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Ice-rich permafrost has been subject to abrupt thaw and thermokarst formation in the past
and is vulnerable to current global warming. The ice-rich permafrost domain includes
Yedoma sediments that have never thawed since deposition during the late Pleistocene
and Alas sediments that were formed by previous thermokarst processes during the
Lateglacial and Holocene warming. Permafrost thaw unlocks organic carbon (OC) and
minerals from these deposits and exposes OC to mineralization. A portion of the OC can be
associated with iron (Fe), a redox-sensitive element acting as a trap for OC. Postdepositional thaw processes may have induced changes in redox conditions in these
deposits and thereby affected Fe distribution and interactions between OC and Fe, with
knock-on effects on the role that Fe plays in mediating present day OC mineralization. To
test this hypothesis, we measured Fe concentrations and proportion of Fe oxides and Fe
complexed with OC in unthawed Yedoma and previously thawed Alas deposits. Total Fe
concentrations were determined on 1,292 sediment samples from the Yedoma domain
using portable X-ray ﬂuorescence; these concentrations were corrected for trueness using
a calibration based on a subset of 144 samples measured by inductively coupled plasma
optical emission spectrometry after alkaline fusion (R2  0.95). The total Fe concentration is
stable with depth in Yedoma deposits, but we observe a depletion or accumulation of total
Fe in Alas deposits, which experienced previous thaw and/or ﬂooding events. Selective Fe
extractions targeting reactive forms of Fe on unthawed and previously thawed deposits
highlight that about 25% of the total Fe is present as reactive species, either as crystalline
or amorphous oxides, or complexed with OC, with no signiﬁcant difference in proportions
of reactive Fe between Yedoma and Alas deposits. These results suggest that redox driven
processes during past thermokarst formation impact the present-day distribution of total
Fe, and thereby the total amount of reactive Fe in Alas versus Yedoma deposits. This study
highlights that ongoing thermokarst lake formation and drainage dynamics in the Arctic
inﬂuences reactive Fe distribution and thereby interactions between Fe and OC, OC
mineralization rates, and greenhouse gas emissions.
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INTRODUCTION

changing environments (Kögel-Knabner et al., 2010; Colombo
et al., 2014; Herndon et al., 2017; Huang and Hall, 2017;
Opfergelt, 2020; Patzner et al., 2020). Iron-mediated OC
decomposition in anoxic condition can counteract protection
mechanisms of OC (Chen et al., 2020; Kappler et al., 2021).
Thermokarst processes trigger redox changes in the environment
(Kokelj and Jorgenson, 2013; Abbott and Jones, 2015), and Fe is a
redox-sensitive element, consequently thawing of ice-rich
permafrost deposits may redistribute and modify total Fe
distribution, and the proportion of Fe distributed between Fe
oxides and OC complexes. Overall, we expect biogeochemical Fe
transformations to occur upon redox ﬂuctuations in
thermokarst-affected ice-rich permafrost soils, with potential
direct implications for OC stabilization in Yedoma domain
deposits (Figure 1), mirroring the impact of redox processes
on Fe redistribution described for gradual thaw (i.e., gradual
deepening of the active layer; Lipson et al., 2012; Herndon et al.,
2020b; Patzner et al., 2020).
The dependence of Fe-bearing mineral solubilization, Fe
translocation and Fe precipitation on redox conditions has
been studied in polygonal permafrost soil of the Lena Delta
(Fiedler et al., 2004), the Alaska North Slope (Lipson et al., 2012;
Herndon et al., 2020b) and also in a thaw gradient site
(i.e., palsa, bog, and fen) close to Abisko in northern Sweden
(Patzner et al., 2020). These studies found that redox processes
drive Fe solubilization under ﬂuctuating water-table height.
Similarly, the mobilization of Fe upon thermokarst lake
formation and subsequent transport in the hydrological
network has been observed in several studies (e.g., Audry
et al., 2011; Pokrovsky et al., 2014; Manasypov et al., 2015).
However, the inﬂuence of redox ﬂuctuations on Fe distribution
in deeper deposits from ice-rich permafrost regions during the
late Pleistocene and Holocene periods remains unknown. Using
modern day studies of Fe dynamics in permafrost as an
analogue, we hypothesize that upon thermokarst processes,
the ﬂuctuating redox conditions due to subsidence, lake
formation, drainage, subaerial exposure and/or deposition,
and refreezing, will drive Fe solubilization, translocation and
precipitation within former Yedoma deposits, potentially
affecting Fe-OC interactions in the resulting Alas deposits.
To test this hypothesis, a screening of total Fe concentrations
in ice-rich permafrost landscape is needed to better evaluate the
potential for Fe redistribution upon thaw. Being able to identify
that thaw processes have occurred in the past with potential
inﬂuence on Fe-OC interactions is valuable information in the
context of a warming Arctic. Indeed, identifying potential
redistribution of Fe-oxides and complexed Fe that took place
in thawed, newly formed and subsequently refrozen deposits
during the Lateglacial and Holocene warming periods may help
to predict the fate of Fe-OC interactions upon current global
warming and to better assess implications for OC stabilization.
This information is relevant given that a large portion of the
Arctic permafrost region is threatened by abrupt thaw and
thermokarst processes (Olefeldt et al., 2016; Turetsky et al.,
2020). Turetsky et al. (2020) emphasize that despite the fact that
abrupt thaw will probably occur in <20% of the permafrost zone,
this thaw could affect half of the permafrost OC through

Upon ice-rich permafrost thaw, substantial amounts of organic
carbon (OC) stored in frozen deposits become potentially
available for microbial mineralization (Strauss et al., 2017;
Nitzbon et al., 2020; Turetsky et al., 2020). The Yedoma
domain includes Yedoma Ice Complex deposits (50–90%
volume percent ice, in the following referred as Yedoma
deposits) that have never thawed since late Pleistocene
deposition and Alas deposits that formed upon thermokarst
processes during the Lateglacial and Holocene warmer and
wetter periods (Schirrmeister et al., 2013; Strauss et al., 2013).
The latest estimates show that the Yedoma domain stores around
327—466 Gt of OC despite covering only 8% of the circumarctic
permafrost region (Hugelius et al., 2014; Strauss et al., 2017).
Ongoing global warming in high northern latitudes will unlock
OC frozen in ice-rich Yedoma deposits (with potential lake
formation and drainage) and refrozen Alas deposits, exposing
more OC to decomposition (Schneider von Deimling et al., 2015;
Olefeldt et al., 2016). Thawing of present day Yedoma and Alas
deposits triggers a cascade of processes, including the
mineralization of previously locked carbon by microorganisms
generating additional greenhouse gas emissions (Schuur et al.,
2008).
For millennial-scale OC preservation, the interactions between
OC and mineral surfaces, especially with iron (Fe) oxides
surfaces, are of great importance in soils (Kaiser and
Guggenberger, 2007; Kögel-Knabner et al., 2008; KögelKnabner et al., 2010; Adhikari and Yang, 2015) and sediments
(Eglinton, 2012; Lalonde et al., 2012). In the Qinghai-Tibetan
Plateau permafrost region, approximately 20% of the soil OC is
stabilized by Fe (Mu et al., 2016) illustrating the important
relationship between Fe and OC in permafrost terrain.
Mineral-OC interactions contribute to stabilize OC through
complexation, co-precipitation or aggregation processes and
thus hinder microbial degradation of OC (Lutzow et al., 2006).
The OC can be 1) physically protected within soil aggregates
(involving Fe-Al oxy-(hydr)oxides, clay minerals, or carbonates),
which means that OC is spatially inaccessible for
microorganisms; or 2) physico-chemically protected in organomineral associations and/or as organo-metallic complexes. These
organo-mineral associations result from the interaction of OC
with mineral surfaces such as OC adsorbed onto Fe-oxides or clay
minerals, using cation bridges such as Ca2+ or Mg2+. Organometallic complexes result from the complexation of OC with
metal ions (i.e., OC complexed with e.g., Fe3+, Al3+). Overall,
several stabilizing mechanisms exist between reactive Fe (Feoxides or complexed Fe) and OC.
These mineral-protected pools of OC are of major concern to
better understand OC mineralization rates in permafrost soils
upon thawing (Opfergelt, 2020). The soil OC that interacts with
reactive minerals (via aggregation, sorption, complexation, and/
or co-precipitation) is less available for microbial decomposition,
thus contributing to the “protected” or “stabilized” organic matter
pool (Schmidt et al., 2011; Lalonde et al., 2012; Kleber et al., 2015,
2021; Salvadó et al., 2015). Yet, the “protected” OC pools are not
permanent and may lose their mineral-protected status in redox
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FIGURE 1 | Conceptual scheme of the biogeochemical iron (Fe) transformations expected upon thermokarst lake formation and drainage in ice-rich-permafrost
(Yedoma) sediments and implications for organic matter (OM) stabilization. Black rectangles in the upper schematic representation of Yedoma, thermokarst lake and
Alas proﬁle indicate the sample location. Geochemical reactions shown are both abiotic and microbially mediated. OMred represents reduced organic species, which can
include CH4, and OMox represents oxidized organic species, which can include CO2.

