compared against
those observed in the absence of PPHS (Fig. 2A and B). This is an indica-
tion of HS functioning as terminal electron acceptor for achieving AOM
(Scheller et al., 2016; Valenzuela et al., 2017).

Compared to unamended sediment controls, incubations
enriched with ferrihydrite also displayed a long lag phase, as well
as a short net AOM period (3 days) with a maximum rate of 1.26 ±
0.4 μmol 13CH4 cm−3 day−1 (Fig. 2C). Furthermore, 13FCO2 values
for this treatment were lower than those observed in unamended
controls. It is well known that carbonate precipitates with divalent
ions at circumneutral pH values, resulting in the formation of
authigenic minerals (Beal et al., 2009; Fu et al., 2016; Kappler et al.,
e. Panel A depicts the normalized kinetics of methane consumption during the second
e calculated rates of AOM are shown in Panel B. Data represent average from triplicate



Fig. 2. Net 13C-methane consumption and 13C-carbon dioxide enrichment. Filled squares
depict net 13CH4 consumption per cubic centimeter of wetland sediment over time, and
open dots display normalized headspace 13C-carbon dioxide enrichment in terms of
13F'CO2. Gray areas depict the period of maximum 13CH4 consumption rates, which were
based on the maximum slope obtained by linear regressions per experimental unit.
Endogenous controls (lacking added 13CH4, exhibited decreasing negative 13F'CO2 values
over the incubation time (see Fig. S1)), while killed controls displayed insignificant
changes in 13CH4 concentrations and null 13CO2 enrichment over time. Data represent
average from triplicate incubations ± standard error.
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2014), therefore interfering with 13CO2 detection due to carbonates
deposition.

Microcosms amended with both ferrihydrite and PPHS exhibited the
longest net AOM period (19 days), after 2 days of lag phase (Fig. 2D).
Table 1
Reduction of intrinsic (NOM, iron minerals, sulfate) and added (PPHS, ferrihydrite) electron ac

Intrinsic NOM/PPHS reduction (meq L−1)a Intrinsic iron

Treatment With
13CH4

Endogenous AOM explained by EAd

(%)
With
13CH4

E

Unamended sediment 2.7 ± 0.3 2.6 ± 0.1 0 2.7 ± 0.2 2
PPHS 3.3 ± 0.3 2.7 ± 0.3 ~3% 3.2 ± 0.8 2
Ferrihydrite – – – 2.2 ± 0.3 3
PPHS + ferrihydrite – – – 3.1 ± 0.2 6
Killed, PPHS +
ferrihydrite

0 0 0 0 0

a NOM/PPHS reduction was assessed as milli-electron equivalents recovered via reaction wi
b Fe(III) reduction was quantified in terms of the ferrous iron produced.
c Quantification of sulfate reduction implies a decrease in sulfate concentration.
d EA stands for electron acceptor.
e Electron balances hindered by poor recovery of ferrous iron precipitated as 13C-carbonates
The average maximum AOM rate for this treatment was 0.64 ± 0.16
μmol 13CH4 cm−3 day−1 and exhibited the lowest 13CH4 concentrations
amongst all experimental treatments at the end of the incubation cycle
(7.4 ± 1 mmol CH4 cm−3); however, complementary evidence of this
high methanotrophic activity was disabled by poor detection of 13CO2,
which was the most affected amongst all treatments, presumably due to
increased ferrous iron production and subsequent FeCO3 formation
(Fig. 2D). Killed controls including both ferrihydrite and PPHS displayed
neither 13CH4 consumption nor 13CO2 production; therefore, chemical re-
actions masking AOM activities can be ruled out. Endogenous controls
(lacking added 13CH4) displayeddecreasing 13F'CO2 values over time, sug-
gesting the prevalence of 12CO2 production from intrinsic organic sub-
strates present in the sediment (Fig. S1).

3.2.1. Reduction of electron acceptors

3.2.1.1. Reduction of intrinsic NOM and added PPHS. Humic material was
one of the electron acceptors added to microcosms (in the form of
PPHS) and also intrinsically present in the wetland sediment (as
NOM) with the potential to support AOM (Eq. (4)).

CH4 þ HSox→CO2 þ HSred þ H2O ΔG °0 kJ mol−1
� �

¼ −30 to−416:47� ð4Þ

*standard Gibbs free energy range calculated using −200 to +300 E0′
(mV) values for HS (Straub et al., 2000).

