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A B S T R A C T   

Interactions between minerals and organic carbon (OC) in soils are key to stabilize OC and mitigate greenhouse 
gas emissions upon permafrost thaw. However, changes in soil water pathways upon permafrost thaw are likely 
to affect the stability of mineral OC interactions by inducing their dissolution and precipitation. This study aims 
to assess and quantify how mineral OC interactions are affected by dissolution and precipitation in thawed 
relative to unthawed layers. We hypothesize that a change in the radiogenic strontium (Sr) isotopic ratio 
(87Sr/86Sr) involved in mineral OC interactions upon changing water saturation conditions implies a destabili-
zation of the mineral OC interaction. We quantified mineral OC interactions using selective extractions in soils 
facing gradual thaw (Eight Mile Lake, AK, USA) and in sediments with a thawing history of abrupt thaw 
(Duvanny Yar, Russia), and we measured the 87Sr/86Sr ratio of the selective extracts targeting the Sr associated to 
mineral OC interactions. Firstly, for water saturated layers with a higher proportion of mineral OC interactions, 
we found a difference in the 87Sr/86Sr ratio relative to the surrounding layers, and this supports the preservation 
of a Sr “stable” pool in these mineral OC interactions. We estimated that a portion of these mineral OC in-
teractions have remained undissociated since their formation (between 4% and 64% by Sr isotope mass balance). 
Secondly, we found no difference in 87Sr/86Sr ratio between layers accumulating Fe oxides at redox interfaces 
regularly affected by water table changes (or upon thermokarst processes) relative to surrounding layers. This 
supports the dominance of a Sr “labile” pool inherited from processes of dissolution and precipitation of the 
mineral OC interactions. Thirdly, our estimations based on a Sr isotope mass balance support that, as a conse-
quence of permafrost thaw, a larger proportion of Sr from primary mineral weathering (>80%) controls the Sr in 
mineral OC interactions in the saturated zone of deeply thawed soils relative to poorly thawed soils (~50%). In 
conclusion, we found that the radiogenic Sr isotope method, applied for the first time in this context, is promising 
to trace dissolution-precipitation processes of mineral OC interaction in thawing permafrost.   

1. Introduction 

Mineral organic carbon interactions provide a significant protective 
role for organic carbon (OC) in soils and sediments (von Lützow et al., 
2006; Keil and Mayer, 2014; Kleber et al., 2015; 2021). Mineral- 
protected OC is known to be less available for microorganisms and is 
therefore less vulnerable to microbial degradation. In permafrost soils 
which store between 1,460 and 1,600 Pg C, twice the carbon stock 
currently found in the atmosphere, the OC enclosed in unfrozen and 
frozen layers below ground is highly sensitive to climate warming 
(Schuur et al., 2015; van Huissteden, 2020; Strauss et al., 2021). 

Warming in northern latitudes is almost four times faster than the global 
warming rate and permafrost is currently thawing at an unprecedented 
rate (Fox-Kemper et al., 2021). The interactions between mineral sur-
faces or cations and OC act as a protective shield and reduce the portion 
of OC emitted as greenhouse gases in the atmosphere upon permafrost 
thaw (e.g., Mu et al., 2016; Herndon et al., 2017; Hemingway et al., 
2019; Patzner et al., 2020). The temperature sensitivity of soil organic 
carbon is attenuated by mineral protection in permafrost soils (Gentsch 
et al., 2018). 

The processes of dissolution and precipitation of such mineral OC 
interactions is a major concern to better predict future greenhouse gas 
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emissions upon gradual (i.e., deepening of the active layer) or abrupt (i. 
e., thermokarst processes) thaw in permafrost regions. Mineral OC in-
teractions include aggregation, organo-mineral associations (involving 
Fe, Mn, Al oxides, clay minerals or carbonates) and organo-metallic 
complexes between polyvalent cations (e.g., Fe3+, Al3+, Ca2+) and 
functional groups of organic acids. However, Fe oxides and organo- 
metallic complexes are known to be highly vulnerable with permafrost 
thaw due to changing soil conditions (Schwertmann, 1991; Colombo 
et al., 2014; Kleber et al., 2015; Winkler et al., 2018; Patzner et al., 
2020). Permafrost thawing processes such as deepening of the active 
layer, thermokarst lake formation and drainage are responsible for 
changing soil moisture and water pathways in permafrost regions 
(Grosse et al., 2013; Vonk et al., 2019; Rodenhizer et al., 2020) and 
influence mineral OC interactions (Opfergelt, 2020; Monhonval et al., 
2021b; 2022). Most permafrost-affected areas suffer from periodic or 
persistent anoxia due to soil water saturation (Street et al., 2016) which 
promotes the dissolution of Fe oxides and influences the formation of 
organo-metallic complexes (Schwertmann, 1991; Stumm and Sulz-
berger, 1992; Colombo et al., 2014; Kleber et al., 2015). The processes of 
dissolution and precipitation of mineral OC interactions may result from 
multiple freeze–thaw cycles inherited from changing soil conditions 
extending back thousands of years depending on sediment deposition 
processes and permafrost thawing history. 

