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HIGHLIGHTS GRAPHICAL ABSTRACT

o Permafrost thaw ponds have high iron
(0.9-212.1 mg/L) and carbon
(8.4-352.4 mg/L).

e The thaw stage of adjacent soil controls
the geochemistry of thaw ponds.

e Iron in thaw ponds exists as Fe(II)-OC,
Fe(1ID)-OC, and Fe(II)-oxide.

Permafrost

ARTICLE INFO ABSTRACT

Editor: Shuzhen Zhang Thawing permafrost forms “thaw ponds” that accumulate and transport organic carbon (OC), redox-active iron
(Fe), and other elements. Although Fe has been shown to act as a control on the microbial degradation of OC in

Keywords: permafrost soils, the role of iron in carbon cycling in thaw ponds remains poorly understood. Here, we inves-
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tigated Fe-OC interactions in thaw ponds in partially and fully thawed soils (“bog” and “fen” thaw ponds,
respectively) in a permafrost peatland complex in Abisko, Sweden, using size separation (large particulate
fraction (LPF), small particulate fraction (SPF), and dissolved fraction (DF)), acid extractions, scanning electron
microscopy (SEM), Fe K-edge X-ray absorption spectroscopy (XAS), and Fourier Transform Infrared (FTIR)
spectroscopy. The bulk total Fe (total suspended Fe) in the bogs ranged from 135 mg/L (mean = 13 mg/L)
whereas the fens exhibited higher total Fe (1.5 to 212 mg/L, mean = 30 mg/L). The concentration of bulk total
OC (TOCQ) in the bog thaw ponds ranged from 50 to 352 mg/L (mean = 170 mg/L), higher than the TOC
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concentration in the fen thaw ponds (8.5 to 268 mg/L, mean = 17 mg/L). The concentration of 1 M HCI-
extractable Fe in the bog ponds was slightly lower than that in the fens (93 + 1.2 and 137 + 3.5 mg/L Fe,
respectively) with Fe predominantly (>75 %) in the DF in both thaw stages. Fe K-edge XAS analysis showed that
while Fe(II) was the predominant species in LPF, Fe(III) was more abundant in the DF, indicating that the stage of
thawing and particle size may control Fe redox state. Furthermore, Fe(II) and Fe(III) were partially complexed
with natural organic matter (NOM, 8 to 80 %) in both thaw ponds. Results of our work suggest that Fe and OC
released during permafrost thaw into thaw ponds (re-)associate, potentially protecting OC from microbial
decomposition while also stabilizing the redox state of Fe.

1. Introduction

Around 1700 Pg of organic carbon (OC) is stored in permafrost soils,
with the top 3 m containing 70 % of this carbon (Hugelius et al., 2014;
Scharlemann et al., 2014; Schuur et al., 2015; Tamocai et al., 2009).
Rising temperatures in the Arctic are warming permafrost areas (Bis-
kaborn et al., 2019), leading to their thaw, thus triggering complex
feedback mechanisms that can subsequently alter global climate regimes
(Turetsky et al., 2020; Walter Anthony et al., 2018). Thawing of
permafrost exposes previously inaccessible carbon stocks to microbial
decomposition, potentially increasing the production of the greenhouse
gases like carbon dioxide (CO3) and methane (CH4) (Davidson and
Janssens, 2006; Hodgkins et al., 2014; Harris et al., 2023). The thawing
of ice underneath the soil causes the ground to collapse and leads to
waterlogging, often resulting in the formation of water basins, known as
“thaw ponds” (or thermokarst ponds and lakes (Pienitz et al., 2008)).
These water basins are either draining or expanding depending on the
hydrological conditions, which can affect the size and abundance of
ponds, and their connectivity to the surrounding soil (Vonk et al., 2019).
Since these thaw ponds are connected to the porewater of the sur-
rounding soil, they may accumulate geochemical species (such as OC
and different iron (Fe) species) from the thawing soil and act as
biogeochemical hotspots (Vonk et al., 2015).

Depending on the formation environment and resulting geochem-
istry, thaw ponds may contain suspended particulate matter whose size
varies along a continuum, ranging from fine particles to large-sized
aggregates (Pokrovsky et al., 2016; Ogneva et al., 2023). This sus-
pended particulate matter consists of nanometer to micrometer-sized
aggregates formed by interactions between mineral particles and
organic matter. Their formation can occur through abiotic processes
such as the freezing and thawing of water-saturated areas, or through
the aggregation of suspended particles and organic matter (Pokrovsky
et al., 2018) but also biotically by the action of microorganisms and their
secreted biopolymers (Fettweis and Lee, 2017). In addition, microbio-
logical activity can transform suspended particles during thaw. These
suspended particulate matter may act as elemental sinks as they can
settle down after capturing nutrients, metals, microbes, and contami-
nants from the water column (Hirst et al., 2017; Ilina et al., 2016;
Pokrovsky et al., 2016; ThomasArrigo et al., 2022; Walch et al., 2022).

Within thaw ponds, iron species may interact with OC, acting as a
potential control on carbon turnover. Evidence from studies on soil from
permafrost regions including Alaska, Tibet, Canada, and Sweden in-
dicates that a significant fraction (up to 12-54 %) of total organic carbon
is associated with reactive iron (Gentsch et al., 2015; Herndon et al.,
2017; Monhonval et al., 2021; Mu et al., 2016; Mueller et al., 2017;
Patzner et al., 2020). These associations are progressively lost over
permafrost thaw, mobilizing Fe and OC from the soil. The released OC
and Fe may enter the soil porewater and/or thaw ponds. Recent work
has shown that thaw ponds in permafrost peatlands may contain up to
114 mg/L dissolved organic carbon (DOC; 0.45 pm filtered) and 3364
mg/L total iron (Fey) (Pokrovsky et al., 2018), indicating the potential
for re-association between Fe and C in thaw ponds, with implications for
Fe and OC cycling. For example, aqueous complexes between Fe and OC
(in the form of dissolved organic matter, DOM) may inhibit microbial

degradation of the organic carbon (Xiao et al., 2016). In addition, the
oxidation of ferrous iron (Fe(II)) may be suppressed due to complexation
with DOV, leading to the persistence of Fe(II) under (sub)oxic condi-
tions (Daugherty et al., 2017).