Sediment incubations without the addition of any external electron
acceptor displayed the reduction of intrinsic NOM, but quantified values
were not significantly higher than thosemeasured in the control lacking
added 13CH4 (Table 1, Fig. S3).

However, addition of 500 mg L−1 of PPHS as complementary elec-
tron acceptor promoted AOM linked to its reduction, which was based
on electron balances corrected for endogenous controls lacking added
13CH4. This process accounted for ~3% of the 13CH4 oxidized at the end
of the incubation period, which corresponds to ~1.67 μmol of 13CH4 ox-
idized per cm3 of wetland sediment (Table 1).

3.2.1.2. Ferrihydrite reduction. Quantification of ferrous iron in incuba-
tions performed with unamended sediment revealed the production
of up to ~0.04 mmol of Fe2+ cm−3 regardless the presence of 13C-meth-
ane, which indicates the reduction of intrinsic iron minerals present in
the wetland sediment (Fig. S2). For microcosms enriched with PPHS,
~10% of the observed AOM activity could be explained by the quantified
iron reduction on the 5th day of incubation, thus displaying the positive
effect of PPHSonnet AOMwith intrinsic iron as terminal electron accep-
tor (Fig. S2). Nevertheless, this evidence could not be sustained over-
time. Thus, AOM linked to the reduction of intrinsic ferric minerals
ceptors at the end of the 21-days incubation cycle under quasi natural conditions.

/ferrihydrite reduction (mmol L−1)b Sulfate reduction (mmol L−1)c

ndogenous AOM explained by EAd

(%)
With
13CH4

Endogenous AOM explained by EAd

(%)

.6 ± 0.1 0 0.4 ± 0.2 0.5 ± 0.2 0

.6 ± 0.03 0 0.2 ± 0.2 0.1 ± 0.1 0

.5 ± 0.1 e 0.1 ± 0.1 0.1 ± 0.04 0

.9 ± 1.1 e 0.5 ± 0.2 0.8 ± 0.3 0
0 0 0 0

th ferric citrate.

. Data represent average values ± standard error (n = 3).
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could not be documented at the end of the incubation period (Table 1).
Experimental treatments containing ferrihydrite or PPHS/ferrihydrite
showed lower Fe2+ concentrations with respect to their endogenous
controls lacking added 13CH4 (Table 1, Fig. S2). Since this effect was
only triggered by 13CH4 amendment, 13C-carbonates originated from
AOM linked to ferric iron reductionmight have inducedmajor Fe2+ pre-
cipitation producingminerals, which could not be solubilized by the ex-
perimental protocol employed here.

Siderite precipitation is possible if both Fe2+ and CO3
2– concentration

reach the saturation levels according to Eq. (5). Based on Fe2+ extrac-
tions (Fig. S2), ferrous ion concentration ranged from 6.9 × 10−3 M to
1.2 × 10−4 M, considering all incubations. On the other hand, carbonate
concentration was calculated from the calcite dissolution equilibrium
and the solution pH, which ranged from 7.2 (initial) to 8.5 (final). Ac-
cordingly, the CO3

2– concentration was from 8.6 × 10−6 M (pH = 8.5)
to 1.9 × 10−6 M (pH = 7). Under these considerations, the saturation
level for siderite precipitation was always favorable for the solid forma-
tion (see Fig. S4 for the solubility diagram). It has widely been reported
that iron extraction is frequently affected by the complex geochemical
composition of natural samples (Schaedler et al., 2018), which has
often impeded the stoichiometric demonstration of iron dependent
AOM (Beal et al., 2009; Scheller et al., 2016) (Eq. (5)).

FeCO3↔Fe2þ þ CO2−
3 logKsp ¼ −10:6 ð5Þ

In agreement with this observation, as shown in Fig. 2C and D, no
13CO2 headspace enrichment (13F'CO2) was detected preventing the as-
sessment of total methanotrophic activity in terms of 13CO2 accumu-
lated. Nevertheless, by employing data from Fig. 2 and Fig. S2 (Text S1
in SM), we could indirectly attribute the oxidation of ~19.6 μmol 13-

CH4 cm−3 to ferrihydrite reduction (Eq. (6)) at the end of the incubation
cycle. This AOM activity accounts for approximately ~26% of the total
methane oxidized in ferrihydrite amended microcosms (Fig. 3).