Determining what drives the preservation of mineral OC interactions 
or under what conditions mineral OC interactions are altered by disso-
lution and precipitation upon permafrost thaw is a challenge. In mineral 
OC interactions, calcium (Ca) can act (i) as a cation bridge adsorbed to 
Fe oxide surfaces or be occluded within Fe oxides structure and (ii) as a 
polyvalent metal cation participating in the formation of organo- 
metallic complexes (von Lützow et al., 2006; Kleber et al., 2015; Row-
ley et al., 2018). The role of Ca for organic complexation is generally 
promoted at neutral/alkaline pH (Rowley et al., 2018). The contribution 
of Ca to organo-metallic complexes should be quantified in mineral soil 
layers exposed by permafrost thaw relative to organic soil layers in 
surface, which are more acidic but enriched in Ca by plant cycling 
(Chapin et al., 1980). Strontium (Sr) is an alkaline earth metal of similar 
ionic size and charge as Ca and is established as an analogue for Ca 
(Faure and Powell, 1972; Capo et al., 1998). Because of their similar 
properties, Sr often substitutes to Ca, and can therefore be part of min-
eral OC interactions, i.e., occluded or adsorbed onto Fe oxides or com-
plexed with organic acids (Andersson et al., 1994; Wortberg et al., 
2017). 

The radiogenic Sr isotope ratio (87Sr/86Sr) is commonly used as a 
source tracer in Earth surface processes (e.g., Miller et al., 1993; Capo 
et al., 1998; Banner, 2004). This results from a contrast between the 
rocks from the continental crust being more radiogenic (with a higher 

87Sr/86Sr ratio, i.e., enriched in 87Sr which derives from 87Rb decay) and 
the rocks from the mantle being less radiogenic (depleted in 87Rb and 
therefore in 87Sr). Strontium substitutes for Ca in Ca-bearing minerals 
such as plagioclase abundant in mantle rocks, whereas Rb substitutes for 
K in K-bearing minerals such as K-feldspar or muscovite (abundant in 
crustal rocks). Targeting Sr within the mineral OC interactions requires 
the selective extraction of Fe oxides and organo-metallic complexes in 
soils. This can be achieved using the dithionite-citrate-bicarbonate 
(DCB) extraction method commonly used to selectively extract Fe 
involved in Fe oxides (Mehra and Jackson, 1960) but which also extracts 
untargeted metals adsorbed to or occluded within Fe oxides or partici-
pating in organo-metallic complexes (Rennert, 2019). 

In the context of permafrost thaw, we hypothesize that Sr within 
mineral OC interactions should display a “stable” pool that has not been 
submitted to dissolution processes since the formation of the mineral OC 
interaction. The 87Sr/86Sr in the “stable” Sr pool should reflect the Sr 
source from the time of the formation of the mineral OC interaction 
(Fig. 1). Conversely, we hypothesize the presence of a Sr “labile” pool 
within mineral OC interactions facing ongoing dissolution-precipitation 
with a 87Sr/86Sr reflecting the source of Sr from the time of the repre-
cipitation of the mineral OC interaction (Fig. 1). Since Sr is a highly 
soluble element (Gupta et al., 2018), the dissolution of mineral OC in-
teractions should release Sr into the soil solution. Upon subsequent 
precipitation of the mineral OC interactions, Sr from the new soil solu-
tion with a potentially exogenous Sr source with a different Sr isotopic 
signature may co-precipitate with mineral OC interactions (Andersson 
et al., 1994) (Fig. 1). If this hypothesis is true, a similar Sr isotopic 
signature in mineral OC interactions before and after permafrost thaw (i. 
e., gradual thaw, thermokarst lake formation) would indicate that 
mineral OC interaction bonds with Sr are stable (no dissolution) or that 
the Sr from the new soil environment is characterized by a similar 
87Sr/86Sr than the first Sr source (Fig. 1). However, a change in the 
87Sr/86Sr within mineral OC interactions would suggest a dissolution 
step followed by the adsorption of Sr from a different source with a 
contrasting 87Sr/86Sr (Fig. 1). Considering that OC can be released 
together with Sr upon Fe oxide dissolution or organo-metallic complexes 
dissociation (von Lützow et al., 2006; Wortberg et al., 2017; Patzner 
et al., 2020), we use here Sr as a witness for the potential release of OC in 
changing water saturation conditions for mineral OC interactions upon 
thawing permafrost. 