FIGURE 2 | Location of the studied permafrost sites from the Yedoma Domain. 1. Cape Mamontov Klyk; 2. Nagym (Ebe Sise Island); 3. Khardang Island; 4.
Kurungnakh Island; 5. Sobo Sise Island; 6. Bykovsky Peninsula; 7. Muostakh Island; 8. Buor Khaya Peninsula; 9. Stolbovoy Island; 10. Belkovsky Island; 11. Kotel’ny
Island; 12. Bunge Land; 13. Bol’shoy Lyakhovsky Island; 14. Oyogos Yar coast; 15. Kytalyk; 16. Duvanny Yar; 17. Yukechi; 18. Kitluk; 19. Baldwin Peninsula; 20. Colville;
21. Itkillik; 22. Vault Creek tunnel. Yedoma domain coverage from Strauss et al. (2016, 2017).

collapsing ground, lake formation, rapid erosion, and thaw
slumping.
The aim of this study is to investigate the Fe redistribution
upon thermokarst processes during the Lateglacial and Holocene
and to highlight potential implications for interactions between
Fe and OC in present day ice-rich permafrost sediments. To this
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goal, 1) we measured the total Fe concentration on 1,292 deposits
samples across the ice-rich permafrost region, including Yedoma
(never thawed) and Alas (previously thawed) deposits, and 2) we
assessed the proportion of reactive Fe and the distribution
between Fe oxides and Fe complexed with OC based on
selective Fe extractions on a subset of Yedoma and Alas samples.
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TABLE 1 | List of the studied sites from the Yedoma domain, associated label, number of samples analyzed with portable X-ray ﬂuorescence and inductively coupled plasma
optical emission spectrometry method, number of proﬁles sampled for each type of deposits and associated reference papers. Sites are located in Siberia (1–17) and
Alaska (18–22). The site numbers 1 to 22 are located on the map in Figure 2. * Sobo Sise proﬁles are of Holocene age on top of Yedoma Ice Complex deposits. Labels
identiﬁcation for each proﬁle are detailed in Supplementary Table S1.
Site
Nb

Site name

1
2
3
4

Cape Mamontov Klyk
Nagym (Ebe Sise
Island)
Khardang Island
Kurungnakh Island

5
6

Sobo sise Island
Bykovsky peninsula

7
8
9
10
11
12
13
14

Muostakh Island
Buor Khaya penisula
Stolbovoy Island
Belkovsky Island
Kotel’ny Island
Bunge land
Bol’shoy lyakhovsky
Island
Oyogos Yar coast

15
16
17
18
19
20
21
22
Total

Kytalyk
Duvanny Yar
Yukechi
Kitluk
Baldwin peninsula
Colville
Itkillik
Vault creek tunnel
22

Label

Samples
analyzed
with
pXRF

Samples
analyzed
with
ICP-OES

Yedoma
proﬁle

Alas
proﬁle

Fluvial
proﬁle

Mak
Nag

80
29

-

2
2

1
1

0
0

Schirrmeister et al. (2008), (2011)
Schirrmeister et al. (2003b)

Kha
Bkh,
KUR
Sob
Mkh,
BYK
Muo
Buo
Sto
Bel
KyS
Bun
TZ, R, L

31
143

1
2

1
2

0
2

0
0

Schirrmeister et al. (2007), (2011)
Schirrmeister et al. (2003b), (2008); Wetterich et al. (2008)

58
150

58
2

2*
5

1
2

1
0

11
80
16
12
10
8
150

44
1
3

1
2
3
0
1
0
11

0
3
1
2
0
0
4

0
0
0
0
0
1
0

Fuchs et al. (2018)
Andreev et al. (2002); Grosse et al.(2007); Schirrmeister et al.
(2002), (2011)
Grigoriev et al. (2003); Schirrmeister et al. (2011)
Schirrmeister et al. (2017)
Schirrmeister et al. (2003a); Grigoriev et al. (2003)
Grigoriev et al. (2003); Schirrmeister et al. (2003a), (2011)
Grigoriev et al. (2003); Schirrmeister et al. (2003a), (2011)
Schirrmeister et al. (2010)
Andreev et al. (2009); Wetterich et al. (2011a), (2014)

Oy

50

1

1

1

0

50
143
87
45
70
23
22
24
1,292

4
5
2
2
1
8
10
144

2
5
2
1
1
1
1
1
47

1
1
2
1
3
0
0
0
26

0
0
0
0
0
0
0
0
2

KY, KH
DY
Yuk-yul
Kit
Bal
Col
Itk, It
FAI

ENVIRONMENTAL SETTINGS

Wetterich et al. (2009); Schirrmeister et al. (2011); Opel et al.
(2017)
Weiss et al. (2016)
Strauss, (2010)
Windirsch et al. (2020)
Unpublished data; Wetterich et al. (2012)
Jongejans et al. (2018)
Grosse et al. (2015); unpublished data
Kanevskiy et al. (2011)
Schirrmeister et al. (2016)

(starting around 14 ka BP; Walter et al., 2007). Ice-wedge
degradation led to widespread thermokarst lake formation and
subsequent lake drainage. Reworked sediments from former
Yedoma deposits and newly formed peat deposits accumulated
in thermokarst basins and refroze to form Alas deposits (Grosse
et al., 2013). These Alas deposits are depleted in ice, compared to
the original Yedoma ice-rich deposits, but still contain an
important stock of OC (130–213 Gt C; Strauss et al., 2017). To
perform this large-scale assessment of total Fe concentrations in
Yedoma domain deposits, our set of samples (n  1,292) covers
many regions of the Yedoma domain (North, West, and Interior
Alaska, the Kolyma region, the Indigirka region, the New Siberian
Archipelago, the Laptev Sea coastal region, and Central
Yakutia–Figure 2).

The Yedoma domain is 1.4 million km2 in extent and its Yedoma
and thermokarst deposits contain between 327–466 Gt OC
(Strauss et al., 2017). This region mainly includes areas of
Alaska and Northeast Siberia which were not covered by ice
sheets during the last glacial period (110–10 ka BP). For tens of
millennia during the late Pleistocene, continuous periglacial
weathering, transport, and sedimentation lead to the
accumulation of several decameters thick permafrost deposits
and syngenetic ice-wedge formation. The large syngenetic icewedges, often exceeding 50% of the soil volume, are a
consequence of the late Pleistocene dry and cold climate
which triggered regular frost cracking within the deposits.
Subsequent ﬁlling of cracks with liquid water from rain or
snowmelt resulted in the formation of vertical ice veins that
over multiple millennia grew into up to 40°m deep and several
meters wide ice-wedges (Schirrmeister et al., 2013). The deposits
also consist of ice-bearing sediments, which increase the total ice
volume within Yedoma deposits (Strauss et al., 2017). These icerich deposits were then particularly sensitive to the rise in air
temperature during the Pleistocene/Holocene transition period
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METHODS
Sampling
Depending on the sites, individual or multiple Yedoma/Alas
deposit proﬁles were sampled (Table 1). Samples were
obtained either from cores or from natural exposures. Coring
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analysis is performed using a lead stand to protect operators from
X-rays. To assess the precision of the pXRF method, we
conducted three to ﬁve repetitions on twenty individual
samples from different locations from Yedoma and Alas
deposits (x-axis error bar from Figure 3).
To ensure trueness, the pXRF-measured concentrations were
calibrated with another method. For a subset of 144 samples, we
compared the total Fe concentrations measured by pXRF with Fe
concentrations obtained using a method measuring Fe
concentration in solution by inductively coupled plasma
optical-emission spectrometry ICP-OES (iCAP 6500
ThermoFisher Scientiﬁc) after sample dissolution by alkaline
fusion. Brieﬂy, air- or freeze-dried sediment samples are
carefully milled for homogenization. A portion of the milled
sample (80 mg) is mixed with lithium metaborate and lithium
tetraborate and heated up to 1,000°C for 10 min. The fusion bead
is dissolved in HNO3 2.2 N at 80°C and stirred until complete
dissolution (Chao and Sanzolone, 1992). The loss on ignition is
assessed at 1,000°C and total element content is expressed in
reference to the sediment dry weight at 105°C. Trueness of the
analytical measurement by ICP-OES is validated by repeated
measurements on the USGS basalt reference material BHVO-2
(Wilson, 1997) as well as on certiﬁed soils GSS-1 and GSS-4
(National Research Centre for CRM, 1986). The offset, deﬁned as
the difference between certiﬁed and ICP-OES value over the
certiﬁed value, is −0.8, −4.2, and −6.1% for the three certiﬁed
materials, respectively. To assess the precision of the ICP-OES
method, we conducted three repetitions on three individual
samples from different locations from Yedoma and Alas
deposits (y-axis error bar from Figure 3). The linear
regression obtained based on Fe concentrations measured by
pXRF and ICP-OES after alkaline fusion on this subset of 144
samples (robust R2  0.95; Figure 3) was used to correct pXRF
concentrations for trueness on the total set of samples (n  1,292).
This linear regression is dependent on the internal geometry of
the pXRF device used and should not be used for other pXRFmeasured data without a calibration check. All concentrations
data can be found in the Yedoma domain Mineral Concentration
Assessment (YMCA) dataset (Monhonval et al., 2020). Here, only
pXRF concentration values corrected using the well-deﬁned
regression are used.