Emerging evidence suggests that there are interactions between Fe
and OC in permafrost soils, but we know relatively little about these
interactions in thaw ponds. After the thaw, the OC previously associated
with iron minerals may become bioavailable. This bioavailability is
likely dependent on the size fraction organic matter is present in (e.g.,
dissolved or suspended particulate matter) and its interaction with Fe
(both Fe(II) and Fe(III)) in these size fractions. This key information, i.e.,
the relative distribution of iron and carbon in different size fractions
(dissolved relative to suspended particulate matter), the Fe speciation,
and the identity of the OC in these fractions is not known. Note that in
this study, we refer to “dissolved” as the fraction that passes through a
0.45 pm pore size filter, thus also including colloids. Further, the
morphology of particulate matter in thaw ponds and the spatial distri-
bution of iron and carbon within particulate matter is not well under-
stood. These knowledge gaps limit our understanding of coupled iron
and carbon cycling in these systems. This knowledge is particularly
important given that these systems may undergo redox fluctuations
depending on the thaw stage, thus contributing to Fe and/or OC cycling.

In this study, we characterize the speciation of Fe and OC as well as
possible Fe-OC interactions as a function of the thaw stage in pond water
from a permafrost peatland complex in Abisko, northern Sweden. The
peatland complex exhibits a thaw gradient, with distinct thaw stages, i.
e., intact permafrost soil (referred to as “palsa”), partially thawed
permafrost soil dominated by sphagnum mosses (“bogs”), and fully
thawed soils where groundwater infiltration leads to a fen-like, sedge-
dominated wetland, hereafter referred to as “fens” (Fig. 1A). We hy-
pothesize that thawing permafrost leads to the release of previously
inaccessible OC and Fe into thaw ponds, resulting in dynamic Fe-OC
interactions that significantly influence carbon cycling and greenhouse
gas emissions. Specifically, we hypothesize that:

1. Thaw ponds in permafrost peatland areas contain high concentra-
tions of Fe and OC whose distribution differs based on the size
fraction.

2. The accumulation of Fe and C results in the complexation of carbon
by iron.

3. Reducing or redox fluctuating conditions in these thaw ponds result
in mixed redox states of Fe.

The bulk samples (pond water containing suspended particles) from
representative ponds were separated by size and analyzed for their
elemental composition, morphology via light and electron microscopy,
Fe oxidation states, and mineralogy by X-ray diffraction (XRD) and Fe K-
edge X-ray absorption spectroscopy (XAS), spatial correlation between
iron and carbon using scanning transmission X-ray microscopy (STXM)
and functional group composition of OC by Fourier Transform Infrared
(FTIR) spectroscopy. The results of this work provide a better under-
standing of the chemistry of Fe and OC in different fractions present in
thaw ponds and their interactions.
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2. Materials and methods
2.1. Site description

We chose the permafrost peatland Stordalen Mire located in Abisko,
Sweden (68° 22' N, 19° 03’ E) covering approx. 15 km? area to study
thaw ponds (Fig. 1A). The study area experienced air temperatures
ranging from 5 °C to 15 °C, with an average of approximately 11 °C,
during the summer months of June-August in 2021. It also received low
precipitation, with an average of about 1.25 mm/day during the same
period (ICOS Sweden et al., 2022). On sampling days, no heavy pre-
cipitation occurred. Thaw ponds form at the edges of the collapsed palsa
and in bog and fen regions with surface areas of 4-150 m? (Kuhn et al.,
2018). We measured the depth of 20 thaw ponds. Thaw ponds in the bog
were 3-20 cm deep while thaw ponds in the fen were deeper, with
depths ranging from 10 to 46 cm. Some sphagnum mosses were present in
the thaw ponds in the bog (Fig. 1B). In contrast, the dominant vegetation
around the fen thaw ponds was cotton grass (Eriophorum spp.) (Fig. 1C).
We observed loose aggregates in both types of thaw ponds. The particles
within these aggregates that we collected from the bog and fen thaw
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stages were reddish-brown and settled almost immediately after
collection (Fig. 1D). We measured the concentration of dissolved oxygen
(DO) in a bog thaw pond as 0.68 mg/L (<8 % oxygen saturation) at the
surface whereas in the fen areas, it decreased with depth from 4.89 mg/L
at 5 cm depth (54 % oxygen saturation) to 1.47 mg/L at >20 cm depth
(16 % oxygen saturation). The low levels of DO in the bog thaw ponds
relative to those in fens are likely due to the high content of OC, which
leads to high microbial activity, depleting oxygen. In addition, the lack
of hydrological connectivity in bogs results in low oxygen input (Ole-
feldt and Roulet, 2012). All samples were collected in field campaigns
during July (summer) 2020 and 2021 from bog and fen thaw ponds.

2.2. Bulk sampling and characterization

We collected bulk samples from 20 thaw ponds (Fig. S1; Table S1) for
geochemical analysis. Here, we use the term “bulk” for samples collected
without size separation directly from the thaw ponds. These shallow
thaw ponds are delicate and easily disrupted. When collecting samples,
any mixing and the depth of sampling can create variability. To address
this, we collected bulk samples that included the water as well as the
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Fig. 1. Field site and geochemistry of ponds in various thaw stages. Aerial view of the field site with different thaw stages (palsa, bog, and fen) (A). Thaw pond
in a partially thawed bog (B). Thaw pond within a fully thawed fen (C). Fen particles immediately after sampling (D). pH, total organic carbon (TOC), and total iron
concentrations in bog and fen thaw ponds measured from 10 locations per thaw stage. The length of the box represents the interquartile range, and the whiskers
symbolize the minimum and maximum values. The horizontal lines in the boxplot show the average of all values, the cross marks the median, and the circles show

each data point (E).