CH4 þ 8Fe OHð Þ3 þ 15Hþ→HCO−
3 þ 8Fe2þ

þ 21H2O ΔG °0 kJ mol−1
� �

¼ −270 ð6Þ
Fig. 3. Effect of ferrihydrite reduction, mediated by Pahokee Peat humic substances, on
anaerobic methane oxidation assessed as ferrous iron carbonates precipitation. Panel A
depicts the calculated carbonate concentration per cubic centimeter of wetland
sediment, while Panel B portrays the percentage of net anaerobic oxidation of 13CH4

explained by the theoretical 13C-carbonate produced. Data represent average from
triplicate incubations ± standard error.
The interplay between ferrihydrite and PPHS triggered higher
precipitation of Fe2+ presumably due to major 13CO3

2− production
(Table 1 and Fig. S2). Through these assumptions and calculations,
we could estimate the oxidation of ~56.3 μmol 13CH4 cm−3 that
accounts for ~56% of the total amount of 13CH4 consumed during
the entire incubation period (Fig. 3). Overall, net AOM driven by
the electron-shuttling capacity of PPHS yielded higher amounts of
oxidized methane, which were presumably buried as carbonate
minerals in the wetland sediment (Fig. S4). These rates of 13CO3

2−

precipitation were almost twice as fast in the presence of both
PPHS and ferrihydrite than those observed in the incubations that
contained only ferrihydrite (~1.3 vs ~0.67 μmol carbonate cm−3-

day−1, respectively) (Fig. 3).

3.2.1.3. Sulfate reduction. After the pre-incubation period, initial sulfate
concentrations averaged 2.3 ± 0.1 mmol L−1, which derived from sed-
iment pore water along with the wetland's water column employed as
liquid phase in the incubations (Table S1). All experimental treatments
displayed sulfate-reducing activity, but not directly linked to AOM be-
cause controls lacking added 13CH4 showed the same or even higher
sulfate-reducing activities. Thus, it was impossible to attribute any
13CH4 consumption to sulfate-dependent AOM (SR-AOM, Eq. (7)) via
electron balances (Table 1, Fig. S5).

CH4 þ SO2−
4 →HCO−

3 þHS− þH2O ΔG °0 kJ mol−1
� �

¼ −16:6 ð7Þ

3.3. AOM assessment under artificial conditions and destructive sampling

To test the hypothesis on the humus-catalyzed iron-dependentAOM
and subsequent precipitation of iron carbonates, an incubation cycle
consisting of a set of destructible experimental units was carried out.
AOM activities readily started in all experimental treatments as evi-
denced by an immediate 13CO2 enrichment (Fig. 4). As expected, the
lowest 13C enrichment was obtained in unamended sediment incuba-
tions (~3%), while the presence of PPHS, ferrihydrite or both promoted
further 13C enrichment by ~2.3%, 6.5% and 9.6% with respect to un-
amended controls, respectively (Fig. 4A).
Fig. 4. Evidence of AOMmediated by Pahokee Peat humic substances with ferrihydrite as
terminal electron acceptor. Panel A depicts 13CO2 enrichment over time denoted as
13F'CO2, while Panel B depicts the total ferrous iron concentrations extracted via
destructive sampling employing hydrochloric acid at concentrations of 3N (left) and 37%
(right). Data represent average from triplicate incubations ± standard error (n = 3).
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The experimental treatment containing both PPHS and ferrihydrite
showed a decrease in the 13F'CO2 ratio, as compared to the experimental
treatment containing only ferrihydrite, after 11 days of incubation. This
may be explained by significant 12CO2 production elicited by minerali-
zation of the labile fraction of PPHS which would have temporarily
served as a source of 12CO2. Subsequently (after 18 days of incubation),
the 13F'CO2 value rose again; thus, by the end of the experiment, 13CO2

enrichment was higher in the presence of both PPHS and ferrihydrite
than the level observed with either ferrihydrite or PPHS alone.

