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Abstract

The stabilizing properties of mineral–organic carbon (OC) interactions have been

studied in many soil environments (temperate soils, podzol lateritic soils, and paddy

soils). Recently, interest in their role in permafrost regions is increasing as permafrost

was identified as a hotspot of change. In thawing ice-rich permafrost regions, such as

the Yedoma domain, 327–466 Gt of frozen OC is buried in deep sediments. Interac-

tions between minerals and OC are important because OC is located very near the

mineral matrix. Mineral surfaces and elements could mitigate recent and future

greenhouse gas emissions through physical and/or physicochemical protection of

OC. The dynamic changes in redox and pH conditions associated with thermokarst

lake formation and drainage trigger metal-oxide dissolution and precipitation, likely

influencing OC stabilization and microbial mineralization. However, the influence of

thermokarst processes on mineral–OC interactions remains poorly constrained. In

this study, we aim to characterize Fe, Mn, Al, and Ca minerals and their potential pro-

tective role for OC. Total and selective extractions were used to assess the crystalline

and amorphous oxides or complexed metal pools as well as the organic acids found

within these pools. We analyzed four sediment cores from an ice-rich permafrost

area in Central Yakutia, which were drilled (i) in undisturbed Yedoma uplands,

(ii) beneath a recent lake formed within Yedoma deposits, (iii) in a drained thermo-

karst lake basin, and (iv) beneath a mature thermokarst lake from the early Holocene

period. We find a decrease in the amount of reactive Fe, Mn, Al, and Ca in the

deposits on lake formation (promoting reduction reactions), and this was largely bal-

anced by an increase in the amount of reactive metals in the deposits on lake drain-

age (promoting oxidation reactions). We demonstrate an increase in the metal to C

molar ratio on thermokarst process, which may indicate an increase in metal–C bind-

ings and could provide a higher protective role against microbial mineralization of

organic matter. Finally, we find that an increase in mineral–OC interactions corre-

sponded to a decrease in CO2 and CH4 gas emissions on thermokarst process.
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Mineral–OC interactions could mitigate greenhouse gas production from permafrost

thaw as soon as lake drainage occurs.

K E YWORD S
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1 | INTRODUCTION

Permafrost deposits have been thawing at an unprecedented rate

since the past century.1–3 Climatic warming, which is two to three

times more intense in northern regions, will accentuate permafrost

thaw in the coming decades affecting the whole Arctic.4 Therefore,

the organic carbon (OC) stored in the permafrost deposits is mobi-

lized. Even if a portion of the 1,300-Pg OC stock lying within perma-

frost regions5,6 is decomposed upon thawing, this would result in

significant greenhouse gas emissions at the global scale.4 Thawing of

Yedoma (i.e., ice-rich permafrost) deposits leads to massive landscape

modifications.7–9 The melting of ice-wedge networks and other

excess ice usually leads to surface subsidence followed by thermo-

karst lake formation. With time, the lake can extend horizontally and

vertically and eventually create a drainage pathway.7 Upon lake

drainage, sediment deposits remain within the dried basins, which are

called “Alas.” At the Arctic scale, lake and drained lake basin systems

can represent up to about 50% of the circumpolar Northern Hemi-

sphere permafrost region lowland areas.10 About a quarter of the

21st-century thermokarst lake CH4 release stems from newly thawed

OC stored in deep deposits from the Yedoma region.11 The thawing

and draining of ice-rich deposits triggers shifts in soil or sediment

properties, such as the reductive-oxidative potential (i.e., redox) or pH

values. These shifts drive changes in biogeochemical processes with

potential consequences for mineral–OC interactions (i.e., aggregation,

organo-mineral associations, and organo-metallic complexes12) and

thus OC mineralization rates.10,13 These processes, leading to destabi-

lization of these mineral–OC interactions, may accelerate permafrost

carbon emissions and need to be incorporated in earth system models

for more comprehensive projections of the permafrost carbon

feedback.3,14

Mineral elements and mineral surfaces provide stabilizing

mechanisms for OC resulting in the mitigation of OC mineralization in

many soils.12,13,15–22 OC-stabilizing mechanisms involving Fe and Al

oxy (hydr)oxide have been extensively studied in (i) controlled

conditions,23–26 (ii) agricultural soils,27 (iii) tropical lateritic soils,28–30

(iv) peatlands and rice paddy soils,31–34 and (v) lake and marine sedi-

ments.35–37 However, more recently, there has been an increasing

interest in permafrost regions.38–46 In addition, Mn and Ca play a key

role in OC stabilization and degradation mechanisms.46–51 Overall, Fe-,

Al-, Mn-, and Ca-bearing minerals and cations can provide physical

and physicochemical protection of OC. For microbial mineralization,

OC has to be in intimate contact with microorganisms. Physical

protection of OC within mineral aggregates prevents microorganisms

from approaching this substrate and thus limits this contact.

Physicochemical protection, in the form of organo-mineral

associations within clay or Fe-, Mn-, Al-(oxyhydr)oxides using

polyvalent cation bridges such as Fe3+, Al3+, Ca2+, and Mn3+

(adsorption) or in the form of organo-metallic complexes (Fe-, Mn-, Al-,

and Ca-OC; complexation), hinders microbial degradation through

diverse types of chemical bindings (e.g., von Lützow et al13). Overall,

physical and physicochemical protection of OC through mineral–OC

interactions lowers the solubility of organic acids and their availability

for microorganisms.

A major concern is that mineral–OC interactions that promote

OC stabilization could be highly reversible under changing physico-

chemical conditions, including both redox and pH13,52,53 that occur

during thermokarst processes. Fluctuating wet–dry cycles drive redox

shifts in otherwise well-drained soils resulting in mineral dissolution,

OC mobilization, and subsequent OC mineralization.47,54–58 These

shifts in redox potential influence redox-sensitive elements (i.e., Fe

and Mn) by modifying the crystallinity of Fe- and Mn-oxy (hydr)oxides

or the redistribution of stabilizing surfaces, with subsequent OC

release.29,43,45,59 The processes of wetting and drying are also evident

in thawed lake basins. The reductive conditions induced on lake for-

mation may have an opposite influence on mineral–OC interactions

compared to the oxidative potential induced on lake drainage. Along

the redox ladder (Figure 1), electron acceptors follow the sequence

O2, NO3
�, NO2

�, Mn4+, Fe3+, SO4
�, and CO2, which is more to less

thermodynamically efficient. However, studies show that these redox

reactions often overlap under environmental conditions (e.g., Kappler

et al55). Besides the redox conditions, the pH is a key driver of

Al-, Fe-, and Mn-oxy (hydr)oxide solubility and dissolution rates.12

Furthermore, in soils/sediments with a high pH (neutral/alkaline),

Ca promotes OC stabilization via aggregation, cation bridging, and/or

complexation13,51,60 and may also raise the surface potential of Fe-,

Mn-, and Al-oxy-(hydr)oxides, which leads to more effective coagula-

tion of OC.61 The contribution of Ca to OC stabilization was even

described in permafrost systems.46 In soils with an acidic/neutral pH,

the loss of Ca-based stabilizing mechanisms enables OC microbial

degradation.51

Most mineral–OC interaction studies focus on one or a few ele-

ments involved in OC stabilization, but, to our knowledge, very few

studies investigated Fe, Mn, Al, and Ca interactions with OC simulta-

neously. In ice-rich permafrost regions, interactions between minerals

and OC are crucial given that most of the OC is found in deep mineral

sediments, potentially enhancing interactions between the mineral

and the organic compounds on thawing.17,42,62 Although the increase

in Fe-stabilizing surfaces from undisturbed (not thawed since deposi-

tion) Yedoma deposits to previously thawed Alas deposits was
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recently shown,43 neither the influence of thermokarst lake formation

and drainage on mineral–OC interactions in sediments nor the role of

all potential reactive metals (Fe, Mn, Al, and Ca) was investigated. We

hypothesize that lake formation and lake drainage are important inter-

mediate steps controlling changes in mineral–OC interactions on ther-

mokarst process, with likely opposing effects.