A. Chauhan et al.

suspended particulate matter from 20 locations in two different stages of
thaw. We acknowledge that there is variability in parallel samplings
from the same pond, but our primary focus is comparing the two
different stages of thaw ponds (bog thaw ponds compared to fen thaw
ponds). It is also important to note that when defining the particulate
fraction, we must consider that this environment is not a stream or a
typical lake, and therefore requires a definition specific to our system.
Within this definition, we do not include a clear ‘sediment’ pool as we
did not reach the non-suspended solids that formed the bottom of these
thaw ponds. We mixed the ponds gently and collected the water with
suspended particles in Schott® bottles, which were then sealed with
sterilized butyl rubber stoppers. After sampling, we added 100 pL of the
bulk sample to 400 pL of 1 M HCI to stabilize the unfiltered samples for
Fe(II) and Fe total quantification. The stabilized samples were stored in
the dark at 4 °C and later analyzed using the spectrophotometric assay
(Stookey, 1970) after centrifugation (14,674 g). We stored the remain-
ing bulk samples at 4 °C in the dark for TOC and elemental quantifica-
tion. The TOC was quantified using a total organic carbon analyzer
(High TOC II, Elementar, Analysensysteme GmbH, Germany), and
samples were acidified with 2 M HCl (to remove inorganic carbon)
before analysis. The elemental analyses (e.g., Na, K, Mn, Fe, P, and Al)
were conducted using inductively coupled plasma mass spectrometry
(ICP-MS) (Text S1; Fig. S2).

2.3. Size separation of bulk samples

Out of 20 ponds, we chose two thaw ponds (one from each thaw
stage) for the separation of the suspended solids into size fractions in an
anoxic glovebox (Mbraun Unilab Workstation, 100 % Ny, Oy < 5 ppm,
Germany). To ensure that no oxygen was present, we sparged the sam-
ples in Schott® bottles with sterile N gas for 30 min before taking them
inside the glovebox. The samples were sparged at a low flow rate to
minimize particle breakage. Inside the glovebox, the sample was first
separated by filtration (<450 pm) to remove large particles, insects, or
broken large plant debris. Then, it was further divided into three oper-
ationally defined fractions: Large particulate fraction (LPF), small par-
ticulate fraction (SPF), and dissolved fraction (DF). We defined the LPF
as the fraction that settled after 1 h in a 1 L bottle and contained the
majority of particles on a volume basis upon visual observation. The
overlying suspension was filtered using a 0.45 pm size membrane (MF-
Millipore™ Membrane Filter, mixed cellulose ester (MCE)). The residue
on the filter was defined as SPF and the filtrate was defined as DF
(schematic in Fig. S3). The approximate size range for the fractions was
calculated using Stoke’s Law, as mentioned in the SI (Text S5). The
particle radius cut-off range for the LPF was 2.84 pm to 70.28 pm (mean
particle size measured by light scattering; Text S4; Fig. S12), and for the
small particulate fraction (SPF), it was 0.45 pm to 2.84 pm. The obtained
size fractions were freeze-dried anoxically (Martin Christ Alpha 1-4 LSC
plus, Germany) into powders for further analysis (XAS and FTIR,
detailed below).

2.4. Geochemical analysis of size fractions

We quantified Fe and OC in all size fractions by extraction with
anoxic 1 M HCI (1 h). We chose this extraction as it is expected to target
poorly crystalline iron oxyhydroxides (Sidhu et al., 1981) and therefore
release any associated OC. We acknowledge that this may be an un-
derestimate as certain fractions of organic matter may precipitate or
stabilize at such a low pH (Eaton et al., 1985). We quantified the
extractable Fe and OC for the bulk (unseparated sample containing all
fractions together) and for each size fraction. In the case of the bulk
sample, we mixed the sample and added 1 mL of the sample into 1 mL of
1 M HCI. For the different size fractions: (a) LPF — was added into 1 mL
of 1 M HCI, (b) SPF — the filter paper containing the SPF was folded and
placed in a headspace vial containing 5 mL of 1 M HCl, (c¢) DF — 1 mL of
the DF filtrate was added into 1 mL of 1 M HCl. The LPF was pipetted
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from the bottom of the bottle and added into the vial containing 1 M
HCI. After 1 h of extraction, the samples were centrifuged at 14,674 g for
10 min, and the supernatants were collected for all the fractions. To
account for OC from the filter, we placed an unused filter paper in 5 mL
of 1 M HCl as a control. The measured OC of the filter extract was then
subtracted from the sample values. The released Fe was quantified using
the spectrophotometric assay and the released OC using the TOC
analyzer.

2.5. Imaging via microscopy

2.5.1. Light microscopy

For the visualization of particles present within the thaw ponds, 1 mL
of the bog and fen bulk samples from the anoxically stored bottles were
transferred to a 1.5 mL Eppendorf tube. A subsample (6 pL) was mixed
with 2 pL of the SYTO9 green fluorescent dye (LIVE/DEAD™ BacLight™
Bacterial Viability and Counting Kit, Thermo Fisher Scientific Inc.,
Massachusetts, USA) to stain the cells for detection of living cells using a
fluorescence microscope (Leica Microsystems GmbH, Wetzlar, Ger-
many) at 40x magnification. The samples were also viewed under a
stereomicroscope for the morphological characteristics of the particles
(Text S2; Fig. S4).

2.5.2. Scanning electron microscopy (SEM) and energy dispersive X-ray
analysis (EDX)

SEM was done on samples from bog and fen thaw ponds. To prepare
samples, 1 mL of the bulk (i.e., unseparated) sample from the Schott
bottle was added to a 12-well plate, containing poly-i-lysin-coated glass
slides. The particles were set to settle down and attach to the poly-L-lysin
for 30 min. Avoiding any sample movements such as bubbling or
centrifugation, this procedure kept the size and morphology of the
particulate matter intact during chemical fixation and washing steps.
Chemical fixation was performed with 2.5 % glutaraldehyde at 4 °C for
2 h. For the preparation of the fixative, we used the liquid phase of the
original sample by aliquoting 1 mL of the bulk sample and centrifuging
at 14,674 g for 10 min. The supernatant was used as the medium for
glutaraldehyde. After fixation, the samples were washed two times with
double deionized water (Barnstead MQ system, Thermo Fisher Scienti-
fic, Germany, >18 MQ cm) and then the subsequent dehydration was
done with ethanol solutions of increasing concentrations (30, 70, and 99
%, each step for 5 min) and two times with 100 % ethanol for a cycle of
30 min each. Finally, the glass slides were dipped twice in hexame-
thyldisilazane (HMDS) for 30 s each and then dried on filter paper in a
fume hood at room temperature. The glass slides were attached using
adhesive carbon tape to aluminum stubs which were then coated with 8
nm of platinum using a BAL-TEC SCD 005005 sputter coater. Image
acquisition was done using a Crossbeam 550 L Focused lon Beam SEM
(Zeiss, Oberkochen, Germany) operating at an acceleration voltage of 2
kV (for the morphological characterization) and a working distance of 5
mm. All images were taken using the secondary electron secondary ion
(SESI) detector. An Oxford Instrument Energy Dispersive Spectrometer
(EDX) detector (UltimMax 100) and AZtecEnergy Advanced software
were used in combination with manual interpretation for the EDX
analysis at an acceleration voltage of 20 kV and a working distance of 5
mm. Four replicates per sample were analyzed for elemental charac-
terization by mapping and point scans. Point scans were also done on the
background for reference.