FIGURE 3 | Total Fe concentrations (mg kg−1) measured by the
inductively coupled plasma optical-emission spectrometry (ICP-OES) method
as a function of those measured by the portable X-ray ﬂuorescence (pXRF)
method on the Yedoma domain deposits. Errors bars (±2σ) are based on
three repetitions of three samples for the ICP-OES method and ﬁve or three
repetitions of twenty samples for the pXRF method. The robust linear
regression is presented (blue line; alpha  0.95; n  144), excluding the grey
points, and the equation is provided.

was conducted with various types of drilling rigs, from the surface
during the winter season, and below the active layer during the
summer season. Cliffs exposing deep permafrost deposits at
coasts and river shores or headwall exposures in thaw slumps
were sampled frozen with hammer and axes. Sub-proﬁles were
sometimes needed to reconstruct a complete composite proﬁle
because of vertical discontinuities (i.e., ice wedges presence) or
sections covered by thawed mud overburden. For any additional
information related to sampling techniques of a speciﬁc site,
please refer to the respective reference papers for each ﬁeld site
(Table 1). Recovered samples remained frozen or were air-dried
in the ﬁeld before transport to the lab. The particle size
distribution of these Yedoma domain deposits (described in
reference papers from Table 1) is below 2 mm; therefore no
sieving was necessary.

Selective Iron Extractions
To test the inﬂuence of permafrost thaw on the distribution of Feoxides and on Fe involved in complexes, we performed selective
Fe extractions on a subset of samples from Yedoma and Alas
deposits (n  21) from three locations in Siberia: Sobo Sise Island,
Buor Khaya Peninsula and Kytalyk (site number 5, 8, and 15 in
Figure 2, respectively). Total Fe concentrations from Yedoma
and Alas deposits in the subset are within similar range. Three
standard procedures of selective Fe extraction from soil were
used: dithionite-citrate-bicarbonate extraction (DCB), dark
ammonium oxalate extraction (referred here as oxalate
extraction), and sodium pyrophosphate extraction (referred
here as pyrophosphate extraction). These extractions (DCB,
oxalate, and pyrophosphate) are not fully quantitative
(Rennert, 2019) but can be used as indicators of the Fe-oxides

Assessment of Bulk Iron Concentrations
We assessed the total Fe concentration on 1,292 samples from
Yedoma domain deposits using a portable X-ray ﬂuorescence
(XRF) device (Niton xl3t Goldd + pXRF; ThermoFisher Scientiﬁc,
Waltham, United States). The measurements were performed in
laboratory (ex situ) conditions on air- or freeze-dried samples to
avoid the introduction of additional variability (e.g., water
content, sample heterogeneity). Brieﬂy, samples are placed on
a circular plastic cap (2.5 cm diameter) provided at its base with a
thin transparent ﬁlm (prolene 4 µm). Minimum sample thickness
in the cap is set to 2 cm to prevent underestimation of the
detected intensities (Ravansari et al., 2020) and total time of
analysis is set to 90 s to standardize each measurement. The
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Selective Carbon Extractions

phases or complexed Fe within a particular soil or sediment. More
speciﬁcally, 1) DCB extractions provide an estimate of the content
of free Fe oxides in soils, i.e., poorly crystalline and crystalline Feoxides, and should not include structural Fe from clay minerals
(Mehra and Jackson, 2013; McKeague and Day, 1966); 2) oxalate
extractions target poorly crystalline Fe oxides (Blakemore et al.,
1981), i.e., amorphous Fe oxides species and organo-metallic
complexes; 3) pyrophosphate extractions are used as an indicator
of Fe-organic complexes (Bascomb, 1968; Parﬁtt and Childs,
1988). A contribution of Fe oxide nanoparticulates in addition
to the Fe involved in organic complexes cannot be excluded
(Jeanroy and Guillet, 1981), even if limited by the centrifugation
and the ﬁltration of the extract.
Practically, Fe concentration was measured in solution by
ICP-OES after the following extraction procedures: 1) for a
DCB extraction, 0.75 g of milled sediment was mixed with
30 ml of citrate solution (sodium citrate Na3C6H5O7 2H2O)
0.3 M buffered by sodium bicarbonate NaHCO3. The sample
tube was placed in a hot bath (85°C) and three successive
additions of 0.75 g of sodium dithionite (Na2S2O4) were used
to reduce crystallized and amorphous Fe oxides. The tube was
centrifuged and the solution was ﬁltered (Whatman 41 ﬁlter,
20 µm retention size). The residue was rinsed three times with
20 ml of NaCl 1 M and centrifuged. The rinsing solutions were
ﬁltered and pooled with the ﬁrst solution to obtain a ﬁnal
solution; 2) for an oxalate extraction, 0.4 g of milled sediment
was mixed with 40 ml of oxalate extractant (ammonium
oxalate (NH4)2C2O4 H2O and oxalic acid H2C2O4 2H2O).
The tube was agitated for 4 h in the dark, given that this
reagent is UV-sensitive. The tube was centrifuged and the
solution was ﬁltered (Whatman 41 ﬁlter); 3) for a
pyrophosphate extraction, 0.4 g of milled sediment was
mixed with 40 ml of pyrophosphate solution (tetrasodium
pyrophosphate decahydrate Na4P2O7 10H2O 0.1 M). The
tube was agitated for 16 h. Sodium sulfate (1.4 g) was added
and the solution was centrifuged (30 min at 4,000 rpm) and
ﬁltered (Whatman 41 ﬁlter). To assess the precision of selective
Fe extractions (i.e., DCB, oxalate and pyrophosphate), three
repetitions of three different samples were performed. Samples
were selected from Yedoma and Alas deposits from the
Yukechi site (with similar matrix, not presented here). The
mean and associated coefﬁcient of variation (i.e., the ratio
between standard deviation and the mean) were calculated for
each sample and are summarized in Supplementary Table S2.
In the following, the Fe extracted using DCB, oxalate or
pyrophosphate extraction methods will be referred to as Fed,
Feo and Fep, respectively, whereas total Fe measured by XRF and
corrected for trueness (Assessment of Bulk Iron Concentrations)
will be referred to as Fet. The Feo/Fed ratio will be used to reﬂect
the relative proportion of amorphous (short-range ordered) Fe
oxyhydroxides and complexed Fe within the global pool of Fe
oxides. The Fed/Fet ratio will be used for the proportion of free Fe
oxides and complexed Fe relative to the total Fe, the Feo/Fet ratio
indicates the proportion of amorphous Fe oxides and complexed
Fe relative to the global Fe pool, and Fep/Fet ratio the proportion
of Fe present in organo-metallic complexes relative to the global
Fe pool.
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The carbon selectively extracted by oxalate and pyrophosphate
has been evaluated on the same solutions used for selective Fe
extractions (Selective Iron Extractions). More speciﬁcally: 1) in the
solution from the oxalate extraction, we evaluate the proportion
of organic acids by measuring the absorbance at 430 nm on a
Genesys 10 S VIS spectrophotometer, with the oxalate extractant
solution as a blank. The optical density of the oxalate extract
(ODOE) is mainly inﬂuenced by the extracted fulvic acids thereby
indicating the concentration in organic acids present in solution
(Daly, 1982); 2) in the solution from the pyrophosphate
extraction, we measure the concentration of dissolved OC
released after dispersion by pyrophosphate (referred as Cp)
using a Shimadzu total organic carbon (TOC) analyzer
(measuring non purgeable OC). This indicates the amounts of
C participating in organo-metallic complexes in soils. To assess
the precision of selective C extractions (i.e., ODOE and Cp), three
repetitions of three different samples were performed. Samples
were selected from Yedoma and Alas deposits from the Yukechi
site. The mean and associated coefﬁcient of variation (i.e., the
ratio between the standard deviation and the mean) were
calculated for each sample and are shown in Supplementary
Table S3.