As seen in Fig. 4A, the application of 3 M HCl as dissolution agent ef-
ficiently induced CO2 displacement towards the gaseous phase allowing
accurate 13F'CO2 calculations. Nevertheless, quantified Fe2+ under these
conditions did not agreewith theAOMactivity observed (Fig. 4B). How-
ever, further acidification of samples (performedwith HCl 37%) on sub-
sequent monitoring days yielded higher amounts of ferrous iron due to
solubilization of stable iron-containingminerals. This evidence suggests
that, on one hand, a fraction of the carbonate produced in the AOMpro-
cess might have precipitated as calcium carbonate, which is easily
Fig. 5. XRD diffractograms displaying the mineral phases found after incubation under the exp
(00-005-0453) and Sid stands for siderite (00-008-0133). PPHS, Pahokee peat humic substanc
dissolved, while, on the other hand, a second fraction might have in-
volved the precipitation of ferrous iron carbonate, which is more diffi-
cult to dissolve (Eqs. (5), (8) and (9)).

3.4. Mineral characterization of wetland sediment performing AOM

XRD analysis of dried sediments, collected at the end of the incuba-
tion period, showed typical spectral signals associated to calcium car-
bonate (CaCO3) minerals, such as calcite and aragonite, while the only
mineral detected involving ferrous iron was the iron carbonate
(FeCO3) known as siderite (Fig. 5). Although sulfate-reducing activity
was observed during the first incubation cycle, iron sulfides were not
detected by diffractograms obtained by XRD analysis, which was ex-
pected due to the absence of black precipitates that typically originate
when biogenic sulfide is produced in the presence of iron (Hansel
et al., 2015); moreover, biogenic FeS is amorphous and thus could not
be detected by XRD. Overall, these lines of evidence confirm that the
fate of 13CH4 carbon was the production of carbonate particles of
erimental conditions tested. Cal stands for calcite (00-005-0586), Ara stands for aragonite
es.
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different composition and solubility, being calcite and aragonite
(Eqs. (8) and (9)) themost susceptible to solubilization by the acidifica-
tion method employed during the first sampling days of the assay
(Fig. 4).

Calcite↔CO2−
3 þ Ca2þ logKsp ¼ −8:5 ð8Þ

Aragonite↔CO2−
3 þ Ca2þ logKsp ¼ −8:2 ð9Þ

An exploration of unamended sediment by ESEM-EDS allowed the
identification of intrinsic iron solids in the form of prism-like particles
(Fig. 6A), while an EDS analysis revealed minerals containing iron and
oxygen (Fig. 6B).

These results suggest the presence of oxidized iron minerals, which
might have partially fueled AOM in PPHS-enriched treatments (Figs. 2B
and S2). Additionally, analyses from sediment of this experimental
treatment as well as unamended sediment confirmed the presence of
siderite, hence supporting the prevalence of iron-mediated AOM even
without the addition of chemically synthetized ferrihydrite in micro-
cosms enriched with PPHS (Fig. S2). SEM observation of the PPHS/ferri-
hydrite enriched sediment, conducted at the end of the incubation
period, also revealed the predominance of iron (~14%) and calcium
(~37%) rich areas of apparent mineral clusters, which agrees with the
precipitation of carbonates (Fig. 6C).
Fig. 6. ESEM-EDS exploration of wetland sediment after incubation. Panel A shows cubic and pr
EDS is shown at Panel B. Panel C displays themapping of the 10most abundant chemical elemen
ferrihydrite treatment.
3.5. Environmental relevance

Wetlands constitute the main natural source of atmospheric CH4

(Shindell et al., 2004); despite this, there are still significant knowledge
gaps regarding the microbial processes serving as CH4 sinks in these
organotrophic environments (Reed et al., 2017). The aim of the present
study was to elucidate the role of humic substances on mitigating CH4

release fromwetland sediments by promoting AOM through their elec-
tron shuttling capacity towards Fe(III)-bearingminerals. Several lines of
evidence revealed how two sources of humic substances and two dis-
tinct Fe(III) oxides influenced not only the anaerobic oxidation of CH4,

but also the production and fate of the carbonate coming from this mi-
crobial process. Net methane oxidation elicited by leonardite and goe-
thite was observed after a long-term incubation test (Fig. 1). These
results show that long incubation periods are needed to be able to ex-
plicitly link the anaerobic net CH4 consumption to goethite reduction,
which is most likely due to the need for absence of indigenous electron
acceptors (such as sulfate) and labile organic molecules, which at initial
incubation phases led to overall net CH4 production. Furthermore, tracer
analysis with 13CH4 demonstrated that the combination of PPHS and
ferrihydrite fueled 13CH4 oxidation as well as production of 13CO2,
which was subsequently precipitated as authigenic carbonate minerals.
Such precipitation phenomenon was strongly affected by PPHS eliciting
the production of both Fe(II) and 13CO2 (Figs. 2 and 3), which supports a
ism-like iron oxide particles found in unamended sediment incubations, whose respective
ts detected in themineral clusters formed by the end of the incubation period in the PPHS/