2.6. Scanning transmission (soft) X-ray microscopy (STXM)

Fen samples for STXM analysis were suspended in anoxic ultrapure
water (Seralpur PRO 90C). One pL aliquots were deposited onto formvar
coated 300 mesh Cu TEM-grids (Plano GmbH, Wetzlar, Germany) in a
glovebox (Glovebox Systemtechnik, 100 % N, Oz < 1 ppm), blotted,
and dried immediately. The samples were analyzed at the spec-
tromicroscopy beamline 10ID-1 at the Canadian Light Source (CLS)
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(Kaznatcheev et al., 2007). The 2D image stacks of regions with several
particles each were recorded across both the C-1s and the Fe-2p ab-
sorption edges. The selected energy step sizes in the energy regions of
interest were 0.1 eV at the C-1s and 0.15 eV at the Fe-2p absorption
edge. STXM data were processed using the aXis2000 software package
(Hitchcock, 2023). The image stacks were corrected for glitches,
concatenated, aligned, and converted to linear absorbance scale where
the optical density (OD) is calculated according to

oD = —In(1/I,)

where I is the intensity and Iy is the intensity in the empty regions
adjacent to the sample region. The Fe-2p stacks were analyzed by linear
decomposition using spectra of pure siderite as a model representing Fe
(II), and goethite, representing Fe(IIl). The resulting Fe(II) and Fe(III)
distribution maps were masked by thresholding and spectra of the
respective Fe(I)-rich or Fe(Ill)-rich regions were then extracted at both
the Fe-2p and the C-1s edges. The maps of Fe(Il) and Fe(IIl) were
superimposed in an RGB overlay with a C map that was derived by
subtracting the average of all images in the Cls pre-edge (275-282 eV)
from the average of all images in the post edge (285-340 eV). The 2D
histograms of both Fe phases with C were derived after automated
thresholding to exclude background noise using the Fiji plugin ScatterJ,
which was also used to calculate the respective Pearson’s correlation
coefficients (Schindelin et al., 2012; Zeitvogel et al., 2016).

2.7. Iron K-edge X-ray absorption spectroscopy (XAS)

To determine the Fe oxidation state and speciation in our samples, Fe
K-edge (7112 eV) X-ray absorption spectroscopy (XAS) was conducted
on beamline 4-1 at the Stanford Synchrotron Radiation Laboratory
(SSRL), at Menlo Park, CA under ring operating conditions of 3 GeV with
a current of 450 mA. Anoxically freeze-dried thaw pond fractions were
gently homogenized using a mortar and pestle in a glovebox (MBraun
Unilab Workstation, 100 % Ny atmosphere, Germany), mixed with
polyvinylpyrrolidone (PVP), and pressed into pellets of 7 mm diameter.
The pellets were fixed between Kapton® tape and kept anoxic until
measurements at the beamline. Since the mass and Fe content of the SPF
was very low compared to that of LPF and DF, we focused on the DF and
LPF for XAS analyses. A double crystal Si (220) monochromator was
used and spectra were collected at 80 K (using a liquid N5 cryostat) in
fluorescence mode with a Lytle detector. Between 6 and 8 individual
spectra were averaged for each sample. Pure elemental Fe foil was used
for energy calibration for Fe at 7112 eV. The fluorescence Fe X-ray ab-
sorption near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) spectra were averaged, and pre-and post-edge
subtracted using Athena (Ravel and Newville, 2005). First, a linear
combination fitting (LCF) was performed on normalized Fe K-edge
XANES to determine the redox state of iron. The subset of references
used included Fe(I)-NOM, Fe(IIl)-citrate, and ferrihydrite. The k3.
weighted Fe K-edge EXAFS analysis was also performed using Athena to
identify potential Fe-bearing phases in the samples (Ravel and Newville,
2005). LCF of spectra was performed in k3-weighted k-space between k
= 2 and 12, using the following end-members: siderite (FeCOs), 2-line
and 6-line ferrihydrite (Fe(OH)3-nH50), goethite (a-FeOOH), ferros-
mectite, Fe(Il, III)-catechol, Fe(Il) complexed with Suwanee River
Humic and Fulvic Acids (Fe(II)-SRHA), Fe(II)-SRNOM,.q and Fe(III)-
citrate. (Details of Fe(II)-NOM preparation and characterization are
provided in Daugherty et al., 2017). These references were chosen based
on their likelihood to be present under experimental conditions. Fe(III)-
citrate and 6-line ferrihydrite are used as references in combination to
represent Fe(Ill) species whereas Fe(II)-SRNOM,q is used for Fe(II)
species. Although a traditional uncertainty measure such as standard
deviation is not possible with XAS due to sample and beamtime limi-
tations, the low R-factor and reduced y? values of the LCF fits indicate
the goodness of fits. In the fitting procedure, only components

Science of the Total Environment 946 (2024) 174321

contributing 5 % or more were included as smaller contributions could
not be uniquely identified.

2.8. Fourier transform infrared (FTIR) spectroscopy

The organic functional groups in the size fractions from the thaw
ponds were characterized by Fourier Transform Infrared (FTIR) spec-
troscopy (VERTEX 80v vacuum FTIR spectrometer, Bruker Optik GmbH,
Germany). The anoxically freeze-dried material of each fraction (2 mg)
was mixed with 248 mg of potassium bromide (KBr), homogenized using
a pestle and mortar, and pressed into a pellet. The spectrometer was set
up to scan from 400 to 4000 em ™, recorded with a resolution of 4 cm ™.
We collected and averaged 32 scans per sample. The collected spectra
were baseline corrected and functional groups were assigned to the
peaks observed in the spectra based on past studies (Heller et al., 2015;
Hodgkins et al., 2014; Li et al., 2020; Pedersen et al., 2011; Thoma-
sArrigo et al., 2014).