Statistical Analysis
We performed computations for statistical analysis using R
software version R.3.5.1 (R Core Team, 2018). Robust linear
regression (R2rob) presented in this study are implemented with an
alpha of 0.95. In the following, the non-parametric statistical
Wilcoxon test (median) is used in preference to the student test
(mean) to statistically compare two distributions when data
distribution do not follow the normality hypothesis (ShapiroWilk normality test p-value <0.05). Median and median absolute
deviation (MAD) will be used to compare concentrations of
Yedoma and Alas datasets. Mean and standard deviation (σ)
will be used to compare concentrations among different sites.

RESULTS
Global Distribution of Iron Concentrations in
Yedoma and Alas Deposits
The median total Fe concentration (±MAD, i.e., median absolute
deviation) in never thawed Yedoma deposits (31.9 ± 3.0 g kg−1;
n  814) and previously thawed, refrozen or newly formed Alas
deposits (31.2 ± 8.2 g kg−1; n  470) shows no signiﬁcant
differences (p-value  0.64, Wilcoxon test). However, the
dispersion (i.e., MAD) of total Fe concentrations is more than
two times larger for Alas deposits compared to Yedoma deposits
(Figure 4). This implies that Alas deposits have higher probability
to display either lower or higher total Fe concentrations at a
certain depth, relative to Yedoma deposits. Along with this,
Figure 5 displays proﬁle selections (i.e., based on Yedoma
deposit proﬁles excluding active layer) of individual Yedoma,
Alas or deltaic/ﬂuvial deposits proﬁles and conﬁrm the
homogenous total Fe concentrations in Yedoma deposits and
heterogeneous total Fe concentrations in Alas deposits as
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FIGURE 4 | (A) Density plot and (B) ﬂigner test (boxplot) of the total iron (Fe) concentration within Yedoma (n  814; blue line) and Alas (n  470; green line) deposits.

FIGURE 5 | Boxplot of the Fe concentration within selected proﬁles from different types of deposit: Yedoma Ice Complex (blue), Alas (green), and deltaic/ﬂuvial
deposits (orange). Yedoma Ice Complex deposit proﬁles were selected based on the absence of active layer deposits or ﬂuvial deposits along the proﬁle. Alas proﬁles
located near Yedoma proﬁles selected (when possible) are shown. The number of samples for each boxplot is given below labels of the x-axis. The sample labels refer to
Table 1.

2.8 g kg−1, Sobo Sise Island (Sob14-T2-3) 31.6 ± 2.0 g kg−1,
Muostakh Island (Muo) 31.7 ± 3.7 g kg−1, and even to the
New Siberian Archipelago: Bol’shoy Lyakhovsky Island (L7-18)
32.7 ± 3.4 g kg−1 or Stolbovoy Island (Sto) 27.2 ± 1.2 g kg−1. Note
that the distance between proﬁles from Cape Mamontov Klyk
(Mak-12–19) to Duvanny Yar (DY-05) is more than 1,500 km
(see Figure 2). Lastly, Figure 5 highlights that Yedoma deposit
proﬁles from Alaska (i.e., labeled Itk, Col, Bal2 and Kit) display
homogeneous total Fe concentrations along each proﬁle
(similarly to Yedoma deposits from Siberia) but with different
mean total Fe concentrations between them. The Itkillik Yedoma
exposure displays a mean of 24.6 ± 1.7 g kg−1 Fe, Colville Yedoma
proﬁle of 30.5 ± 1.9 g kg−1, Baldwin Peninsula Yedoma deposits
of 43.2 ± 7.4 g kg−1 Fe (the Fe concentration becomes 42.1 ±
3 g kg−1 Fe when excluding the three samples at the bottom of
the proﬁle considered as a separate unit), and 41.1 ± 4.7 g kg−1 Fe

mentioned above. Figure 5 highlights some additional
observations. First, proﬁles with sediments of deltaic/ﬂuvial
origins display signiﬁcantly lower total Fe concentrations
compared to Yedoma or Alas deposits (p-value < 0.005,
Wilcoxon test). Deltaic deposits (Bun) and ﬂuvial deposits
(Sob14 T2-6) have a median total Fe concentration equal to
12.3 ± 0.8 g kg−1 and 21.7 ± 6.8 g kg−1, signiﬁcantly lower to the
median values mentioned above for Yedoma and Alas deposits.
Second, Yedoma deposits from Siberia (e.g., labeled Mak, Muo,
DY, TZ, L, and Oy) show similar total Fe concentrations
throughout the whole Siberia region, even for sites located
thousands of km apart from each other. This is illustrated by
equivalent mean total Fe concentrations (±2σ, i.e., two standard
deviations) along the Yedoma deposit proﬁles from Cape
Mamontov Klyk (Mak-12–19) 31.9 ± 1.3 g kg−1, to Oyogos Yar
coast (Oy-07-08) 32.6 ± 3.0 g kg−1, Duvanny Yar (DY-05) 33.5 ±
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Distribution of Selectively Extracted Iron
and Carbon in Yedoma and Alas Deposits

from a Yedoma exposure at the Kitluk River on the northern
Seward Peninsula.

The Fe concentrations in selective extractions by DCB, oxalate
and pyrophosphate within a subset of selected Yedoma and Alas
deposits are presented in Table 2. Robust and Pearson correlation
matrix for all studied parameters (Fet, Fed, Feo, Fep) is presented
in Supplementary Figure S2. Based on this subset of 21 samples
from the Yedoma domain, the Fed/Fet ratios in Yedoma (n  12)
and Alas (n  9) deposits have a median of 26.6 and 27.8%,
respectively, and are not statistically different (p-value 0.46,
Wilcoxon test). Taking the never thawed, previously thawed
and newly formed deposits together, the mean of Fed/Fet,
which represents the proportion of free Fe oxides out the
global Fe pool (Selective Iron Extractions), equals 24.7%.
Within those free oxides, poorly crystalline (i.e., amorphous)
Fe oxides or complexed Fe reach 80.9% and therefore represent
about 20% of the total Fe pool (Feo/Fet; Table 2). The distribution
of reactive Fe-oxides varies within each proﬁle; the Feo/Fet ratio
ranges from 22.8 to 36.5% (Sob14 T2-2), 13.8–22.0% (Sob14 T25), 10–28.6% (KY T1-1) and 17.2–30.4% (KY T2-2), for two pairs
of Yedoma-Alas proﬁles (Table 2); the Fep/Feo ratio in the same
proﬁles indicates that more than a third of Fe amorphous phases
are involved in complexes with OC.
The C selectively extracted by the oxalate and
pyrophosphate is presented in Table 2 and correlation
matrix for all studied parameters (ODOE, Cp , TOC) is
presented in Supplementary Figure S2. Positive
correlations stand out between TOC content (in wt%) and
C p (mg kg −1 ; R 2rob  0.80; Figure 6A), and between C p and Fe p
(R 2rob  0.80; Figure 6B), resulting in a positive correlation
between TOC content and Fep (R2rob  0.77; Figure 6C). A
positive correlation is also observed between ODOE and Feo
(R 2rob  0.4; not shown), as well as between ODOE and Fep
(R 2rob  0.77; Figure 6D). The total Fe concentration in these
deposits (Fe t ) is not correlated with pyrophosphateextractable Fe and C (Fe p, C p) or TOC (R 2rob < 0.05), but is
correlated with DCB- (Fed ; R2rob  0.76; Figure 6E) and
oxalate-(Feo ; R 2rob  0.34; not shown) extractable Fe.