To test our hypothesis, we studied a landscape transect in Central

Yakutia from undisturbed sediments in Yedoma uplands to drained

lake sediments and sediments below thermokarst lakes from different

generations.63 The different thawing history of these deposits allows

us to dissociate thermokarst lake formation on the one hand and ther-

mokarst lake drainage and refreezing on the other hand. This compari-

son provides a glance into the evolution of ice-rich permafrost

deposits in the near future and allows us to assess how mineral–OC

interactions (with Fe, Mn, Al, and Ca) will evolve within the thawed,

drained, and refrozen deposits.

2 | REGIONAL SETTINGS

Yukechi, the site studied, is located 80 km southeast from the city of

Yakutsk in the central part of the Sakha (Yakut) Republic, East Siberia,

Russia (Figure 2a). The region is characterized by a cold and continen-

tal climate with a mean annual temperature of �10.7�C (mean

January: �41�C, mean July: 18.5�C) and a mean annual precipitation

of 246 mm (period: 1982–2012; Yakutsk Weather Station:

RSM0002495965). Between 1966 and 2016, the Central Yakutian

mean annual air temperature increased by 0.3–0.6�C per decade.66

Central Yakutia lies within the continuous permafrost zone and is in a

low-relief landscape, characterized by numerous Alas basins and

thermokarst lakes at different evolutionary stages,67,68 indicating past

and modern active thermokarst processes.63

The Yukechi site is located within the Yedoma domain.9 The

Yedoma deposits of this region can be more than 30 m thick.67 For

tens of millennia, cold and dry conditions during the late Pleistocene

and continuous sedimentation led to the accumulation of several tens

of meters thick Yedoma deposits with characteristic ice-wedge forma-

tion (I) (Figure 3a). These ice wedges formed by the infilling of vertical

frost cracks with snow melt water repeatedly.8 Warm and wet climate

conditions during the Holocene period led to ice-wedge melting and a

thermokarst lake formed within the subsidence area (II). With time,

evaporation and thermokarst lake expansion in depth (i.e., talik deep-

ening) or laterally (i.e., thermoerosion) led to the drainage of the ther-

mokarst basin and consequent refreezing of the deposits (III).7 Since

the onset of the Holocene until now, lake formation and potential

drainage have occurred within the refrozen Alas basin or within frozen

Yedoma deposits (IV).

The studied transect included four evolutionary stages: undis-

turbed Yedoma sediments (Yedoma dry), sediments underneath a

recently formed lake (Yedoma lake), Alas sediments in a drained ther-

mokarst lake basin (Alas dry), and sediments underneath a lake in the

drained basin which have been subject to multiple lake generations

(Alas lake) (Figures 2b and 3b). The Yedoma lake is a recent lake that

formed in Yedoma uplands about 70 years ago (Yedoma lake), defined

here as initial lake formation (lake formation timeline observed by

aerial photography from 1944 until today63). This recent thermokarst

lake formation in the Yedoma uplands indicates ongoing thermokarst

processes.63,69 The Alas sediments experienced drainage/evaporation

and refreezing in previous thermokarst lake generations.70 In the fol-

lowing, we will split the thermokarst process using specific stages:

F IGURE 1 Simplified view of the oxidation–reduction couples involved in redox reactions and listed in thermodynamic order. The redox
potential is decreasing toward the bottom of the column. On thermokarst lake formation (left), electron acceptors for reactions follow the
sequence O2, NO3

�, MnO2, Fe
3+, SO4

�, and CO2. On lake drainage (right), the redox potential increases and favors oxidation reactions. The
colored panels indicate the sequence in which the different reactions are expected to occur based on thermodynamics; however, these redox
reactions may overlap under environmental conditions (modified from Melton et al64) [Colour figure can be viewed at wileyonlinelibrary.com]
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(i) thawing and initial lake formation (*), (ii) lake drainage and refreez-

ing (**), and (iii) secondary thawing and mature lake formation (***)

(Figure 3c). Yedoma and Alas deposits can be clearly subdivided into

different stratigraphic units that reflect varying sedimentation pro-

cesses confirmed by grain-size analysis, as described for the Yedoma

dry and Alas dry cores71 and for the Yedoma and Alas core beneath

the lakes.69,70

3 | MATERIALS AND METHODS

3.1 | Coring and sample preparation

The field campaign to Yukechi was carried out in March 2015 to

retrieve four sediment cores from different landform features

(Section 2): a Yedoma dry core (YYD), a Yedoma lake core (YYL), an

F IGURE 3 (a) Scheme of the permafrost degradation history (I–IV) of the site sampled in this study. Previous Yedoma uplands, with
characteristic ice wedges (white triangles), have experienced the thermokarst process with thermokarst basin formation and drainage since the
onset of the Holocene until now (I–III). More recently, about 70 years ago, a thermokarst lake formed in the Yedoma uplands (IV). (b) Sediment
cores retrieved from the Yukechi site include a core from the Yedoma uplands (Yukechi Yedoma dry [YYD]), a core beneath a recent Yedoma lake
(Yukechi Yedoma lake [YYL]), a core from a drained thermokarst lake basin (Yukechi Alas dry [YAD]), and a core beneath a mature Alas lake
(Yukechi Alas lake [YAL]). (c) Permafrost degradation processes involved within each core: *thawing and initial lake formation, **drainage and
refreezing, and ***secondary thawing and mature lake formation. The combination of initial lake formation (*) and drainage and refreezing (**) will
be referred as the shift from Yedoma dry to Alas dry cores [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 2 (a) Location of the Yukechi site in Russia. (b) Location of the four cores within Yukechi site: the Yedoma dry (YYD), the Yedoma
lake (YYL), the Alas dry (YAD), and the Alas lake core (YAL). Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA,
USGS, AeroGRID, IGN, and the GIS User Community [Colour figure can be viewed at wileyonlinelibrary.com]
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Alas dry core (YAD), and an Alas lake core (YYL) (coordinates in Sup-

plementary Table S1). Drilling was carried out using a URB2-4T drilling

rig mounted on a truck. The cores drilled had a diameter of 15.7 cm in

the uppermost parts and 8 cm in the lower parts. The sediment cores

were removed from the core barrel using compressed air, described,

stored in plastic bags, and kept frozen until laboratory analysis. The

drilling depths below the surface (i.e., lake-ice surface for lake cores)

were 22.4 m (YYD), 17.2 m (YYL), 19.8 m (YAD), and 17.7 m (YAL)

(Supplementary Figure S1). On coring, the presence of taliks, that is,

portions of the sediments that remain unfrozen during winter, some-

times led to partial core loss.69,70 The Yedoma dry core included an

ice wedge between 700 and 950 cm b.s. (below surface), and a talik

section was identified between 100 and 200 cm b.s. The Yedoma lake

core was frozen below 12 m, with significant core loss on core

retrieval for the upper unfrozen section. In the Alas dry core, a talik

was found between 160 and 750 cm b.s. The Alas lake core was

unfrozen for the entire core. The frozen cores were split lengthwise

using a band saw and were subsequently subsampled in a freezer

room at �5�C (sample positions along the core are shown in Supple-

mentary Figure S1). The samples were then air-dried before analyses.

In total, 39 samples were analyzed in this study. The locations and

numbers of samples analyzed are indicated in Supplementary

Table S1.