3. Results and discussion
3.1. Bulk chemical characterization of thaw ponds

We first discuss unfiltered bulk water in thaw ponds, containing both
particles and dissolved fraction. A comparison of pH, TOC, and Fe
concentrations in bog and fen thaw ponds will help us understand the
differences and similarities between ponds at different thaw stages. The
geochemistry of the thaw ponds was influenced by the vegetation and
soil geochemistry in each thaw stage. The pH of the ponds in the
sphagnum-dominated bog ranged from 3.9 to 4.5 (4.4 + 0.4; mean +
standard deviation) and that of the fen thaw ponds ranged from 5.2 to
6.0 (5.9 +0.3) (Fig. 1E), consistent with previously measured porewater
pH ranges at the same field site (Patzner et al., 2020). The measured TOC
concentrations in the bog ponds were between 50 and 352 mg/L (mean
= 170 mg/L). These values are consistent with past measurements of
DOC (measured based on 0.45 pm size cutoff) from Stordalen and the
neighboring Storflaket mire thaw ponds (40 to 114 mg/L; Payandi-
Rolland et al., 2020; Pokrovsky et al., 2018) and higher than those re-
ported for western Canadian permafrost lakes (14 to 63 mg/L; Kuhn
et al., 2018). The TOC concentration was significantly lower in the fen
thaw ponds (p < 0.015), ranging from 8.5 to 268 mg/L, with an average
of 17 mg/L. Although we observed high TOC values (196 and 268 mg/L,
respectively) for two fen thaw ponds (Fen 1 and 2, Table S1), the ma-
jority of fen thaw ponds had TOC concentrations < 50 mg/L (Fig. 1E).
We speculate that Fen 1 and Fen 2 were hydrologically connected to
adjoining bog areas, resulting in high TOC values (Fig. S1) and thus
more likely influenced by the bog geochemistry.

Both bog and fen thaw ponds exhibited high iron concentrations. The
suspended iron concentrations in bog ponds ranged from 1 to 35 mg/L
with a mean of 13 mg/L. The concentrations measured in fen ponds were
substantially higher: 1.5-212 mg/L, with a mean of 30 mg/L. The higher
iron concentrations in the fen thaw ponds relative to the bog thaw ponds
are indicative of the geochemistry of the soil bordering the thaw ponds;
porewater from fen soils generally exhibits higher iron concentrations
(up to 85 mg/L in fen soil compared to 45 mg/L in bog soil porewaters
(Patzner et al., 2020)). Fens are connected to the groundwater, resulting
in more hydrological input of inorganic chemical species and higher
concentrations of cations such as Fe and Na than bogs. The iron and
carbon concentrations measured here were higher than those observed
in a previous study of a Stordalen thaw pond (Pokrovsky et al., 2018),
likely due to (i) the filtration (<0.45 pm) of the pond water by Pokrovsky
et al. or (ii) temporal or spatial heterogeneity. We observed low values of
Mn (<1 % of the concentration of Fe), P (<7 % of the concentration of
Fe), and Al (<4 % of the concentration of Fe) in both bog and fen thaw
ponds (Fig. S2). Therefore, we expect that these elements play a minor to
negligible role in our system. We chose to do bulk sample character-
ization for all 20 ponds and found that the differences between the thaw
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stages were much more prominent than differences between thaw ponds
within a specific thaw stage. For further analyses, we therefore chose
smaller subsets of the samples.

3.2. Visualization of particulate matter within thaw ponds

The visualization of particles in bog and fen thaw ponds was done
using microscopy. Light and stereomicroscopy showed that suspended
particulate matter was heterogeneous with aggregates of different sizes
(Fig. 2, and Fig. S4A, D). The aggregates were composed of decomposed
plant material, minerals, and microbial cells. We used SEM to better
visualize aggregate components at a smaller scale. The size of aggregates
observed in the bog ranged from 100 nm up to 50 pm (Fig. S5A). The
larger bog aggregates appeared to be composed of plant parts, likely
sphagnum moss made up of hyaline cells with intact or broken mem-
branes and larger pore spaces (Fig. S4B). The presence of visible plant
debris in the large particles indicated a slow decomposition rate of peat.
Bogs showed different types of organic structures as aggregates, mesh, or
tubular structures (Fig. 2B, C, and Fig. SSD-F). The aggregates were
more compact than those in fen thaw ponds and had a large number of
encrusted, cylindrical cells (size up to 1 pm) (Fig. S5B, C).

Aggregates from fen were micron-sized, in which aggregates of
smaller particles clumped together can be seen (Fig. 2F, and Fig. S6A).
We speculate that these aggregates could primarily be iron oxy-
hydroxides, similar to reports of ferrihydrite (Fh). These are single
particles of 5-6 nm packed together to form aggregates larger than 0.1
pm in diameter (Cornell and Schwertmann, 2003). We also observed
ribbon-like stalks resembling structures produced by Gallionella spp.,
and encrusted Leptothrix-type sheaths in fen (Fig. 2E, Fig. S6B-D)
(Duckworth et al., 2009), indicating possible microbial Fe(II) oxidation.
Although Fe(Il)-oxidizing microorganisms have not been reported in
permafrost thaw ponds, Patzner et al., 2022 found abundant and active
Gallionella spp. in collapsed palsa soils. As a comparison, the aggregates
and microbial mats in Icelandic peat seepage also reported the abun-
dance of twisted stalks of microaerophilic Fe(II)-oxidizers and Lepto-
thrix-type structures (Fleming et al., 2014; ThomasArrigo et al., 2022).
Different shapes and sizes of diatoms were also seen in the ponds
(Fig. S4E). Additional protozoans that can be identified in bog ponds
resembling the morphology of Arcella vulgaris, testate amoebas, and
Euglypha ciliata which live in peat moss and aquatic plants of the forest
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(Fig. S4C, F) (Bobrov et al., 2002; Mieczan, 2012).