Variability of Iron Concentrations With
Depth in Yedoma and Alas Deposits
The full dataset of total Fe concentration from Yedoma domain
deposits is provided in the PANGAEA data repository (https://
doi.pangaea.de/10.1594/PANGAEA.922724). Here, the depthvariations of total Fe concentrations in Yedoma domain
deposits are investigated in detail and linked to the speciﬁc
history of the deposits from deposition during late Pleistocene
to post-depositional processes during Lateglacial and Holocene
warmer periods. In each location, where both Yedoma and Alas
deposits were available, the vertical total Fe concentration is
compared between the Yedoma proﬁle and the Alas proﬁle
(Supplementary Presentation S1). We present each proﬁle
with a simpliﬁed stratigraphic column, which highlights the
successive layers along the sampled proﬁle (i.e., Yedoma
deposits, thermokarst deposits, ﬂuvial deposits, active layer, or
peat layer). The complexity in individual proﬁles arises from the
multiple origins of Yedoma deposition during the late
Pleistocene, as well as thermokarst, soil development,
cryoturbation, peat formation, or ﬂooding processes (as
indicated by ﬂuvial sandy layers) that affected the depositional
and soil environment.
Ice-rich Yedoma deposits had homogeneous Fe
concentrations throughout the whole deposit thickness,
whereas Alas deposits were characterized by variable Fe
concentrations with depth (Supplementary Presentation S1).
This reﬂects the higher dispersion of Fe concentrations in Alas
deposits compared to Yedoma deposits (Figure 4; Global
Distribution of Iron Concentrations in Yedoma and Alas
Deposits). For example, both Duvanny Yar Yedoma deposit
proﬁles (DY-01 and DY-05) showed constant Fe
concentrations despite their large thicknesses and despite the
fact that they are located 2 km away from each other. DY-01 had a
mean of 35.5 ± 2.77 g kg−1 Fe (±2σ) for a total thickness of about
20 m and DY-05 of 33.5 ± 2.79 g kg−1 Fe for an equivalent
thickness. Conversely, DY-04 Alas proﬁle displayed a mean of
53.3 ± 37.6 g kg−1 (±2σ) for a deposit thickness of 3.5 m which
points at the heterogeneity of the material inherent to Alas
thawing history (Supplementary Presentation S1). Deposits
with ﬂuvial origins (i.e., characterized as sandy layers) showed
depleted total Fe concentrations, as highlighted in
Supplementary Presentation S1). Conversely, in sediments
containing peat layers, total Fe concentrations either: 1)
increased in active layer deposits or even in peat layers from
underlying permafrost; 2) decreased, usually in the top horizons
of the proﬁle; or 3) remained with similar Fe concentration as
deposits located above or below in the proﬁle (Supplementary
Presentation S1). The data further indicate a positive correlation
between total Fe concentrations and TOC content (wt%;
Supplementary Figure S1). An exception to this trend is
observed for organic-rich samples (i.e., TOC >30 wt%) in the
top surface layer (within the ﬁrst centimeters) of the proﬁle that
show a depletion of total Fe concentrations.
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DISCUSSION
Iron Distribution in Yedoma Deposits
In Yedoma deposits, total Fe concentrations are stable with depth
in all proﬁles (from both Siberia and Alaska). The standard
deviation, 2σ, ranges from 1.3 to 3.7 g kg−1 Fe with depth for
Cape Mamontov Klyk (Mak-12–19) and Muostakh Island (Muo),
respectively (Figure 5; Supplementary Presentation S1). We
suggest that the conditions of formation for these ice-rich
deposits can explain the stable total Fe concentrations with
depth within their proﬁles. First, Yedoma deposits have never
thawed since their late Pleistocene deposition, thereby limiting
the periods of redox ﬂuctuations which may affect Fe solubility
(Schwertmann, 1991; Colombo et al., 2014). We see this
supported by evidence for a rapid syngenetic freezing (on
geological timescale) of the transported particles after
settlement during periods of Yedoma deposit aggradation

8

July 2021 | Volume 9 | Article 703339

Monhonval et al.

Iron Redistribution Upon Thermokarst Processes

TABLE 2 | Concentrations in total Fe (Fet) and Fe selectively extracted by dithionite-citrate-bicarbonate (Fed), ammonium oxalate (Feo), pyrophosphate (Fep) in Yedoma and
Alas deposits. Total organic carbon (TOC), optical density of oxalate extract (ODOE) and C extracted with pyrophosphate (Cp) are also presented. *Sobo Sise samples
are Holocene age deposits on top of Yedoma Ice Complex deposits proﬁle. ** The TOC data are from Fuchs et al. (2018) for Sobo Sise Island (Sob), from Schirrmeister et al.
(2017) for Buor Khaya Peninsula (Buo) and from Weiss et al. (2016) for Kytalyk (KY).
Sample

Deposits

Depth

Fet

Fed

cm
Sob14 T2-2–5
Sob14 T2-2–19
Sob14 T2-2–31
KY (1–1) 9–14
KY (1–1) 40–45
KY (1–1) 90–95
Buo-02-A02
Buo-02-D18
Buo-02-D19
Buo-04-A01
Buo-04-B10
Buo-04-C23
Mean (Yedoma)
1σ
Sob14 T2-5–5
Sob14 T2-5–17
Sob14 T2-5–27
KY (2–2) 27–32
KY (2–2) 42–48
KY (2–2) 89–94
Buo-05-A04
Buo-05-B12
Buo-05-C26
Mean (Alas)
1σ
Mean (total)
1σ

Feo
g kg

Fep

Fed/Fet

Feo/Fed

Fep/Feo

TOC**

ODOE

43
140
230
11.5
42.5
92.5
60
450
500
100
850
1,350

30.3
31.6
30.0
27.2
32.8
30.8
29.5
20.0
21.0
32.2
29.0
23.2

9.75
9.46
6.45
7.41
10.0
8.25
7.63
0.941
1.44
8.72
7.63
4.78

10.2
11.5
6.83
5.65
3.29
8.81
6.93
0.634
1.11
4.06
5.85
2.42

4.65
4.15
1.84
2.77
0.217
5.45
1.03
0.421
0.952
0.644
1.95
0.622

Alas
Alas
Alas
Alas
Alas
Alas
Alas
Alas
Alas

37.5
132
239
29.5
45
91.5
80
400
830

20.9
33.1
35.2
26.9
24.9
26.8
26.0
29.2
30.3

4.69
7.93
10.5
5.06
4.76
8.27
7.23
9.89
9.90

2.88
4.81
7.72
4.62
4.55
8.17
7.35
6.54
9.17

1.14
1.17
1.68
2.48
2.56
5.62
0.650
1.49
1.46

0.322
0.299
0.215
0.272
0.305
0.268
0.259
0.047
0.069
0.271
0.263
0.206
0.233
0.088
0.224
0.239
0.299
0.188
0.191
0.308
0.278
0.339
0.326
0.266
0.057
0.240
0.080

(Schirrmeister et al., 2002) as well as overall dry conditions under
late Pleistocene tundra steppe active layer conditions
(Schirrmeister et al., 2013). Second, sediments along a single
Yedoma proﬁle likely result from materials with similar total Fe
concentrations. Sediments contributing to Yedoma deposits are
derived from a mix of lithologies being affected by intense
periglacial weathering processes and getting deposited as
unconsolidated sediments. The similar periglacial weathering,
erosion, and sediment transport processes which were similar
across large unglaciated permafrost domains in the Late
Pleistocene may have contributed to the homogenization of
mixed sediment lithologies before Yedoma aggradation. The
origins of Yedoma sediments across the Yedoma domain have,
for a long time, divided the scientiﬁc community and are still
under debate (Schirrmeister et al., 2002, 2020; Murton et al.,
2015). Yedoma deposits were, at ﬁrst, characterized as
homogeneous silty ﬁne, ice- and organic-rich sediments with
primary or secondary aeolian processes being the main
contributor during the time of formation. Hence, Yedoma
deposits were and still are often deﬁned as loess or loessrelated deposits (Pewe and Journaux, 1983; Tomirdiaro and
Chernen’kiy, 1987; Murton et al., 2015). However, in addition
to the established aeolian contribution to these ice-rich
sediments, additional contributions from ﬂuvial, colluvial,
alluvial local sedimentation processes are identiﬁed in many