3.2 | Sample characterization

3.2.1 | pH and mineralogy

Sample pH-H2O and pH-KCl (1 M KCl solution) were measured on

bulk sediment samples (n = 39) with a sediment to solution ratio of

1:5.72 The pH was measured using a WTW Inlolab 720 pH-meter

probe after 1 hour, with manual shaking every 20 minutes. Bulk sedi-

ment mineralogy was determined using X-ray diffraction (XRD,

n = 39). The mineralogy of bulk samples was determined using finely

ground powder (Cu-Kα, Bruker D8 Advance diffractometer, detection

limit = 5%). Diffraction spectra were analyzed using DiffracPlus EVA

software version 10.0.0.3 and PDF-273 and EVA-embedded Diffrac-

Plus Reference databases (Mineral and Master data sets) using the

peak fitting method.

3.2.2 | Total Fe, Mn, Al, and Ca concentration
measurement

Total mineral element concentrations (Fe, Mn, Al, and Ca) were mea-

sured (n = 39) using a portable X-ray fluorescence (pXRF) device and

corrected with inductively coupled plasma optical emission spectrom-

etry (ICP-OES) measurement after alkaline fusion. This procedure is

fully described in Monhonval et al74 This procedure involves convert-

ing the raw pXRF element concentration values using a linear regres-

sion model to be equivalent to an ICP-OES concentration value

obtained after alkaline fusion. Here, only pXRF concentration values

corrected using element-specific regressions with high coefficient of

determination (R2 > 0.72) were used.

We performed pXRF measurements in the laboratory on dried

samples to avoid variability of water content on measurements

(n = 39).75 For this, air- or freeze-dried samples were placed in a cir-

cular plastic cap (2.5-cm diameter) provided at its base with a trans-

parent thin film (prolene 4 μm). Measurements were carried out using

a pXRF device Niton XL3t GOLDD+ (Thermo Fisher Scientific,

Waltham, USA) and a lead stand to protect the operator from X-rays.

The total time of measurements was set to 90 seconds.74

For alkaline fusion used to calibrate the linear regression, air- or

freeze-dried samples were ground in an agate mill. A portion (80 mg)

of the milled sample was mixed with Li-metaborate and Li-tetraborate

and heated for 10 minutes in a 1,000�C oven. The fusion bead was

dissolved in HNO3 2.2 N at 80�C and stirred until complete dissolu-

tion. We measured the mineral element concentrations in that solu-

tion using ICP-OES (iCAP 6500 Thermo Fisher Scientific, Waltham,

USA). Loss on ignition was measured to evaluate the sum of oxides

(between 98% and 102%), and the concentration values were

reported in reference to the sediment dry weight (105�C). The ICP-

OES method was performed on a subset of Yukechi samples (n = 6)

to confirm that the linear regression from the Yedoma domain

(n = 144)74 was appropriate for Yukechi samples (Supplementary

Figure S2).

3.2.3 | Selective Fe, Mn, Al, Ca, and OC extraction
methods

Commonly used selective extraction methods were chosen to identify

the Fe, Mn, Al, Ca, and OC phases. Fe, Mn, and Al were measured in a

filtered solution (using a 20-μm Whatman 41 filter) by ICP-OES after

the following extraction procedures: (i) dithionite-citrate-bicarbonate

(DCB),76 (ii) ammonium oxalate in the dark for 4 hours (oxalate),77 and

(iii) sodium pyrophosphate (pyrophosphate).78 In soils/sediments with

a high pH, Ca could be an important contributor to the stabilizing

mechanisms affecting OC.51,79 Therefore, we measured Ca concentra-

tions within the pyrophosphate extract. Extraction methods using

DCB, oxalate, and pyrophosphate are standard procedures to deter-

mine Fe- and Al-(oxyhydr)oxide phases or complexed ions

(Supplementary Table S2). Here, we tested these extractions to deci-

pher the different Mn phases. We found that the different extraction

methods extracted different pools of Mn (Supplementary Figure S3).

In addition, the Mn concentrations measured using ICP-OES on the

solid residue after the different extractions confirm that DCB, oxalate,

and pyrophosphate extractions target different Mn pools. Repetitions

(n = 3) for three different samples were conducted to assess the pre-

cision of the different methods (Supplementary Table S3). This analy-

sis supports that these extractions can also be used to assess Mn

pools.

Extraction with DCB is presumed to remove well crystalline,

poorly crystalline Fe oxides, and Fe complexed with organic matter

from soil or sediment,80 also called “free iron.” Extraction with

MONHONVAL ET AL. 5



dithionite reduces Fe (III) from oxides. Similarly, Mn (IV) should be

reduced to Mn (II) since Mn is redox sensitive. The reduction of Mn

(IV) is effective with hydroxylamine (NH2OH), a weaker reductant

than dithionite.81 Therefore, we assume that dithionite reduces Mn

(IV) within Mn oxides as well. Substantial amounts of Al and Ca are

released via dithionite without targeting specific Al or Ca pools. The

released Fe (II), Mn (II), and Al3+ and Ca2+ ions remain in solution and

complex with citrate (complexing agent).

Extraction with oxalate at pH 3 targets poorly crystalline oxides

and complexed forms. At pH <3.5, oxides are protonated weakening

the metal–O bond, which is the first stage of dissolution, followed

by the adsorption of oxalate and release of complexed Fe3+ and

Al3+. Oxalate extraction (4 hours in the dark) is a rate-limited pro-

cess, which targets poorly crystalline phases and complexed metals,

whereas longer procedures target more crystalline phases.80 Unlike

in DCB extraction, several Al-containing minerals are dissolved by

oxalate. These include hydroxyl-interlayer Al, poorly crystalline

Al oxides, allophane, imogolite, and other poorly crystalline

aluminosilicates.80 We emphasize that oxalate-extracted Ca cannot

be discussed because of the precipitation of Ca with oxalate on

extraction.

Pyrophosphate extraction at pH 10 chelates polyvalent cations

and therefore targets metals (Fe, Mn, Al, and Ca) complexed with

organic species. It has been reported that Na-pyrophosphate not only

targets organically bonded Fe but also includes nanoparticulate poorly

crystalline Fe oxides.82 Therefore, the release of Fe and Al from small

particles that have not complexed with soil organic acids is not

excluded during pyrophosphate extraction.80

The well-crystallized (DCB-extracted) oxides are less reactive

toward organic compounds because they provide less specific

surface area than poorly crystalline oxides.83,84 Moreover, DCB-

extracted Al cannot be attributed to distinct Al minerals and does

not target well-crystalized Al oxides.80 Dithionite extraction was also

reported to be unexpectedly less efficient within some permafrost

soils.85 Because it is difficult to decipher which phases are extracted

by using DCB extraction method, we define our “reactive” pool

(i.e., the pool highly reactive toward organic species) by the pool

extracted by ammonium oxalate. This pool should combine all poorly

crystalline, amorphous, and complexed pools of Fe, Mn, and

Al. Similarly, we define our reactive Ca as the pyrophosphate-

extracted Ca because of the disadvantage attributed to Ca oxalate

precipitation and should include Ca under complexed forms or inter-

acting via cation bridging.

OC was quantified in oxalate and pyrophosphate extracts. The

optical density of oxalate extract (ODOE), considered as an indicator

of reactive polyaromatic acid concentration, was measured by deter-

mining the absorbance at 430 nm on a Genesys 10 S VIS spectropho-

tometer, with ammonium oxalate reagent as a blank.86 Note that

direct measurement of OC within the oxalate extract is not possible

because of the organic composition of oxalate. From the pyrophos-

phate extract, the concentration in dissolved OC released after disper-

sion by pyrophosphate (referred as Cp) was measured using a

Shimadzu total organic carbon analyzer (measuring nonpurgeable OC).