3.3. Iron and carbon chemistry of size fractions

We present Fe and OC concentrations in the fractions and the bulk
(unfiltered) water in bog and fen ponds. Note that in the bulk water and
the DF, particles as well as the dissolved chemical species are included.
We use mg/L to express the extractable Fe and OC concentrations
(normalized to the original volume of the samples collected in the field)
to allow for comparison among the fractions and different thaw stages of
the pond. In the bog, the extractable Fe concentration in the bulk sus-
pension, i.e., without separation into size fractions, was 93 + 1.47 mg/L
(Fig. 3). The extractable Fe concentrations in the fractions were 0.3 +
0.06 mg/L in LPF, 0.9 + 0.04 mg/L in SPF, and 88 + 3.09 mg/L in DF.
The LPF had the lowest amount of Fe in the bog among all the fractions
which is consistent with our observations that the bog contained large
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Fig. 3. Iron (Fe) and organic carbon (OC) distribution in bulk samples and
different fractions. Fe and OC concentrations (conc.) based on acid extraction
(1 M HC)) in bulk (i.e., unseparated) sample and different size fractions: large
particulate fraction (LPF), small particulate fraction (SPF), and dissolved (DF)
fraction of bog and fen. The values have been calculated back to the concen-
tration in the original thaw pond samples. The error bars show the standard
deviation between the analytical replicate measurements.

Fig. 2. Micrographs of bog and fen samples. Light microscopy (A, D) and scanning electron microscopy (B, C, E, F) images of bulk samples from bog and fen thaw
ponds. In the light micrographs A and D, live cells (green), and dead cells (red) can be observed. Aggregates of minerals, microorganisms, and possible organic-rich
materials in bog and fen can be seen (B, C, E, and F). The twisted stalk and sheath structures (marked with yellow arrows) are indicative of Fe(I)-oxidizing mi-

croorganisms like Gallionella spp.(1), and Leptothrix-type spp. (2) (E).
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plant debris which may be present in the LPF. It is also to be noted that
after the 1 M HCl extraction, the samples were centrifuged and then the
extract containing the dissolved iron was measured. This could mean
that the fraction of iron not extracted and dissolved by 1 M HCI is not
measured for the SPF and LPF. However, we expect to have extracted
most, if not all, iron by a 1 M HCI extraction based on iron speciation
results below (Section 3.5). The Fe concentration in the DF was com-
parable to the Fe concentration in the bulk suspension, suggesting that
the majority of iron in the thaw ponds was present in the DF. Such
stabilization of dissolved Fe could be due to the low pH and the presence
of high concentrations of OC in bog thaw ponds (Amstaetter et al., 2012;
Daugherty et al., 2017). By definition, the <0.45 pm fraction contains
colloids in addition to dissolved species; as a result, colloidal particles
containing Fe may have been stabilized by the high OC.

As shown in Fig. 3, the bulk fen pond sample contained 137 + 3.5
mg/L of Fe. The Fe concentrations in the bulk fen suspension were ~1.5
times higher than the concentrations in the bog. This higher concen-
tration was likely the result of a higher water table and higher hydraulic
conductivity with groundwater in the fen. An increase in the porewater
Fe?" concentration from palsa to fen soils has also been observed by
Patzner et al. (2020). The distribution of Fe in different fen fractions
showed lower concentrations in the LPF with 5 &+ 0.09 mg/L and in the
SPF with 4 + 0.24 mg/L and the highest concentration in the DF with
103 + 1.19 mg/L. Similar to the distribution of Fe in the bog thaw
ponds, the majority of the Fe was present in the DF and only a small
fraction was present in the SPF and LPF.

The extractable OC in the bulk suspension from the bog was 111 +
1.80 mg/L (Fig. 3). The distribution of OC in the bog fractions was 0.60
+ 0.14 mg/L in the LPF, 8 & 1.72 mg/L in the SPF, bulk suspension TOC,
suggesting that most of the OC in bog thaw ponds is present in the DF.
The total extractable OC from the bulk fen suspension was found to be
47 + 0.64 mg/L. The OC extracted from the fen fractions was present in
concentrations of 2 + 0.16 mg/L in the LPF, 6 + 0.48 mg/L in the SPF
and, 40 + 0.26 mg/L in the DF. The overall lower values of extractable
OC in the fen fractions are consistent with the observation that the

FEN
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export of fen DOC is higher than the import (Olefeldt and Roulet, 2012;
Tang et al., 2018). The presence of high OC in the DF is also consistent
with the observation that there is high Fe in the DF, i.e., there is suffi-
cient OC for the stabilization of dissolved Fe (Amstaetter et al., 2012;
ThomasArrigo et al., 2022). The OC extracted from the bulk suspensions
with acid extraction (as shown in Fig. 3) was higher than the average
TOC content of the thaw ponds (as shown in Fig. 1E). This suggests the
presence of OC that is likely associated with the iron minerals that were
dissolved with 1 M HCI.

3.4. Spatial correlation between iron and carbon

We investigated the spatial relationship between Fe and C in the
thaw pond aggregates (particles) using SEM-EDX analysis and STXM-
NEXAFS (Near-Edge X-ray Absorption Fine Structure) (Fig. 4, Fig. 5,
Fig. S7 and Fig. S8). SEM analysis of a representative aggregate from the
bog showed that Fe amounts were low, and the main element detected
was carbon (Fig. 4B). The fen showed the distribution of Fe and C
throughout the aggregate structures (Fig. 4D). Iron rich hotspots were
observed in which the EDX spectrum also showed C, O, Na, P, K, and Ca
peaks, suggesting the presence of iron (oxyhydr)oxides and associated
elements (Fig. S7). The high peaks of Si are observed due to the sample
holder material. The EDX spectrum collected at a location without
particles (i.e., background) indicated that the carbon signal in the ag-
gregates was significantly higher than in the background.