Upon gradual permafrost thaw, weatherable minerals bearing Sr 
from permafrost layers are exposed to water and can be dissolved and 
release Sr in the active layer (Kokelj et al., 2013; Reyes and Lougheed, 
2015). Lateral transport in the saturated active layer may also provide Sr 
from an exogenous source with a distinct isotopic signature that differs 
from the Sr isotopic signature found in permafrost (Keller et al., 2007; 

Fig. 1. Hypothesis on the stability of mineral organic 
carbon (OC) interactions upon permafrost thaw and 
the associated changes in 87Sr/86Sr ratio of the Sr 
occluded or adsorbed onto iron oxides and the Sr 
complexed with organic acids. Scenario 1: no disso-
lution of the mineral OC interactions and no change 
in 87Sr/86Sr ratio (“stable” Sr pool). Scenario 2: 
dissolution of the mineral OC interactions and sub-
sequent precipitation with Sr of similar isotopic ratio 
(in yellow) than the first Sr source (“labile” Sr pool). 
Scenario 3: dissolution of the mineral OC interactions 
and subsequent precipitation with Sr from a different 
source (different isotopic ratio in blue) than the first 
Sr source (“labile” Sr pool).   
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2010; Hirst et al., 2022). Upon abrupt thaw, thermokarst lake formation 
and drainage during the Holocene can provide Sr from exogenous source 
with distinct isotopic signature compared to Yedoma deposits formed 
during the late Pleistocene (Biskaborn et al., 2013; Grosse et al., 2013). 
Therefore, both gradual and abrupt thaw can potentially modify the 
radiogenic Sr isotope ratio which allows to trace the stability of mineral 
OC interactions in thawing permafrost. 

In this study, we use radiogenic Sr isotopes measured from DCB ex-
tracts in soils and sediments to trace dissolution-precipitation of mineral 
OC interactions upon thawing permafrost. To this aim, we investigate 
the changes in radiogenic Sr ratio of mineral OC interactions across a 
range of water saturation conditions between unthawed and thawed 
layers: (i) in a context of gradual thaw by comparing permafrost layers 
and active layers along a thaw gradient of permafrost soils with 
increasing active layer depth (including unsaturated and saturated 
active layers), and (ii) in a context of abrupt thaw by comparing sedi-
ment profiles from ice-rich Yedoma deposits that never thawed since 

deposition during late Pleistocene and deposits that thawed during the 
Holocene (Alas and lake sediments). 

2. Material and methods 

2.1. Permafrost landscapes from Eight Mile Lake, Alaska, USA 

The first site is a moist acidic tundra site located in Eight Mile Lake 
watershed, Healy, AK, USA (63.87◦N, 149.25◦W). Permafrost in this 
region is vulnerable to gradual thaw, deepening of the active layer, 
subsidence and water table level rise (Osterkamp et al., 2009; Plaza 
et al., 2019; Rodenhizer et al., 2020). The site is dominated by the 
tussock forming sedge (Eriophorum vaginatum), various small shrubs and 
Sphagnum spp. mosses (Schuur et al., 2007; Mauclet et al 2022; Villani et 
al 2022). Soils are Histic Turbic Cryosols (IUSS Working Group WRB, 
2015). The modern active layer at this site (0–66 cm) spans a range from 
0 − 4.6 ka (i.e., thousand years) and the underlying permafrost layer 