This indicates the amounts of C involved in organo-metallic com-

plexes in soils or sediments.78 Repetitions (n = 3) for three different

samples were conducted to assess the precision of the method

(Supplementary Table S3).

3.3 | Statistical analysis

The Wilcoxon test (two sided) was used to assess statistical differ-

ences within reactive metals and organic compounds (Cp) between the

different cores. In addition, correlation matrices using Pearson’s
method were constructed using corrplot package, performed using R

software version 4.1.1.87

4 | RESULTS

4.1 | Sediment core pH and mineralogy

pH-H2O ranged between 8.22 and 10.05 with a mean of 8.97, and

pH-KCl ranged between 7.61 and 8.73 (mean = 8.18) (Supplementary

Figure S4). Diffractograms indicate the presence of quartz, plagioclase,

mica, pyroxene, amphibole, dolomite, serpentine, and vermiculite

(Supplementary Table S4). Mineral phases below 5% may be present

but are undetected.

4.2 | Total and selectively extracted Fe, Mn, Al,
and Ca concentrations in sediment cores

The mean (±standard deviation) total concentrations in Fe, Al, and

Mn among all studied sediment cores are 26.1 ± 4.9, 64.5 ± 5.2, and

0.50 ± 0.10 g kg�1, respectively. Total Ca concentration reaches

23.6 ± 6.8 g kg�1
. Total Al concentration is two to three times

higher than Fe concentrations and more than two orders of magni-

tude higher than Mn concentrations on mass concentration basis.

The DCB-extracted Fe (mean: 5.41 g kg�1) is almost one order of

magnitude greater than DCB-extracted Al (mean: 0.63 g kg�1), which

is about twice greater than Mn (mean: 0.28 g kg�1). Reactive Fe,

Mn, and Al (defined here as oxalate-extracted pool) represent about

12% (3.3 g kg�1), 28% (0.15 g kg�1), and 1.3% (0.85 g kg�1) of the

bulk total concentration, respectively (Figure 4a). Finally,

pyrophosphate-extracted Fe represents about 3% (0.82 g kg�1) of

total Fe. Pyrophosphate-extracted Mn (0.13 g kg�1) and Al

(0.10 g kg�1) concentrations are smaller compared to Fe but are

within the same order of magnitude and represent about 25% and

0.2%, respectively, of total Mn and total Al (Figure 4b).

Pyrophosphate-extracted Ca shows the highest concentration with a

mean of 3.5 g kg�1.

When the differences in the selective extractions between

the four stages of thermokarst formation were studied (Figure 2),

we found that reactive (i.e., oxalate-extracted) Fe concentrations

show a significant increase between Yedoma and Alas deposits
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(Wilcoxon test p-value <0.05) but similar concentrations between dry

and lake cores (p-value = 0.19). Similarly, reactive Mn shows signifi-

cantly higher concentrations in the Alas compared to Yedoma core

but significantly higher concentrations in dry deposits compared to

lake deposits (Figure 5b). Reactive Al concentrations show a similar

trend to reactive Mn, with higher concentrations in Alas cores com-

pared to Yedoma cores and higher concentration in dry deposits than

in lake deposits. Mean reactive Mn and Al concentrations are there-

fore the lowest in the Yedoma lake core and the highest in the Alas

dry core. Oxalate-extracted Al concentration is higher than DCB-

extracted Al (Figure 5c). Pyrophosphate-extracted Fe showed smaller

concentrations in the Yedoma dry and Yedoma lake cores (mean:

0.41 and 0.35 g kg�1) compared to the Alas dry and Alas lake cores

(mean: 1.5 and 1.6 g kg�1). This difference between Yedoma and Alas

sediments is smaller for Mn and Al concentrations within pyrophos-

phate extraction (Figure 5). Pyrophosphate-extracted Mn concentra-

tions are within the same order of magnitude as pyrophosphate-

extracted Al (mean: 0.13 and 0.10 g kg�1, respectively; Figure 4a)

despite the huge difference (more than two orders of magnitude) in

the bulk Al and Mn total concentrations in the sediments (Figure 5).

Pyrophosphate-extracted Ca ranges from 0.542 and 6.86 g kg�1,

with mean values decreasing from Alas dry (4.40 g kg�1), Alas lake

(4.26 g kg�1), Yedoma dry (3.06 g kg�1) to Yedoma lake (2.89 g kg�1)

cores. Pyrophosphate-extracted Ca concentrations show higher

values than the sum of pyrophosphate-extracted Fe, Mn, and Al

combined.

Detailed graphs of the Fe, Mn, and Al concentrations over depth

can be found in the supplements: total, DCB, oxalate, and pyrophos-

phate extractions (Supplementary Figures S5–S7) and total and

pyrophosphate-extracted Ca (Supplementary Figure S8). Overall,

DCB-, oxalate-, and pyrophosphate-extracted Fe and Mn follow the

same pattern as their total concentration profile. The Al total concen-

trations are two to three orders of magnitude higher than the concen-

tration of selectively extracted Al. The sandy layer present in the

Yedoma dry (between 19.3 and 10.1 m b.s.) is within the low range of

values for all elements for their total, DCB-extracted, oxalate-

extracted, and pyrophosphate-extracted concentrations contributing

to greater variability (i.e., wider boxplot) within the Yedoma dry core

(Figure 5). The total and selectively extracted Fe, Mn, Al, and Ca con-

centrations are presented in Supplementary Data.

4.3 | Selective OC extractions

Pyrophosphate-extracted C (Cp) concentration ranges are 2.2–

15.4 g kg�1 (YYD), 1.6–6.6 g kg�1 (YYL), 4.1–9.2 g kg�1 (YAD), and

4.0–6.2 g kg�1 (YAL) (Figure 6a). ODOE ranges are 0.014–0.161

(YYD), 0.021–0.056 (YYL), 0.025–0.087 (YAD), and 0.049–0.106

(YAL) (Figure 6b). The Yedoma dry core shows the wider range of

pyrophosphate-extracted C concentrations and Alas lake the narrower

range (Figure 6a). Pyrophosphate-extracted C and ODOE are posi-

tively correlated in the lower part of the Yedoma dry core (R2 = 0.52)

but not in the upper part (Supplementary Figure S9). The ODOE

shows maximum values in the upper part of the Yedoma dry core.

Notably, the sandy layer of the Yedoma dry core displays low-range

values for pyrophosphate-extracted C and ODOE (Figure 6;

Supplementary Figure S9). Absorbance and concentrations for

selective carbon extractions are presented in Supplementary Data.

4.4 | Statistical analysis of reactive metal and
organic variables between stages of thermokarst
process

Statistical analyses between the different cores highlight significant

differences at each stage of the thermokarst process (Table 1). The

initial lake formation (YYD to YYL; see Figure 3) triggered minor

changes (not statistically significant; p-value >0.05) in the concentra-

tion of the reactive metals (Feo, Mno, Alo, and Cap) and organic com-

pounds (Cp and ODOE) (Table 1). The most significant differences

during these stages are an increase in the concentration of reactive Fe

phases and a decrease in complexed C (p-value slightly higher than

0.05 threshold). Note that the average concentration of complexed C

decreases significantly (p-value <0.05) when the sandy sediments

from the Yedoma dry core are discarded. In comparison, the drainage

and refreezing stages (YYL to YAD; Figure 3) show a statistically sig-

nificant change for every parameter (p-value <0.05; Table 1): the con-

centration of all reactive metals (Supplementary Figure S10) and

organic compounds (ODOE and Cp) increased significantly. Secondary

thawing and mature lake formation (YAD to YAL; Figure 3) triggered

significant changes only on the reactive Mn but had no significant

effect on reactive Fe and Al nor on OC parameters (Figure 5; Table 1).