Analysis of fen samples by synchrotron-based STXM-NEXAFS also
showed the co-location of Fe and C (Fig. 5, and Figs. S8, S9). While SEM-
EDX allowed for analyzing elemental correlations, the intrinsic NEXAFS
contrast of STXM allowed for a more detailed analysis distinguishing
between Fe(II) and Fe(IlI). Within the analyzed aggregates, Fe(Il) was
dominant and widely distributed all over the aggregates. In contrast, the
distribution of Fe(III) was much more localized (Fig. 5C). The correla-
tion of C with Fe(II) was very high in these aggregates with a Pearson’s
correlation coefficient r = 0.91 (Fig. 5D). In contrast, Pearson’s corre-
lation coefficient of C with Fe(III) was only 0.75 (Fig. S9). The strong

Fig. 4. Iron (Fe) and carbon (C) distribution in the particles from bog and fen thaw ponds. SEM-EDX analysis showing the distribution of Fe and C (the area

highlighted by green and red respectively) in bog (A, B) and fen (C, D) aggregate.
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Fig. 5. Synchrotron-based STXM analysis of individual particles in fen
pond samples. Rescaled Fe-2p NEXAFS spectra extracted from Fe(II) and Fe
(IlD)-rich regions respectively of the aggregates (A). The aggregates are in
general rich in Fe(II) as confirmed by spectral decomposition using spectra of
known reference compounds (B). A red-green-blue (RGB) color overlay of Fe
(ID), C, and Fe(III) respectively, illustrates the heterogeneous distribution of the
Fe species (scalebar = 1 pm). The dark regions inside the aggregates were
masked for mapping to avoid problems with absorption saturation (C). The 2D
histogram of the carbon (C) and Fe(II) phases illustrates a high correlation of Fe
(I1) with carbon, which is supported by Pearson’s correlation coefficient r =
0.91 (D).

correlation of Fe(Il) and C is a clear indication of a sorption or
complexation process of Fe(II) with the organic carbon phase. The lower
correlation of Fe(IlI) with carbon, the more localized distribution
(Fig. 5C), and the horizontally stretched distribution at high C and Fe
(III) absorbance in the 2D histogram (Fig. S8), all indicate the associa-
tion of organic carbon with a precipitated Fe(III) phase.

3.5. Iron redox state and speciation in bog and fen fractions

To investigate the redox state and speciation of Fe, we used Fe K-edge
X-ray absorption spectroscopy (XAS) including XANES and EXAFS re-
gions. We analyzed the dissolved and large particulate fractions (DF and
LPF) as the SPF fraction did not yield sufficient mass and was shown to
contribute negligibly to the overall iron pool based on the extraction
data (Fig. 3). The DF corresponds to both dissolved complexes that
precipitated during freeze-drying and colloids within the <0.45 pm
fraction. Based on the linear combination fitting of the XANES region,
we observed the coexistence of Fe(II) and Fe(III) in all fractions (Fig. 6,
Fig. S10A, and Table S2). The LPF of the bog contains 71 % Fe(II) and 29
% Fe(Ill) whereas DF is shown to have 53 % Fe(II) and 47 % Fe(III).
Similarly, fen also displayed a distribution of Fe(II) and Fe(III) similar to
the bog fractions. Fen LPF had 64 % of Fe(II) and 36 % of Fe(Ill), while
DF had 41 % of Fe(II) and 59 % of Fe(III) (fit results shown in Table S2).

The LCF analyses of the Fe K- edge EXAFS region were performed to
investigate the contribution of Fe species. The data and fit results are
given in Table 1 and Fig. S10B. The LPF of the bog consisted of 62 % Fe
(I)-NOM  (combining Fe(II)-catechol, Fe(II)-SRHA, and Fe(ID)-
SRNOM;cq), 27 % Fe(IlI)-NOM, and the rest 11 % ferrihydrite. The co-
presence of Fe(Il) and Fe(Ill) can be explained by the high
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Fig. 6. Iron speciation using Fe K-edge X-ray absorption near edge
structure (XANES) spectroscopy. Linear combination fitting of Fe K-edge
XANES shows the iron redox state of dissolved (DF) and large particulate
fractions (LPF) in bog and fen. Supplementary Table 2 contains the relative
fractions in % and fit quality information.

concentrations of organic matter that complex and stabilize Fe(II) and Fe
(II1) at low pH. The source of dissolved Fe(Il) is likely reductive iron
mineral dissolution during permafrost thaw (Patzner et al., 2020). In the
DF, we observed 42 % Fe(II)-NOM, 36 % Fe(III)-NOM, and 22 % poorly
crystalline Fe(IlI) mineral ferrihydrite. Although it was initially coun-
terintuitive that ferrihydrite, an Fe(III) mineral, was observed in the DF,
one possible reason is the nanoparticulate nature of ferrihydrite. In the
presence of high concentrations of organic matter, ferrihydrite nano-
particles may be stable and aggregation followed by settling may be
inhibited (Amstaetter et al., 2012). As the operational definition of the
dissolved fraction is <0.45 pm here, it is possible that these stabilized
ferrihydrite nanoparticles passed through the filter and were present in
the DF. To better understand the nature of Fe in this small size range
(<0.45 pm), future work should use techniques such as ultrafiltration.

The LPF of the fen was fitted with 81 % Fe(II)-NOM, 8 % Fe(III)-
NOM, and 11 % ferrihydrite. Fen DF comprised 10 % Fe(II)-NOM, 51
% Fe(1I1)-NOM and 39 % ferrihydrite. The presence of poorly crystalline
ferrihydrite may be due to the high organic carbon concentration (40
mg C/L), similar to the bog samples. We also observed a peak in the FTIR
spectrum at 791 cm ™! (Fig. 7), present only in fen DF. This corresponds
to mineral phases (possibly H—O—Fe>") indicating the high mineral
presence in the fen DF compared to the bog (Stubican and Roy, 1961;
Pedersen et al., 2011). Ferrihydrite or a ferrihydrite-like poorly crys-
talline phase in the fen samples was supported by the observation of
weak reflections characteristic of 2-line ferrihydrite in XRD patterns
(Fig. S11). In our study, X-ray absorption spectroscopy (XAS) was used
to investigate the association between reactive iron minerals. Unlike
traditional wet chemical extractions (e.g., dithionite-citrate-
bicarbonate) that may cause redox changes, XAS allowed us to
analyze the redox state of iron.