0.337
0.365
0.228
0.207
0.100
0.286
0.235
0.032
0.053
0.126
0.202
0.104
0.190
0.108
0.138
0.145
0.220
0.172
0.182
0.304
0.282
0.224
0.302
0.219
0.065
0.198
0.089

1.048
1.219
1.058
0.762
0.329
1.069
0.908
0.674
0.771
0.465
0.766
0.506
0.798
0.274
0.614
0.607
0.735
0.914
0.956
0.987
1.017
0.661
0.926
0.824
0.168
0.785
0.246

0.456
0.359
0.270
0.491
0.066
0.618
0.148
0.664
0.854
0.159
0.333
0.257
0.390
0.236
0.397
0.244
0.218
0.537
0.564
0.688
0.088
0.228
0.159
0.347
0.208
0.366
0.211

Cp
g kg−1

wt%

Yedoma*
Yedoma*
Yedoma*
Yedoma
Yedoma
Yedoma
Yedoma
Yedoma
Yedoma
Yedoma
Yedoma
Yedoma
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Feo/Fet

−1

3.26
4.22
2.68
2.40
0.61
4.94
0.82
4.08
7.01
0.86
1.62
0.21

0.335
0.410
0.369
0.093
0.029
0.409
0.079
0.129
0.153
0.062
0.132
0.033

13.1
14.0
9.74
7.16
1.26
45.8
0.823
5.64
8.50
2.33
5.51
1.53

2.15
1.92
2.17
3.87
3.66
7.20
2.31
1.49
1.64

0.097
0.127
0.170
0.138
0.153
0.310
0.128
0.108
0.116

4.31
4.73
5.61
7.53
8.41
24.0
3.00
4.06
3.71

regions of the Yedoma domain (e.g., Schirrmeister et al.,
2020). It is now considered that the aggradation of Yedoma
deposits is not the result of a single process of aeolian deposition,
but rather the result of a polygenetic origin with probable
seasonally differentiated deposition mechanisms controlled by
local environmental conditions, including the contribution from
local ﬂuvial, colluvial, and alluvial sediments (Strauss et al., 2012;
Schirrmeister et al., 2013, 2020). Similar heavy mineral
composition between Yedoma deposits and the nearby
mountain range support a contribution from local sediments
during Yedoma deposits aggradation (e.g., Schwamborn et al.,
2002; Siegert et al., 2002). The largely linear relationship between
sample depth (or vertical position in an exposure) and calibrated
14
C age reported for Yedoma deposits (Schirrmeister et al., 2002;
Wetterich et al., 2014) indicates that the material is supplied with
a stable sedimentation rate. Our data are well in line with the
supply of local sediments with similar Fe concentrations, which is
consistent with the reported homogeneous mineralogy of
Yedoma deposits with depth (Strauss et al., 2017).
Despite generally dry conditions, Yedoma deposits may have
experienced short wetter periods during their formation
(indicated by the presence of peat or peaty soil layers). It can
be identiﬁed from some of the studied proﬁles, as in Cape
Mamontov Klyk (Mak-2–10), Bol’shoy Lyakhovsky Island (1-3
TZ) or Sobo Sise Island (SobT2-2), that the formation of peat
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FIGURE 6 | Robust linear regression plots for Yedoma Ice Complex deposits (blue dots) and Alas deposits (green dots) between (A) Total organic carbon (TOC)
content (wt%) vs C extracted with pyrophosphate (Cp) (B) Cp vs Fe selectively extracted by pyrophosphate (Fep) (C) TOC vs Fep (D) Optical density of oxalate extract
(ODOE) vs Fep; and (E) Total Fe concentrations (Fet) vs Fe selectively extracted by dithionite-citrate-bicarbonate (Fed). Dashed lines represent the robust linear regression
(alpha  0.95; n  21).

layers are associated with the highest total Fe concentrations
(Supplementary Presentation S1). In Cape Mamontov Klyk, the
highest Fe concentrations occurred in a sandy peat layer
underlying the typical silty Yedoma deposits. In Bol’shoy
Lyakhovsky Island, the highest total Fe concentrations

Frontiers in Earth Science | www.frontiersin.org

occurred in a peat inclusion from a typical Yedoma Ice
Complex unit. In Sobo Sise, the total Fe concentrations are the
highest in a single peaty horizon of Holocene age overlying
Yedoma deposits. The higher total Fe concentration
highlighted in these deposits often correspond with peat layers
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Concentrations in Yedoma and Alas Deposits; Figure 5) across
deposits that span 1,500 km across Siberia (Figure 2). In Yedoma
deposits from Alaska, the mean total Fe concentration differs
from one Alaskan location to another, being higher in Western
Alaska (Kitluk and Baldwin Peninsula: 41.1 ± 4.7 and 43.2 ±
7.4 g kg−1 Fe, respectively) than in Northern Alaska (Colville
and Itkillik: 30.5 ± 1.9 and 24.6 ± 1.7 g kg−1 Fe, respectively;
Figure 5; see Figure 2 for locations). The mineralogical variation
between loess in different parts of the world reﬂects the nature of
the surﬁcial geology and the effectiveness of sediment mixing
processes in the individual source regions (Pye, 1995). Our data
suggest that across the Siberian sites, the sediments contributing
to the deposits are of similar chemical composition, or of mixed
lithologies with a total Fe concentration similar to the Fe
concentration in the continental crust (Börker et al., 2018).
The total Fe concentration reported in the upper continental
crust (39 g kg−1; Rudnick and Gao, 2003), in continental
sediments (40 g kg−1; Rauch and Pacyna, 2009) and in a
typical loess (24 g kg−1; Rauch and Pacyna, 2009) are likely to
yield a homogeneous total Fe concentration in Yedoma deposits
(32 g kg−1; this study) after sediment mixing by periglacial surface
abrasion and polygenetic (aeolian, ﬂuvial, colluvial, alluvial)
transport and deposition. In contrast, in Alaska, the different
mean total Fe concentration in different locations suggests a
range of Fe contributions from different local lithologies, such as
carbonates present in North Alaska close to the Brooks Range
(Walker and Everett, 1991; Till et al., 2008). Overall, despite their
different mean total Fe concentrations, both Siberia and Alaska
Yedoma deposits present similar Fe concentrations with depth,
and can be used to investigate the inﬂuence of thermokarst
process with potential redistribution of Fe during Alas
deposits formation.