F IGURE 4 (a) Boxplot of the ratio
between oxalate-extracted (i.e., reactive)
and total Fe, Mn, and Al. (b) Histogram of
mean concentrations in pyrophosphate-
extracted Fe, Mn, and Al in the four
sediment cores: Yedoma dry (YYD),
Yedoma lake (YYL), Alas dry (YAD), and
Alas lake (YAL) [Colour figure can be
viewed at wileyonlinelibrary.com]
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F IGURE 5 Boxplot of mineral element total concentrations and selectively extracted concentrations (expressed in mg kg�1) using dithionite-
citrate-bicarbonate (DCB), ammonium oxalate (oxalate), and Na-pyrophosphate (pyrophosphate) for (a) Fe, (b) Mn, (c) Al, and (d) Ca for the four
cores in Yukechi: Yedoma dry (YYD), Yedoma lake (YYL), Alas dry (YAD), and Alas lake (YAL). Oxalate extraction of Ca is not shown due to
precipitation issue (see Section 3.2.3). Yedoma cores are shown in blue and Alas cores in red. Indices are used for total, DCB, oxalate-, and
pyrophosphate-extracted metals, for instance in panel (a): Fet, Fed, Feo, and Fep, respectively. Note that the Y-scaling differs between plots for all
elements [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 6 Boxplot of
(a) pyrophosphate-extracted carbon
concentration (Cp in mg kg�1) and
(b) optical density of the oxalate extract
(ODOE) for Yedoma dry (YYD), Yedoma
lake (YYL), Alas dry (YAD), and Alas lake
(YAL) cores in Yukechi. Yedoma cores are
shown in blue and Alas cores in red
[Colour figure can be viewed at
wileyonlinelibrary.com]
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In sum, the evolution from the Yedoma dry to the Alas dry (YYD to

YAD) shows a significant increase in the concentration of reactive Fe,

Mn, and Al and no significant change for the other parameters

(e.g., ODOE and Cp). The shift from Yedoma (YYD and YYL) to Alas

(YAD and YAL) modifies the concentrations of reactive Fe, Mn, Al,

and Ca (Table 1; Supplementary Figure S10). However, the shift from

dry deposits (YYD and YAD) to deposits beneath lakes (YYL and YAL)

significantly affects only reactive Mn and complexed C (Table 1; p-

value <0.05). We found that all reactive metals are positively corre-

lated with complexed C (Figure 7). Complexed Fe, which is the most

abundant after Ca (Fep mean: 0.82 g kg�1), shows the smallest corre-

lation with complexed C (r = 0.29). On the contrary, complexed Mn

(mean: �0.13 g kg�1), which is the least abundant along with Al, shows

the highest correlation with pyrophosphate-extracted C (r = 0.74).

5 | DISCUSSION

5.1 | A typical Yedoma site modified by
thermokarst process

Total mean Fe concentrations from all Yukechi cores (26.1

± 4.9 g kg�1, n = 39) are in the lower range of values compared to the

median Fe concentration (31.7 ± 4.6 g kg�1, n = 1,292) reported

TABLE 1 p-Value table of Wilcoxon
test (two sided) to decipher statistical
significance of subsets for reactive
metals and organic compounds

Feo Mno Alo Cap ODOE Cp

YYD versus YYLa 0.0841 0.285 0.371 0.709 0.598 0.074

YYL versus YADb <0.05 (+) <0.05 (+) <0.05 (+) <0.05 (+) <0.05 (+) <0.05 (+)

YAD versus YALc 0.955 <0.05 (�) 0.336 0.336 0.148 0.397

YYD versus YADd <0.05 (+) <0.05 (+) <0.05 (+) 0.110 0.171 0.868

Yedoma versus Alas <0.05 (+) <0.05 (+) <0.05 (+) <0.05 (+) <0.05 (+) 0.352

Dry versus Lake 0.190 <0.05 (�) 0.292 0.305 0.910 <0.05 (�)

Notes. These reactive metals gather oxalate-extracted Fe, Mn, and Al (Feo, Mno, and Alo) and

pyrophosphate-extracted Ca (Cap). Organic compounds are presented for optical density of oxalate

extract (ODOE) and pyrophosphate-extracted C (Cp). The p-values in bold font show statistically

significant differences between the subsets. Subsets are the Yedoma dry (YYD), Yedoma lake (YYL), Alas

dry (YAD), and Alas lake (YAL) cores. (+) or (�) represents whether the statistical difference is an increase

or a decrease, respectively. ODOE, optical density of oxalate extract.
aInitial lake formation effect (Figure 3c; *)
bDrainage and refreezing effect (Figure 3c; **)
cSecond lake formation effect (Figure 3c; ***)
dLake formation and drainage effects (combination of footnotes a and b; ****).

F IGURE 7 Upper correlation matrix using
Pearson’s method of complexed (pyrophosphate-
extracted) metals and organic carbon (n = 39).
Correlation matrix with all parameters, including
total, dithionite-extracted, oxalate-extracted, and
pyrophosphate- extracted metals, and C, is
available in Supplementary Figure S11 [Colour
figure can be viewed at wileyonlinelibrary.com]
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throughout the Yedoma domain.43 However, total mean Al and Mn

concentrations are in the same concentration range (Al = 66.5

± 6.9 g kg�1; Mn = 0.498 ± 0.119 g kg�1), as presented by

Monhonval et al88 in the Yedoma domain Mineral Concentration

Assessment (YMCA) data set. The total mean Ca concentration is

twice as high (23.6 ± 6.8 g kg�1) as the Yedoma domain median value

(10.4 ± 4.7 g kg�1, n = 1,292).74 Indeed, previous studies from Central

Yakutia showed that deposits in the area are rich in carbonates.89 This

is further confirmed by the YMCA data set,88 which highlights that

Yukechi samples lie within the upper range of Ca concentration in

Siberia (Supplementary Figure S12). The high pH values measured in

Yukechi cores match previous findings from Central Yakutian lakes

with a pH range of 7–1090 and in unconnected Alas lakes from Cen-

tral Yakutia with a pH >9.91 Despite the fact that carbonate presence

was undetected using the XRD method, reaction of the samples to

HCl confirms the presence of calcite or other carbonates (including

Na2CO3 if sample pH is above 9), which were previously reported in

the area.89 The carbonate presence within the Yukechi deposits, the

high pH values reported within our four cores, and the high-range

total Ca concentration emphasize that Ca is likely to be an important

contributor for mineral–OC interactions.46,51 Since redox and pH (to a

lower extent) conditions can vary depending on the thawing history

of deposits from each core, modifications in the contribution of each

metal (Fe, Mn, Al, and Ca) to mineral–OC interactions are expected.