Fig. 2. (a) Location of Eight Mile Lake, Healy, AK, USA and the six soil profiles collected (yellow points); (b) Schematic of the six profiles investigated at Eight Mile 
Lake with the thickness of the unsaturated and saturated active layer (orange and blue, respectively) and the permafrost (gray) (soil profiles by increasing active layer 
depth Ext1 < Mod1 < Min1 < Ext3 < Mod3 < Mod2 sampled along a thaw gradient originally defined as minimal (Min), moderate (Mod), and extensive (Ext) 
permafrost degradation; Table S1); (c) Location of Duvanny Yar, Kolyma Lowland, Siberia, Russia and the four sediment profiles collected (yellow squares); (d) 
Schematic of the Duvanny Yar section with position (m. a.r.l = height above river level) of the studied profiles (modified from Strauss (2010)): Yedoma deposits are 
represented in black (DY-01 and DY-05), Alas deposits in purple (DY-04) and Lake sediments in red (DY-02). *DY-02 is a separate profile underlying the Yedoma 
deposits sequence. Maps were built with ArcGis software; source: Esri, DigitalGlobe, GeoEye, USDA, USGA, IGN and the GIS User community. 
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(66–123 cm) spans a range from 4.6 to 15 ka (Hutchings et al., 2019). 
This site is ideal to test potential dissolution-precipitation processes of 
mineral OC interactions along a permafrost thaw gradient. The original 
thaw gradient was defined >30 years ago with minimal (Min), moderate 
(Mod), and extensive (Ext) permafrost degradation (Osterkamp et al., 
2009). Since then the gradient has evolved resulting in variable active 
layer thickness at the site (Schuur et al., 2021). We have selected six soil 
profiles of increasing active layer depth (Ext1 < Mod1 < Min1 < Ext3 <
Mod3 < Mod2; Fig. 2a-b; Table S1). The six profiles were sampled by 
layer (n = 72 individual horizon-level soil samples) at time of deepest 
active layer depth (late August 2019), using a knife in the upper part of 
the profile and a stainless-steel pipe manually hammered down below 
the water table (Palmtag et al., 2016). Permafrost was reached for every 
core and up to a maximum depth of 120 cm. The active layer thickness 
varied with microtopography and ranges from 48 cm to 88 cm and the 
water table depth ranges between 0 and 40 cm (Table S2). All samples 
were air-dried. Samples from the litter were shredded without sieving 
while other samples were sieved at 2 mm to remove the roots (absence of 
coarse fragments) and ground prior to laboratory analyses. These soil 
profiles have been characterized for their total organic carbon (TOC) 
content (Mauclet et al. (2023); Fig. S1). 

2.2. Permafrost landscapes from Duvanny Yar, Yakutia, Russia 

The second site is an ice-rich permafrost site from Duvanny Yar in the 
Kolyma Lowland, Siberia, Russia (68.63 ◦N, 159.10 ◦E; located in the 
Yedoma domain as defined by Strauss et al. (2017)). This site is affected 
with thermokarst lake formation and drainage. The Duvanny Yar site is 
considered to be a key site for late Pleistocene history and has a long 
history of study since 1950’s (Popov, 1953; Tomirdiaro and Chernen’-
kiy, 1987; Rozenbaum and Shpolyanskaya, 1998; Zanina et al., 2011; 
Strauss et al., 2012; Murton et al., 2015). Duvanny Yar silty sediments 
from the Yedoma profiles are characterized as polygenetic and loess- 
related deposits (Strauss et al., 2012; Murton et al., 2015; Shmelev 
et al., 2021). The mineralogy of this deposit is characterized by the 
presence of pyroxene, hornblende, pyrope, magnetite, goethite, quartz, 
feldspar, calcite, illite, and chlorite (Shmelev et al., 2021). Samples were 
collected from an approximately 12-km-long outcrop, which consists of 
Yedoma hills as high as 50 m above river level (a.r.l.) dissected by deep 
thermo-erosional valleys and thermokarst depressions exposed along 
the Kolyma river (Fig. 2c-d). This late Pleistocene syngenetic permafrost 
is vulnerable to abrupt thaw (i.e., thermokarst lake formation and 
drainage) and is also well suited to test the dissolution-precipitation 
dynamic of mineral OC interactions. Duvanny Yar Yedoma deposits 
span a range from >45 ka to 9 ka for uppermost Holocene sediments 
(Strauss, 2010). A total of 46 samples from two Yedoma profiles (DY-01 
and DY-05) and two previously thawed profiles (one lake sediment 
profile (DY-02) and one Alas profile (DY-04)) were collected using hand- 
held drill or hammer after cleaning the first centimeters of the outcrop 
(Table S1). The samples were air-dried, and no sieving was necessary 
given that the particle size distribution of these Yedoma domain deposits 
is below 2 mm (Strauss, 2010) These samples for which the TOC content 
is available (Table S2; Fig. S2) represent a subset of the full profiles from 
this site studied in Monhonval et al. (2021b) (Fig. S3). 