or inclusions. The local redistribution of total Fe in Yedoma
proﬁles can be explained with two hypotheses: 1) solubilization of
Fe (from Fe oxide or complexed Fe dissolution) induced by the
wetter conditions during short warmer periods and translocation
of Fe to a peat layer where the microscale redox environment
favors Fe oxide precipitation or 2) cryoturbation of a surface peat
horizon where Fe was precipitated following a similar
solubilization and precipitation process. The high TOC
content in these Fe-rich samples (e.g., TOC: Mak-2–3 
15.3 wt% and Sob14T2-2–11  7.6 wt%) supports the
hypothesis that the presence of peat favors the precipitation of
solubilized Fe. Field observations from Schirrmeister et al. (2008)
indicate that the sandy-peat layer from Cape Mamontov Klyk
(5–10 m above sea level; Supplementary Presentation S1) have
brownish to reddish mottled layers, in a buried oxic gley–soil
horizon, thereby supporting our hypothesis of Fe translocation
upon water saturated conditions and Fe oxide precipitation in
favorable oxic conditions. Water saturated conditions are
suggested to favor the translocation of reduced Fe as already
observed in previous studies (Fiedler et al., 2004; Riedel et al.,
2013; Herndon et al., 2017). The accumulation of Fe is also found
in active layer or Holocene deposits (located in the top of the
Bykovsky Peninsula proﬁles-Supplementary Presentation S1),
and comparable with Fe accumulation in organic-rich surface
soils of ice-wedge polygon from arctic tundra (Herndon et al.,
2020a). Thus, evidence for Fe accumulation also supports that
higher TOC content, often observed in active layer, promotes Fe
precipitation in favorable redox conditions. Despite the fact that
Yedoma deposit formation predominantly took place during the
interstadial Marine Isotope Stage (MIS) three and the stadial MIS
2, promoted by long-lasting continental cold and arid climate
conditions, short thaw phases occurred during the late
Pleistocene with potential impact on the formation of Yedoma
deposits (Schirrmeister et al., 2002, 2013; Wetterich et al., 2014).
Wetter conditions trigger anoxia, which improves vegetation
growth, lowers organic matter mineralization rates and thus
promotes peat accumulation (Keller and Medvedeff, 2016). In
northern latitudes, phases of peat expansion triggered by
increasing air temperatures and moisture supply were inferred
from paleo proxies (from 57 ka to 45 ka BP and from 35 ka to
29 ka BP; Treat et al., 2019). Buried peat layers found in deep
Yedoma deposits could be indirect evidence of these “short”
warming and wetting periods (Treat et al., 2019), and our data
highlight that this likely promoted Fe precipitation. However, our
data show that the presence of peat layers in Yedoma deposits
does not necessarily imply accumulation of Fe (Supplementary
Presentation S1). Detecting the presence or absence of Fe
accumulation in these peat layers is important to identify
potential accumulation of reactive Fe, which in turn can
promote OC stabilization. Based on the positive correlation
between total Fe concentrations and reactive Fe concentrations
in the deposits (R2  0.76; Figure 6E), we argue that Fe
accumulation in peat layers likely contributes to organic
matter stabilization and hence to lower organic matter
mineralization rates.
Our data highlight that Yedoma deposits from Siberia show
similar total Fe concentrations (Global Distribution of Iron
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Thawing Triggers Iron Mobility in Ice-Rich
Deposits and Iron Redistribution in Alas
Deposits
Our results show a larger variability in total Fe concentrations in Alas
deposits relative to Yedoma deposits (Figures 4, 5; Supplementary
Presentation S1 for both Siberia and Alaska. In contrast to never
thawed Yedoma deposits (discussed in Iron Distribution in Yedoma
Deposits), Alas deposits, have experienced intense thawing processes
with potential effects on redox-sensitive elements (e.g., Fe). Alas
deposits result from the impact of thaw and post-depositional
processes on ice-rich Yedoma deposits, as well as newly formed
Holocene deposits. Ground collapse during thawing of ice-rich
deposits, caused by the volume loss after ground ice melt, often
creates favorable conditions for thermokarst lake formation.
Depending on local conditions, these lakes can persist for several
decades, centuries, or even millennia, before they drain due to further
permafrost degradation or dry out under unfavorable water balance
conditions (e.g., shallow water bodies; Grosse et al., 2013). Moreover,
several studies consider that thermokarst lakes form, drain and reform
in a cycle (“thaw-lake cycle”); a process that would result in substantial
changes to Alas deposits on millennial timescale because of repeatedly
reworked sediments undergoing several alternating stages of lacustrine
and subaerial wetland development (Jones et al., 2012). Field evidence
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of multiple thermokarst lake generations overlapping at sites can also
be found in cores (e.g., Lenz et al., 2016). In summary, Alas deposits
are the result of thermokarst dynamics during the Lateglacial and
Holocene and associated reworking of deposits once or multiple times
depending on overall thaw dynamics in the landscape. Additional
complexity arises from the fact that thermokarst landforms undergo
successional changes over time from initial towards advanced stages of
degradation and possibly stabilization, during which the dominant
physical and biogeochemical processes may change as these features
evolve (Biskaborn et al., 2013; Kokelj and Jorgenson, 2013; Turetsky
et al., 2020).
Relative to Yedoma deposits that have never thawed displaying
homogeneous Fe concentrations with depth (Iron Distribution in
Yedoma Deposits), Alas deposits from corresponding locations are
characterized by changes in total Fe concentrations with depth
(Supplementary Presentation S1). This likely results from Fe
becoming mobile during post-depositional processes such as
thermokarst events and subsequent drainage, affecting Fe
distribution in reworked and newly formed deposits. It is well
established that Fe can be mobilized in water-saturated soil (Riedel
et al., 2013; Colombo et al., 2014; Pokrovsky et al., 2014; Manasypov
et al., 2015; Herndon et al., 2020b). The loss of Fe from alluvial plain
soil horizons is correlated to low redox potential (Eh) supporting the
idea that leaching of redox-sensitive elements, such as Fe, occurred
during ﬂuctuating redox conditions in thermokarst lakes (Fiedler and
Sommer, 2004). Moreover, redox gradients can occur over small scale,
e.g., with relief changes between high-centered and low-centered
polygons in polygonal permafrost soils (Fiedler et al., 2004), or
over centimeter scale (Herndon et al., 2020). It follows that
solubilization, translocation and precipitation are also the major
processes involved in Fe mobility in Alas deposits. Here, the data
support that 1) thermokarst lake formation after ice-rich Yedoma
degradation has generated reducing conditions favoring the
solubilization and translocation of dissolved Fe from oxides or
complexed forms in the initial Yedoma deposit, 2) the subsequent
thermokarst lake drainage and refreezing as well as peat accumulation
generated suitable oxic conditions that promote Fe precipitation in
Alas deposits. The Alas deposits therefore represent reworked and
newly formed deposits, which have experienced local oxidation and
precipitation of dissolved Fe in favorable environments depending on
microscale redox potential. This is also supported by ﬁeld observations
of Alas deposits proﬁles (e.g., DY-02) with the typical brownish color
given by Fe oxides (Wetterich et al., 2011b) in the layers enriched in
total Fe concentration (Supplementary Presentation S1).
Grain-size distribution is commonly used as an indicator of
major disturbances between the original Yedoma deposits and the
reworked and newly formed Alas deposits induced by postdepositional processes (Strauss et al., 2012). This allows
identifying contrasts between homogeneous grain-size
distribution in Yedoma deposits (e.g., in Duvanny Yar DY-01
and DY-05) and the more heterogeneous distribution with
coarser and ﬁner particles in Alas deposits (e.g., DY-04 and
DY-02 from the same location; Strauss, 2010; Strauss et al.,
2012). The contrast between homogeneous distribution of total
Fe concentration with depth in Yedoma deposits and the
heterogeneous distribution of total Fe concentration with
depth in Alas deposits (Supplementary Presentation S1) is in
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good agreement with the observations based on the grain-size
distribution (Supplementary Figure S3), and supports that the
reworking and new formation of the deposits is leading to
changing conditions for the mobility of Fe. The degree of Fe
redistribution within Alas deposits could be an indicator of the
intensity of post-depositional processes. The study of such
redistribution may give new clues on thermokarst dynamics,
in particular 1) drainage rate after lake formation, 2) rapid
refreezing after drainage, or 3) single or multiple thaw-lake
cycles. In this way, these observations of Fe mobilization in
the paleo-record act as an analogue for present day and future
Fe distribution in thermokarst lake deposits.

Changing Iron and Organic Carbon
Interactions During Post-Depositional
Processes
The changing conditions for Fe mobility upon thermokarst
processes potentially affect Fe-OC interactions and thereby OC
stability in the reworked deposits (Colombo et al., 2014; Herndon
et al., 2020b; Kleber et al., 2021). This study shows that, on
average, 25% of total Fe is in Fe-oxide form (as crystalline or
amorphous phases) and that out of these oxides, 80% is
amorphous or complexed Fe (Table 2). Based on the subset of
samples analyzed for the selective extractions of Fe (n  21), it
appears that the proportion of reactive Fe oxides to the global Fe
pool is not signiﬁcantly different between thawed and never
thawed deposits, whether considering the total Fe-oxides (Fed/
Fet; p-value  0.46) or the amorphous Fe-oxides (Feo/Fet, p-value
 0.55; Table 2). The crystallinity of Fe-oxides phases in soils is
not solely controlled by redox conditions, but other factors such
as water budget, organic matter input, initial Fe phase
composition, and time (potentially inducing Fe-oxide aging)
are also important players (Cudennec and Lecerf, 2006;
Winkler et al., 2018). In addition, microbial activity, especially
from Fe-reducing microorganisms, may inﬂuence the
crystallinity of Fe oxides and abundance of complexed Fe
(Rivkina et al., 2020). As a result, both increases or decreases
in Fe oxides crystallinity have been reported under redox
ﬂuctuations in wetlands soils (Winkler et al., 2018). This likely
explains why our data indicate that the thawing history of the
deposits is not leading to systematic changes in the crystallinity of
Fe oxides. We observed that the concentration in reactive Fe
oxides (Fed) in Yedoma and Alas deposits is positively correlated
with their total Fe concentrations (Figure 6E). This result
supports that total Fe accumulation (i.e., reported locally in
Yedoma deposits and intensively in Alas deposits) is directly
associated to the accumulation of reactive Fe oxides, thereby
providing potential OC stabilizing phases in these deposits. The
redistribution in total Fe concentration in the Alas deposits
suggest that Fe accumulation likely occurred in oxic
conditions favorable for oxy-hydroxide formation, whereas Fe
depletion was likely associated with ﬂooding conditions leading
to dissolution in reducing conditions combined with subsequent
loss of Fe via lateral or vertical leaching mechanisms.
The characterization of reactive Fe-oxides (crystalline, poorly
crystalline and complexed Fe (Fed, Feo, Fep)) is a primary step
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FIGURE 7 | Conceptual scheme of the depth-distribution of total Fe concentration in never thawed Yedoma Ice Complex deposits, in deposits subsequently to
thaw processes, i.e., below thermokarst lake (not considered in this study) and in Alas deposits. Black rectangles in the upper schematic representation of Yedoma,
thermokarst lake and Alas proﬁle indicate the sample location. The spatial coverage of the geomorphologic features is not to scale.