Fig. 7. Schematic representation of methane consumption bywetland sediment biotawith humic substances as electron shuttle and Fe(III) as the TEA.While CH4 ismineralized, electrons
derived from this biologically catalyzed reaction are transferred to redox functionalmoieties in humus. Reduced humus is then regenerated to its oxidized state by chemical oxidationwith
Fe(III) solid oxides as TEA (adapted from Smemo and Yavitt, 2011). Because of the geochemical context in which this reaction may take place, carbonate and ferrous iron produced
concomitantly may precipitate as authigenic carbonate minerals, which will also be influenced by other environmental factors, such as the presence of divalent ions (e.g. calcium and
magnesium).
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model of carbon burial similar to that observed in the seafloor in which
sulfate-dependent AOM takes place (Li et al., 2018; Peng et al., 2017;
Zeng and Tice, 2014).

Previous reports addressing the occurrence of AOM in wetlands
have been able to link this process to the reduction of conventional elec-
tron acceptors, such as sulfate, nitrate or nitrite; however, the role of
humic substances either as terminal electron acceptor or as electron
shuttle has not been evaluated in these studies (Segarra et al., 2013,
2015; Smemo and Yavitt, 2007). Further studies testing the effect of
humus and/or metal oxides on AOM, have not distinguished any signif-
icant effect of these electron acceptors on AOM neither in terms of CO2

production nor in net CH4 depletion (Saxton et al., 2016; Timmers et al.,
2015). In contrast to these reports, the present study provides evidence
demonstrating how the redox-active fraction of NOM (e.g. humic sub-
stances) promotes AOMwhen Fe(III) oxides serve as the terminal elec-
tron acceptor, and how complex chemical and biological reactions
concomitantly occur during this process determining the fate of both
CH4 and the CO2 derived from AOM (Fig. 7).

Remarkably, even in the presence of sulfate as an available intrin-
sic electron acceptor, humus-mediated iron reduction was the only
microbial process linked to 13CH4 oxidation (Table 1, Fig. 3). This
implied that, under the experimental conditions tested, sulfate
reduction did not play a role sustaining AOM activities. However,
we cannot rule out the possibility of a cryptic sulfur cycle taking
place, since the recycling of sulfurous compounds (e.g. sulfide)
could hypothetically be responsible for the increased oxidation of
electron donors, including CH4 (Heitmann et al., 2007; Heitmann
and Blodau, 2006; Holmkvist et al., 2011; Pester et al., 2012). Yet,
the potential role of this cryptic sulfur cycle in CH4 consuming pro-
cesses must be addressed in future studies.

4. Conclusions

The present study provides evidence indicating that the electron-
accepting fraction of NOM significantly contributes to AOM activities
in wetland sediments by functioning as electron shuttle towards the re-
duction of Fe(III) minerals. Previously, it has been demonstrated that
humic substances can serve as the terminal electron acceptor for
AOM. In this work, we provide further insight on the important role of
humus on mitigating CH4 emissions from organotrophic ecosystems,
but furthermechanisms bywhich they canmitigate these emissions re-
main feasible and should be addressed in future studies. Our findings
suggest that important amounts of CO2 coming from the AOM process
can be buried into wetland sediments due to collateral chemical phe-
nomena promoted by humic substances. Hence, the biological and
chemical phenomena discussed here are proposed as key players affect-
ing carbon dynamics in wetlands. This information should be consid-
ered in future studies of CH4 sinks in organotrophic environments
since it may have huge implications on wetlands CH4 budgeting and
therefore on global climate change.
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ment, water column and pore water (Table S1). Number of electron
milli-equivalents recovered from methane oxidation and electron bal-
ance (Table S2). 13F'CO2 values for endogenous controls in experiments
performed under quasi natural conditions (Fig. S1). Kinetics of iron re-
duction andNOM/PPHS reduction experiment (Figs. S2 and S3). Solubil-
ity diagram for siderite (Fig. S4), and kinetics of sulfate consumption
(Fig. S5). Description and equations for the calculations of 13CO3

2− pro-
duction and electron balances shown in Fig. 3 (Text S1). Supplementary
data to this article can be found online at https://doi.org/10.1016/j.
scitotenv.2018.09.388.
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