To confirm the findings of this space-for-time study design, the

following assumptions about the four stages of thermokarst develop-

ment are made. Within typical Yedoma deposits, there are a uniform

mineralogical composition6 and little postdepositional processing.69

Previous work from Schirrmeister et al,8,92 in the Yedoma domain

confirms this assumption, showing that the Yedoma deposits origi-

nated from local sources and a variety of transport mechanisms, which

resulted in a polygenetic formation of Yedoma deposits. We further

assume that Alas deposits formed within and from Yedoma deposits

are mainly composed of relocated and reworked Yedoma

sediments,93 although authigenic deposition on lake formation and

drainage is expected. The uniform mineralogical nature of the Yukechi

site is confirmed by the similarity of detected crystalline minerals from

XRD analyses within the original Yedoma dry cores and within the

other three cores (Supplementary Table S4). The variety of transport

mechanisms is confirmed by different grain-size distributions reported

in previous studies.69,71,89 Therefore, we expect the main changes in

mineral–OC interactions (i.e., Fe-, Mn-, and Al-oxy (hydr)oxides and

Fe, Mn, Al, and Ca complexes and their associations to organic com-

pounds) to be related to changing physicochemical conditions in the

sediment (i.e., redox state and pH), on thermokarst processes and not

related to a different composition of the original deposit. However,

we acknowledge that spatial heterogeneity of the Yukechi site was

not investigated and might explain part of the discrepancies observed

in Yedoma and Alas deposits subjected to previous thaw. We

acknowledge that additional factors not considered here, such as the

diversity of microbial communities (e.g., modulating CO2:CH4 or oxide

dissolution rates), the spatial and functional complexity in the sedi-

ment (e.g., the structuring of space into a network of more or less

connected microsites that determine local environment conditions), or

the catalyst role of mineral elements for organic reactions

(e.g., through the creation of center of reactivity, proton transfer, or

electron acceptor), may also contribute to influence mineral–OC inter-

actions to some extent.56

5.2 | Decoupling the influence of lake formation
and lake drainage on mineral–OC interactions

Biogeochemical conditions in the sediment (referring to redox and

pH) are modified during lake formation and lake drainage.57 Lake for-

mation and lake drainage may lead to contrasted physicochemical

conditions for OC stabilization and modify mineral–OC interactions.

Indeed, mineral elements involved in mineral–OC interactions are

either redox sensitive (Fe and Mn) and/or pH sensitive (Fe, Mn, Al,

and Ca). We assume redox conditions to change significantly beneath

lakes or in dry deposits.32,57 However, the pH measured within the

four cores (dry and lake cores) displays high values (�8) without sig-

nificant differences between cores, which complicates the observa-

tion of modifications for pH-sensitive elements. Combining our data

of the four sediment cores, we are able to dissociate the impact of the

following stages on mineral–OC interactions in the Yukechi sedi-

ments: (i) initial lake formation (modifications between the Yedoma

dry and Yedoma lake cores); (ii) lake drainage and partial refreezing

(modifications between the Yedoma lake and Alas dry cores); and

(iii) second/mature lake formation (modifications between the Alas

dry and Alas lake cores).

The difference in reactive Fe, Mn, and Al across the Yedoma and

Alas sites shows that there are opposing mechanisms on lake forma-

tion and lake drainage. We demonstrate that the processes occurring

during the intermediate steps are masked when comparing only the

initial (YYD) and the final (YAD) deposit stage resulting from thermo-

karst processes. For instance, we observe that the combination of ini-

tial lake formation and drainage (YYD to YAD) shows no significant

differences within the organic parameter concentrations (Table 1,

footnote d). Nonetheless, when considered separately, there is a

decrease in lake formation followed by an increase in lake drainage

for most parameters, including reactive metals, ODOE, and Cp. We

highlight that initial (*, Figure 3b) and secondary (***, Figure 3b) stages

of lake formation had only minor effects on pedogenic Fe, Mn, Al, and

Ca but greater effects on OC phases (Table 1). On the contrary, drain-

age and refreezing (**, Figure 3b) of the Alas dry formation corre-

sponded to a significant increase in reactive metal (Fe, Mn, Al, and Ca)

oxides and complexes and also a significant increase in ODOE and Cp.

We can therefore state that reactive mineral formation and OC stabili-

zation during drainage and refreezing outweigh any reactive mineral

and OC loss during the first thermokarst stage (i.e., initial lake

formation). This finding confirms that organic acid concentrations

are unchanged between the Yedoma dry and the Alas dry core

(e.g., p-value = 0.87 for Cp). However, the intermediate stages

involved in the formation of the Alas dry may have changed the form

and properties of mineral–OC interactions from the original deposit
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with an increase in the potential to stabilize OC. Consequently, the

Alas dry core contained the largest pool size of DCB-extracted Fe and

Mn and the highest reactive Fe and Mn proportion within this pool

(Figure 8). More specifically, the size of the DCB-extracted pool

increased about 36% for both Fe and Mn between the Yedoma dry

and the Alas dry core. Reactive (amorphous and complexed) Fe

increased from 37% to 75%, and Mn increased from 51% to 65% of

the DCB-extracted pool (Figure 8).

The proportion of crystalline, amorphous, and complexed Fe and

Mn phases evolve with lake formation and lake drainage (Figure 8).

Between the least degraded (Yedoma dry, YYD) and the more

degraded core (Alas lake, YAL), the total DCB-extracted pool is rela-

tively unchanged (increase of 11% for Fe and decrease of 1.5% for

Mn). However, when we studied the distribution of Fe and Mn

between the reactive phases, we observed some differences. First, for

Fe, the proportion of the complexed Fe phases increased threefold,

and the amorphous Fe phases doubled at the expense of the propor-

tion of crystalline phases that decreased significantly (63% of the

dithionite-extracted pool in Yedoma dry to 8% in the Alas lake). More

specifically, in the least degraded Yedoma dry core, the majority of

the DCB-extracted Fe was present as crystalline phases (63%)

followed by amorphous pool (29%) and complexed phases (8%)

(Figure 8). The Alas lake sediment core shows a very distinct distribu-

tion of the different Fe pools, with only 8% of the DCB-extracted Fe

as crystalline phases and an increase of 65% of amorphous phases

and 27% of complexed forms. Second, for Mn, the crystalline phases

represent 50%, the amorphous only 5.5%, and complexed forms

44.5% of the DCB-extracted pool in the Yedoma dry core. The Alas

lake shows a small depletion in crystalline phases (42%), amorphous

phases stay unchanged (5%), and complexed forms increase (53%) in

the DCB-extracted Mn pool (Figure 8). Overall, this confirms a signifi-

cant shift toward less crystalline and more reactive (amorphous and

complexed) Fe compounds between the initial and the final steps con-

sidered and only a slight shift for reactive Mn compounds.

The decrease in reactive Mn on lake formation (Figure 5b), which

is not the case for reactive Fe (Figure 5a), was not expected. Indeed,

their similar properties related to redox sensitivity would suggest that

both reactive Mn and Fe would increase on oxidative conditions and

decrease on reductive conditions. We propose that water saturation

of Alas deposits beneath the lake might have decreased the redox

potential only to a certain extent. To confirm this assumption,

Hughes-Allen et al91 observed a decrease in dissolved O2 to below

5% during winter in the bottom of shallow (�2 m deep) unconnected

lakes from Central Yakutia (located less than 100 km apart and with

very similar properties as the lakes overlying Yedoma and Alas lake

cores from this study). The depleted oxygen levels beneath those

lakes are additional evidence for a lower redox potential in the below-

lake deposits discussed here. According to the redox ladder (Figure 1),

Mn species are thermodynamically more favorable to reduce before

Fe reduction. This means that Mn is theoretically reduced before Fe

species on reduction and Fe should be oxidized before Mn species on

oxidation.55,94 As a consequence, reduction in Mn minerals may be

spatially separated from reduction in Fe minerals (e.g., in stratified lake

sediments).55 The potential Mn reduction on lake formation might

have a protective effect on Fe reduction and prevent reactive Fe

decrease on lake formation, as observed here (Figure 4a). However, in

many environments Mn cycling and Fe cycling are tightly coupled,

where steep redox gradients exist on small scales.55 Our data could

F IGURE 8 Proportion of crystalline oxides, amorphous oxides, and complexed forms of Fe and Mn of the oxide and complexed pool within
the sequence of Yukechi cores. These values are based on selective extractions, assuming that the crystalline oxide pool is the difference
between DCB (dithionite-citrate-bicarbonate) and oxalate extraction the and amorphous oxide pool is the difference between oxalate- and
pyrophosphate extraction. Complexed metals are pyrophosphate extracted. From left to right, cores represent the Yedoma dry (YYD), Yedoma
lake (YYL), Alas dry (YAD), and Alas lake (YAL). The size of the total DCB-extracted pool, average in mg kg�1, is given above each pie chart. Al
cannot be represented on the same basis because of the higher proportion of oxalate-extracted Al than DCB-extracted Al [Colour figure can be
viewed at wileyonlinelibrary.com]
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be evidence for the preferential dissolution of Mn phases (relative to

Fe phases) on thermokarst lake formation.