3.6. Functional group composition of organic carbon

The chemical composition of organic carbon in the dissolved and
large particulate fractions (DF and LPF) was analyzed using FTIR spec-
troscopy (Fig. 7). Here the DF and LPF used are freeze-dried, and the DF
constitutes dissolved complexes and colloids present in the <0.45 pm
fraction. The data shown includes one sample from each thaw pond,
which were separated into the DF and LPF fractions. Although hetero-
geneity exists in the ponds, we expect that our results are (qualitatively)
representative given the consistency between our FTIR and STXM ana-
lyses which were done on separate pond samples. Both bog fractions
exhibited a peak at 1720 cm™! indicating the presence of the C=0
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Table 1
Linear combination fit (LCF) results for Fe K-edge EXAFS spectra of bog and fen fraction samples.
Sample Fe(II) species (%) Fe(III) species (%) R-factor Red. 32
Fe(Il)-catechol Fe(I)-SHRA Fe(I)-SRNOM Fe(IIl)-citrate Ferrihydrite
Bog LPF 11 46 5 27 11 0.02 0.054
Bog DF 19 0 23 36 22 0.04 0.098
Fen LPF 32 0 49 8 11 0.03 0.048
Fen DF 10 0 0 51 39 0.04 0.069
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Fig. 7. FTIR spectra of separate size fractions in bog and fen. Fourier-
transform infrared (FTIR) spectra of dissolved and large particulate fractions
(DF and LPF) of bog and fen samples. The grey area represents the peaks
characteristic of certain functional groups.

stretch of protonated carboxylic acids (COOH) or aromatic esters (Picard
et al., 2019). This peak was consistent with the low pH and can be
attributed to the organic acids released by sphagnum moss (Hodgkins
et al., 2014). Additionally, peaks at 1600-1650 em ™! relating to aro-
matic alkenes, conjugated carbonyl, or deprotonated carboxyl groups,
and 1395-1430 cm ™! relating to COO~ or the C—O stretch of phenolic
groups were observed. The DF had a distinct peak of phenolics, while the
particulate fraction in bogs had a peak of aromatic alkenes. Further-
more, a peak at 1510 cm™! was identified, likely corresponding to the
lignin residues in the bog large particles (Mascarenhas et al., 2000).
Finally, a 1030-1080 cm ™! peak was observed, suggesting an abundance
of carbohydrates or polysaccharides in the bog ponds.

The carboxylic acid band (1720 cm ’1) was weaker in the fen sam-
ples, likely due to the high pH compared to the bog. The recorded peaks
indicate a high level of polysaccharides (1090 cm™1), with fewer lignin
and aromatics (1650 cm ') relative to the bog samples, suggesting a
lower abundance of aromatics in fen DF. The presence of phenolics
(1430 cm™ 1) and O-alkyl (1280 cm™!) were also observed in the fen. The
presence of functional groups like quinone, aromatic, phenolic,
aliphatic, carboxylic, and O-alkyl in fen SPF was supported by the results
of C NEXAFS analysis (Table S3), all indicating the association of organic
carbon with a precipitated Fe(II) and Fe(IIl) phase (Fig. S9). The C
NEXAFS data specifically show the association of carboxylic acids, ar-
omatic groups, and phenol groups with both Fe(II) and Fe(III) (Fig. S9B;
Table S3), consistent with past reports of Fe-organic complexation
(Daugherty et al., 2017). While the NEXAFS data is based on the fen
samples, we expect that similar functional groups are also involved in
binding iron in the bog thaw ponds.

Fe(II) in the thaw ponds undergoes complexation with NOM or precip-
itation as poorly crystalline Fe(III) (oxyhydr)oxides close to the water
table, likely due to the diffusion of oxygen from the surface into the
water followed by Fe(Il) oxidation. These pathways thus result in Fe(II)
and Fe(Ill) chelated by OM, as indicated by our XAS data. To our
knowledge, this study has provided the first evidence of Fe-OC com-
plexes in different size fractions ((dissolved (DF; <0.45 pm), small
particulate (SPF; 0.45-2.84 pm), and large particulate (LPF; 2.84-70.23
pm)) and has shown the redox state of Fe. Since Fe-associated OC may be
more protected from microbial activity (Chen et al., 2020), this might
mean that the OC in the thaw ponds is similarly protected. Further, Fe
(III) is stabilized in the DF, either as Fe(III)-OM or ferrihydrite, and may
be stable under reducing conditions typical of anoxic periods (Mejia
et al., 2018). The eventual release of organic carbon as CO, and CHy
from thaw ponds is dependent on the microbial utilization of the iron
and carbon. In these low oxygen systems, if Fe(IIl) is used as an electron
acceptor, these thaw ponds may result in high CO fluxes but lower CH4
fluxes (Van Bodegom et al., 2004). Future work should focus on the
understanding of the redox transformations and stability of these in-
teractions and their contribution to CO, emissions from these ponds.

4. Conclusions

In this study, we investigated the biogeochemistry of iron and carbon
in permafrost thaw ponds using a combination of wet chemical, spec-
troscopic, and microscopic techniques. Our work indicates that iron
likely plays a crucial role in thaw pond geochemistry. Both bog and fen
thaw ponds have significant iron concentrations (up to 100 mg Fe/L in
the <0.45 pm fractions), with higher concentrations in fen ponds. The
geochemistry of the surrounding soils is thought to be the cause of this
variation as fen soils naturally have higher iron contents due to hydro-
logical connectivity with the groundwater. The iron chemistry within
these ponds may also be related to microbial activity based on aggregate
morphologies indicative of Fe(Il)-oxidizing microorganisms. Our study
also showed that organic carbon is bound to iron in the form of Fe(II)-
OM and Fe(II[)-OM complexes based on X-ray absorption spectros-
copy. This organic carbon may be less bioavailable for microbial
decomposition than uncomplexed organic carbon and we speculate that
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this may result in a slower release of CO5 and CHy4, This effect should be
studied further. The complexation of Fe (Fe(II) and Fe(III) species) by
organic carbon, in turn, affects the stability of iron species, resulting in
high Fe(IIl) contents in the <0.45 pm fraction. High concentrations of
organic carbon may also have promoted the presence of ferrihydrite
nanoparticles, a weakly crystalline Fe(III) mineral, in the DF (<0.45
pm). The Fe phases (Fe(I)-OM, Fe(IlI)-OM, and ferrihydrite nano-
particles) may act as electron donors and/or acceptors for Fe(IIl)-
respiring microorganisms, thus further affecting carbon cycling within
the thaw ponds.
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Appendix A Supplementary data

The supporting information provides details on the distribution of Fe
and C, Fe speciation, and organic functional groups present in bog and
fen thaw ponds. It includes figures and tables showing the sampling
locations, geochemical parameters, morphology, and elemental
composition of bulk bog and fen thaw ponds. In addition, it shows SEM
micrographs, XRD patterns, STXM spectra and fits, Fe K-edge XANES
and EXAFS spectra, and LCF results for XANES of DF, SPF, and LPF
fractions of bog and fen thaw ponds. Supplementary data to this article
can be found online at https://doi.org/10.1016/j.scitotenv.20
24.174321.
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