large variability of total Fe concentrations (Figure 7),
suggesting sustained dissolution of Fe oxides and/or
complexed Fe, Fe translocation and precipitation in redox
favorable microscale environments with potential peat
inﬂuence. Finally, ﬂuvial deposits underlying Yedoma deposits
or deposits showing marine to deltaic inﬂuence in coastal regions
(e.g., Bunge Land; Supplementary Presentation S1) display low
total Fe concentrations that either suggest depletion caused by
lateral loss during ﬂood events or a different sediment origin
already depleted in Fe prior to deposition. These ﬂuvial deposits
are also characterized with very low TOC values which may not
facilitate Fe precipitation. Overall, the redistribution of Fe
between Yedoma and Alas deposits reﬂects the inﬂuence of
the complex history of Yedoma deposits (polygenetic origin,
potential short thawing periods during late Pleistocene) and
the intense post-depositional processes of Alas deposits during
Lateglacial to Holocene warmer periods (Figure 8).
The Fe-OC associations are not permanent: they may
disappear in a wetter, reducing environment, or form in oxic
conditions resulting in a redistribution of Fe throughout the
sediment proﬁle (Opfergelt, 2020; Patzner et al., 2020). Our
results highlight that speciﬁc horizons from Alas deposits have
a 2 to 3-fold increase in total Fe concentration (Supplementary
Presentation S1) and therefore we could expect a 2 to 3-fold
increase in reactive Fe, based on the positive correlation between
total Fe concentrations and reactive Fe concentrations in the
deposits (R2  0.76; Figure 6E). In contrast, sandy layers, often
depleted in TOC, have a 2.5-fold decrease in total Fe
concentrations compared to the overlying typical Ice Complex
deposits (Supplementary Presentation S1). The redistribution of
stabilizing OC phases (i.e., Fe-oxides or complexed Fe) is key for
the fate of OC in a warming Arctic. The changing Fe
concentration between Yedoma and Alas deposits support the
idea that future thermokarst processes in the Arctic will affect Fe-

required to track the potential driving factors linking mineral and
organic components in soils and sediments. Interactions between Fe
and OC, as Fe-OC complexes and as OC-Fe oxide associations, are
supported by the positive correlation between 1) the complexed Fe
(Fep) and the complexed carbon (Figure 6B), and 2) the complexed Fe
and the ODOE which represents organic acids associated with
amorphous Fe oxides and complexed Fe (Figure 6D). The more
TOC is present in the deposit, the more carbon is present in
complexed form (Figure 6A). Deciphering between the many OC
stabilizing processes reported in the literature, such as physical and
physico-chemical protection involving Fe oxides (aggregation,
organo-mineral associations) and organo-metallic complexes
(complexation) is of primary importance to better predict the fate
of OC in a warming Arctic (e.g., Lutzow et al., 2006; Kögel-Knabner
et al., 2008). Our work highlights that total Fe is redistributed upon
thermokarst processes, but more importantly, we highlight the local
(Yedoma) or intensive (Alas) redistribution of protective mechanisms
associated to OC in ice-rich permafrost regions.

Implications of Thermokarst Processes for
Iron Mobility and Interactions With Organic
Carbon
The different steps of Fe mobility between Yedoma and Alas
deposits can be summarized as follows (Figure 7): in Yedoma
deposits that never thawed since deposition, the syngenetic
freezing of sediments soon after deposition limits
solubilization and translocation of Fe throughout the proﬁle
(Supplementary Presentation S1). Nonetheless, Yedoma
deposits, which may have experienced short wetter periods
(indicated by peat layers), show a local accumulation/depletion
of Fe and therefore suggest Fe mobility and translocation
mechanisms. In contrast, in Alas deposits, which have
experienced intensive thermokarst processes, we observe a
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FIGURE 8 | Schematic representation of the iron dynamic within Yedoma domain deposits and the resulting impact for Fe concentration ([Fe]) in Yedoma Ice
Complex (blue), Alas (green), and deltaic/ﬂuvial deposits (orange). The “Yes” and “No” correspond to the answer of the question on the left side of the scheme. Dashed
lines suggest the potential inﬂuence of peat to create favorable oxic conditions.

OC interactions. In this study, we contend that Alas deposits
which have experienced past thawing processes are key witnesses
to predict what may happen next with Fe-OC interactions during
the current and future Arctic warming. More speciﬁcally, it can be
expected that oxic conditions would favor Fe-oxides formation,
generating Fe-OC interactions thereby contributing to mitigate
OC decomposition, whereas ﬂooding would generate reducing
conditions and the lateral and vertical transport of dissolved Fe
phases resulting in the depletion of total Fe concentrations,
thereby contributing to decrease Fe-OC interactions, and
limiting long-term OC stabilization. We also highlight that
future permafrost thaw will be superimposed on deposits with
a relict Fe distribution from the Holocene and Pleistocene. The
paleo Fe distribution in the Yedoma domain may have a knockon effect how Fe can be distributed during future thaw, and
therefore is primed for variations in OC stabilization and OC
mineralization rates. It is therefore essential to consider the
permafrost history to predict the evolution of OC upon
warming and permafrost thaw.

2) a local redistribution of total Fe concentration throughout
Yedoma proﬁles (i.e., driven by short thaw phases upon
Yedoma aggradation with potential peat inﬂuence) and an
intensive total Fe redistribution in Alas deposits consequent to
thermokarst lake formation and drainage, supporting that
iron is mobile upon thaw. We suggest Fe mobility after Feoxides dissolution, i.e., Fe translocation within sediments
followed by Fe-oxides re-precipitation in favorable
microscale conditions or Fe leaching.
3) a positive correlation between the total Fe concentration and
the reactive Fe concentration in both Yedoma and Alas
deposits. On average, proportion of reactive Fe (i.e., Feoxides or complexed Fe) equals 25% of global Fe pool for
both Yedoma and Alas deposits. The intensive redistribution
of total Fe in Alas proﬁles imply that reactive Fe is
redistributed upon thermokarst processes with direct
implication on OC stabilization.
The Yedoma domain has been a highly dynamic environment
since the late Pleistocene period until today, and will continue to
be so with the projected rising temperatures. Our research
suggests that similar processes (i.e., Fe solubilization,
translocation and precipitation) occur in ice-rich permafrost
degradation upon thermokarst processes as previously
described for polygonal or thaw gradient permafrost
landscapes. The total Fe accumulation/depletion, observed in
Alas deposits is accompanied with an accumulation/depletion
of reactive Fe and micro-scale implications for OC stabilization.
We argue that the change from frozen to unfrozen state leads to
the modiﬁcations of multiple environmental conditions
(ﬂuctuating redox conditions, subsidence, leaching, and
drainage) with indirect impact on Fe-oxides distribution and
hence on a portion of mineral-protected OC pools.

CONCLUSION
We determined the total Fe concentration (n  1,292)
and distribution of Fe-oxides and Fe involved in complexes
(n  21) in unthawed Yedoma deposits and previously thawed
Alas deposits from the Yedoma domain. We found:
1) that the total Fe concentrations in never thawed Yedoma
deposits are homogeneous with depth in Alaska and in
Siberia, allowing for Fe concentrations in previously thawed
Alas deposits to be compared with Yedoma deposits to test the
impact of thermokarst processes on Fe mobility.
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