Currently, the increase in the number of lakes across the

Circum-Arctic region does not offset the land area gained through

lake drainage, suggesting that the transition from lake to drained thaw

lake basins (i.e., Alas) leads to permafrost aggradation and increasing

carbon sequestration.10 However, future warming, reduced freezing,

and potential second lake formation may have a disruptive effect in

this trajectory.10 Lake formation and lake drainage, and their interme-

diaries, are therefore highly relevant stages of permafrost condition

today and in the future. We investigate the influence of the end

stages and intermediate stages of thermokarst processes on Fe-OC

and Mn–OC interactions and show that drainage and refreezing trig-

gered the increase in absolute and relative concentrations of reactive

Fe and Mn phases. In addition, the pool of reactive minerals is higher

within the Alas lake than the Yedoma lake core, suggesting an

increase in mineral–OC interactions. This suggests that secondary lake

formation would have a smaller impact on OC release and subsequent

mineralization than initial lake formation. In summary, the increase in

reactive Fe and Mn (poorly crystalline oxides and complexes) at the

expense of well-crystalline oxides from Yedoma to Alas cores is likely

beneficial for OC stabilization.12,22,95

5.3 | Changing organo-metallic bindings with the
thawing history of ice-rich permafrost deposits

The molar contribution of Ca, Fe, Al, and Mn out of the sum of the

complexed phases differs for each metal. On average, this contribu-

tion decreases per the sequence Ca, Fe, Al, and Mn, with 80.7%,

13.5%, 3.6%, and 2.2% contribution, respectively. The high contribu-

tion of a metal (quantitatively) out of the total complexed metal pool

is not the only criterion to prove that this metal is the most influential

(qualitatively) on OC binding and protection. Within sediments

(all characterized by high pH), we found that Ca is the dominant con-

tributor for organo-metallic complexes. The high Ca concentration

within these deposits and the poor solubility of Fe (III) under

circumneutral pH might explain the higher contribution of Ca com-

pared to Fe. However, organo-metallic complexes can involve both Fe

(II) and Fe (III), and the reported co-occurrence of Fe (II) and Fe (III) in

organic complexes from both oxic and anoxic sediments can explain

the substantial role of Fe despite the alkaline pH and reductive condi-

tions within sediments.96 In addition, we found a strong correlation

between Mnp (a minor player quantitatively compared to Fep or Cap)

and Cp (Figure 7), which emphasizes that Mn is likely an important

player qualitatively to associate with C and increase its stabilization.

The saturation of functional groups within soluble organic acids

can be studied by the metal to C molar ratio, that is, the ratio between

the sum of pyrophosphate-extracted metals (Fep, Mnp, Alp, and Cap)

and pyrophosphate-extracted C (Cp).
97–99 As described by Boudot

et al,100 organo-metallic complexes that exhibit a low metal to C molar

ratio are easily biodegraded because of the lack of significant protec-

tive effect. In short, the higher the metal to C molar ratio, the better

protected the organic matter may be against microbial degradation. In

the Yedoma dry (YYD) core, the metal to C molar ratio is �0.1. On

thermokarst process, this molar ratio increases, and all other cores

(YYL, YAD, and YAL) display a metal to C molar ratio of �0.3

(Figure 9). Organic acids thus display fewer bindings with metals

within the Yedoma dry core compared to other cores. The initial lake

formation led to a depletion in complexed C and to a lesser extent in

complexed metals (Figure 9b, arrow 1), with a significant shift from

metal to C molar ratio from 0.1 to 0.3 ratio line (Figure 9a). The sec-

ond stage of the thermokarst process (i.e., drainage and refreezing;

Figure 9b, arrow 2) led to an increase in both complexed C and com-

plexed metals following the 0.3 ratio line. Finally, the second lake for-

mation had no or a few effects on C and metal molar concentrations

compared to the initial lake formation. Complexation between organic

acids and metals lowers the solubility of organic acids and therefore

their availability to microorganisms.101 This, in turn, can decrease the

susceptibility to biological attack and hinders mineralization of organic

molecules.102 Two hypotheses can explain an increase in metal to C

molar ratio: (i) the density of functional groups is constant, and the

quantity of metals bound to these functional groups increases, or

(ii) polyfunctional groups are saturated with metal cations, but the

F IGURE 9 (a) Relation between the
concentration (in mmol kg�1) of
complexed carbon (y-axis) and the sum of
complexed metals (i.e., Fe, Mn, Al, and Ca)
for Yedoma dry (YYD), Yedoma lake (YYL),
Alas dry (YAD), and Alas lake (YAL) cores.
(b) Conceptual view of the influence of
lake formation (1) and lake drainage (2) on
complexed mineral and organic phases
[Colour figure can be viewed at
wileyonlinelibrary.com]
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density of the polyfunctional groups increases. The abundance of

metal cations (especially Ca) suggests that functional groups are likely

saturated and that the second hypothesis is more likely. Either way,

the increase in metal to C ratio results in increasing protection for

organic acids. Therefore, the increased metal to C ratio observed after

thawing of the Yedoma dry deposits likely results in the increase in

stability inferred from complexation between metals and OC and to

the previous loss of unprotected OC.

Dissolved organic acids have a high density of carboxyl groups

(on average 1 carboxyl group for every 10 C atoms; pKa �4–5).99 For

acidic pH, where we found a dominance of a carboxylic polyfunctional

group,103 organic acids are thus considered saturated around a metal

to C molar ratio of 0.1. Here, the high pH (mean: �8–9) allows the

presence of other functional groups such as phenolic groups (pKa

�10).104 Advanced stages of organic matter degradation and subse-

quent depolymerization and oxidation can also lead to the increase in

the abundance of polar functional groups and enhance their chemical

reactivity toward metal cations and mineral surfaces.56 Polyvalent

cations (i.e., Fe3+/2+, Al3+, Mn4+/3+/2+, and Ca2+) can bind via

coordination to those multiple functional groups and form stable

organo-metallic complexes. Complexation mechanisms maintain OC

stability and slow down its decomposition rate.105 The increase in

metal to C ratio after thawing highlights the increase in metal–C

coordination bindings and suggests a higher protective role against

microbial mineralization.

5.4 | Implications for greenhouse gas emissions

We have excellent opportunity to combine data on mineral–OC inter-

actions presented in this study with incubation experiments quantify-

ing CO2 and CH4 emissions from identical Yedoma lake and Alas lake

sediment cores.70 The cumulative greenhouse gas production after

1 year of incubation was the highest in Yedoma lake sediments and

was 3 and 1.5 times lower in Alas lake sediments for CO2 and CH4,

respectively.70 The authors concluded that the highest production in

Yedoma deposits was likely due to the decomposition of readily bio-

available organic matter and that the lower greenhouse gas produc-

tion in the nonfrozen Alas lake sediments likely resulted from

advanced OM decomposition during Holocene talik development.

Higher greenhouse gas emissions were reported in the Yedoma lake

core despite the lower total OC content within this core (median YYL:

0.5 wt%) relative to the Alas lake core (median YAL: 0.8 wt%).

We suggest that the increase in stabilizing mechanisms (involving

reactive Fe, Mn, Al, and Ca) in the Alas lake core compared to the

Yedoma lake core (Figure 8) could also explain the lowest greenhouse

F IGURE 10 Mean and standard deviation of (a) CO2 (expressed in μg CO2–C g�1 dry weight) and (b) CH4 (expressed in μg CH4–C g�1 dry
weight) emissions on the y-axis and mineral stabilization parameters (pyrophosphate-extracted C, sum of complexed metal concentration, and
Feo/Fet ratio) on the x-axis for the Yedoma lake sediments (YYL, blue) and the Alas lake sediments (YAL, red). The mean greenhouse gas (CO2 and
CH4) concentration values are from 1-year (4�C, dark) incubation experiments for Yedoma lake sediments (YYL, n = 7) and Alas lake sediments
(YAL, n = 10).70,109 No incubation experiments are available in the Yedoma dry and Alas dry sediments to compare with the other cores [Colour
figure can be viewed at wileyonlinelibrary.com]
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gas production in Alas lake sediments (Figure 10). The lower CO2 and

slightly lower CH4 production (Figure 10a,b, respectively) in the Alas

lake core relative to the Yedoma lake core is concomitant with an

increase in both complexed C and sum of the complexed metal

concentrations (Figure 10). In addition, the increase in reactive Fe

(Feo/Fet; Figure 10) and reactive Mn, Al, and Ca after first lake drain-

age (Mno/Mnt, Alo/Alt, and Cap/Cat; Supplementary Figure S13) likely

provides better protection for the OC in the sediment. There is also

an increase in the total amount of stabilized complexed C on the

drainage process, a pool that is kept during the second lake formation

(Figure 9b, arrow 2). All these would contribute to the decrease in

CO2 and CH4 emissions in Alas lake sediments relative to the Yedoma

lake sediments. Quantitatively, metals involved in organo-metallic

complexes increased by about 70% in the Alas lake relative to the

Yedoma lake (83 mmol kg�1 in YYL to 141 mmol kg�1 in YAL;

Figure 10) and may hinder the efficacy of microbial enzymes to

degrade OC.106,107 The amounts of poorly crystallized Fe oxides

(Feo – Fep) almost doubled, from 1.96 g kg�1 in the Yedoma lake to

3.74 g kg�1 in the Alas lake, on average. Thanks to the high specific

surface area of poorly crystallized oxides, iron oxy (hydr)oxides can

absorb up to 0.22 g OC g Fe-1.108 Based on this ratio, Yedoma lake

sediments can absorb and protect up to 0.83 g OC kg�1 (mean YYL:

3.81 g Fe kg�1) and Alas lake sediments up to 0.93 g OC kg�1

(mean YAL: 4.22 g Fe kg�1), which represents a 12% increase.

Overall, we suggest that the shift in the proportion of reactive Fe

(from 10.4% in Yedoma lake to 18.6% in Alas lake) and of reactive Mn

(from 21.2% in Yedoma lake to 30% in Alas lake) out of their total

concentration (also true for reactive Al and Ca; Supplementary

Figure S13) might contribute to mitigate CO2 and CH4 emissions. In

addition, the increased availability of Fe and Mn within the Alas lake

core can promote anaerobic oxidation of CH4.
57,110,111 Under anaero-

bic conditions, a variety of microorganisms are capable of using Fe

and Mn to oxidize CH4 and mitigate CH4 emissions.112,113 The

decrease in CH4 production within the Alas lake core could be

explained by an increase in reactive Fe and Mn. Further studies are

needed to quantify the direct impact of such mineral OC interactions

on methane production rates.

Sediment incubation data and mineral–OC characterization vali-

date the increased attention given to mineral–OC interactions for

their potential influence on the permafrost carbon feedback. We dem-

onstrate that the increased abundance in stabilizing surfaces and ions

(i.e., via adsorption, coprecipitation, and complexation) led to the

decrease in microbial degradation and potentially to methanogenesis

inhibition. Although many other parameters can influence greenhouse

gas emissions (carbon quality, quantity, and microbial community

diversity), we claim that mineral–OC interactions cannot be ignored.

Incubation experiments highlighted the contribution and importance

of organo-mineral associations for soil OC sequestration in soils of the

Siberian Arctic, with over 50% of soil OC bound to minerals.84 The

potential to increase CO2 and CH4 production in ecosystems vulnera-

ble to thermokarst processes could be limited by the increase in reac-

tive metals that enhance OC protection and by the increase in Fe and

Mn availability that may inhibit CH4 production.57,114 Our data

support the overwhelming evidence that mineral–OC interactions are

key for a more comprehensive understanding of potential greenhouse

gas emissions on recent and future thermokarst processes.

6 | CONCLUSION

This study investigated the role of the reactive metals Fe, Mn, Al, and

Ca in mineral–OC interactions along a landscape transect in Central

Yakutia from undisturbed Yedoma uplands to drained lake and ther-

mokarst lake sediments from different generations. We quantified the

influence of thermokarst lake formation and drainage on mineral–OC

interactions. Our main conclusions are as follows:

i. Intermediate stages of thermokarst processes like lake formation

and lake drainage largely influenced the interactions between

reactive metals and OC. Lake formation decreased the amount of

complexed OC by 50% and reactive Mn phases by 33%. Lake

drainage (disappearance) and refreezing substantially increased

the amount of organic compounds (complexed OC and associated

to mineral surfaces) and all reactive metals (Fe, Mn, Al, and Ca).

The maximum of reactive metals was found in the Alas dry core

(YAD).

ii. Regarding the range of thermokarst processes considered

(Yedoma dry [YYD] to Alas lake sediments [YAL]), the amount of

complexed Fe phases increased threefold. The amount of amor-

phous Fe doubled at the expense of crystalline phases that

decreased significantly from the Yedoma dry to the Alas lake core

(63% of crystalline Fe oxides in the free iron pool in the Yedoma

dry [YYD] and 8% in the Alas lake [YAL]). Despite a significant

increase in amorphous and complexed Mn concentrations in the

Alas dry core (YAD), the amount of reactive Mn remained rela-

tively similar from the Yedoma dry (YYD) to the Alas lake core

(YAL). Reactive Al and Ca concentrations increased significantly

with the thermokarst lake drainage, whereas lake formation had

only a minor influence with a slight decrease in reactive Al and

Ca concentrations.

iii. Following thermokarst processes, OC had more opportunity to

bind with metal cations, which likely increased the stability of

organic matter and mitigate microbial degradation.

iv. The higher proportion of reactive metals and complexed OC in

Alas lake deposits (YAL) than in Yedoma lake deposits (YYL) is

concomitant with lower CO2 and CH4 emissions reported in Alas

than in Yedoma deposits from the same cores via incubation

experiments.

We found an increase in the supply of stabilizing Fe, Mn, and Al sur-

faces, especially Fe-oxy (hydr)oxides and Fe, Mn, Al, and Ca cations,

providing an increased protection for OC. We found an increase in

poorly crystalline oxides and in metal to C bindings within

organo-metallic complexes on thermokarst lake drainage and refreez-

ing. All these contributed to the concomitant decrease in CO2 and

CH4 emission on secondary thawing of Alas deposits. Overall, our
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data emphasize the overwhelming evidence that mineral–OC interac-

tions need to be considered in the estimates of future greenhouse gas

emissions upon thawing of ice-rich permafrost deposits.
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