2.3. Selective Fe, Sr and Ca extraction 

The concentrations of Fe and Sr selectively extracted by dithionite- 
citrate-bicarbonate (DCB; Mehra and Jackson, 1960) were determined 
on all samples from Eight Mile Lake study site (n = 72) and Duvanny Yar 
site (n = 46) (Table S2). Briefly, 0.75 g of finely ground soil or sediment 
sample was mixed with 30 ml of citrate solution (sodium citrate 
Na3C6H5O7 2H2O) 0.3 M buffered by sodium bicarbonate NaHCO3 in 
centrifugal tubes. The dithionite (three to five times 0.75 g) was added 
to the tubes placed in a hot bath at 85 ◦C while stirring. The DCB-extract 
was filtered (Whatman 41 filter, 20 μm retention size) and the Fe and Sr 

concentrations were measured by inductively coupled plasma optical 
emission spectrometry (ICP-OES, iCAP 6500 Thermo Fisher Scientific). 
The precision (coefficient of variation) of the ICP-OES measurement on 
permafrost samples is 0.5% and 1% for Fe and Sr, respectively (Mon-
honval et al., 2021a) and limit of detection was never reached (0.004 mg 
L− 1 and 0.0001 mg L− 1 for Fe and Sr, respectively). The concentration of 
DCB-extracted Fe and Sr is expressed in reference to the soil or sediment 
dry weight (105 ◦C) and will be referred as Fed and Srd (in mg kg− 1) in 
the following. 

The proportion of DCB-extracted Sr over the total Sr concentration 
(Srd/Srtotal) was determined by measuring the total Sr concentrations in 
the bulk samples (Eight Mile Lake site, n = 72; Duvanny Yar site, n = 46; 
Table S2) by portable X-ray fluorescence (pXRF) device and corrected 
using a regression with measurements by ICP-OES after alkaline fusion 
following the method described in Monhonval et al. (2021) (Fig. 3; R2 =

0.99). 
The concentration of Ca selectively extracted by Na-pyrophosphate 

was determined on the samples from Eight Mile Lake study site (n =
72; Table S2). This site presents contrast between samples with <20% 
TOC and >40% TOC to investigate the role of Ca on organic complexes, 
whereas the Duvanny Yar site only presents samples with TOC < 20%. 
Practically, 0.4 g of milled sample was mixed with 40 ml of pyrophos-
phate 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). This extraction is presumed to target Ca 
involved in organo-metallic complexes and also dispersible colloids 
(Bascomb, 1968; Parfitt and Childs, 1988). The Ca concentrations in 
these extracts were analyzed by ICP-OES (iCAP 6500 Thermo Fisher 
Scientific), expressed in reference to the soil dry weight at 105 ◦C (mg 
kg− 1), and will be referred as Cap in the following. 

Fig. 3. Total Sr 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 mineral and 
organic samples from Eight Mile Lake acidic tundra (green points; n = 21 and 
red points n = 18, respectively). Samples from the Yedoma domain deposits 
(black points; n = 144, Monhonval et al. (2021)) are included. The robust linear 
regression for mineral and organic samples is presented (dashed black line; 
alpha = 0.95). Grey points are excluded from the robust linear regression. 
Mineral and organic samples are divided with 20 wt% organic carbon cutoff 
(Hicks Pries et al., 2012). Equation from linear regressions is provided with the 
robust determination coefficient. Errors bars (±2σ) are taken from Monhonval 
et al. (2021). 
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2.4. Purification of Sr and radiogenic Sr isotope measurements 

The radiogenic Sr isotopic ratio of the DCB extracts (section 2.3) has 
been measured for all samples from Eight Mile Lake study site (n = 72) 
and Duvanny Yar site (n = 46). A volume of DCB extract corresponding 
to 500 ng of Sr was evaporated in Teflon vials on a hot plate (50 ◦C). The 
sample was then mixed with H2O2 and concentrated HNO3 to remove 
organics: the sample reacted in sealed Teflon vials on a hot plate 
(180 ◦C) and was then evaporated to dryness. This step was repeated 2 to 
3 times. To purify Sr from the sample, the aliquot was dissolved in 3 M 
HNO3 and loaded on a Biorad microspin column containing 500 µl of Sr 
specific resin (50–100 µm Triskem), and eluted in several stages with 
HNO3 (Aciego et al., 2009). The sample containing the purified Sr was 
evaporated to dryness and dissolved in HNO3 2% for Sr isotope mea-
surements. The total procedural Sr blank was <0.1% of the total Sr 
analyzed. 

Strontium isotope measurements were carried out by MC-ICP-MS 
(Neptune Plus TM High Resolution Multicollector ICP-MS, Thermo 
Fisher Scientific, Earth and Life Institute, UCLouvain, Belgium) in wet 
plasma mode using a PerFluoroAlkoxy (PFA) nebulizer of 100 μl min− 1 

uptake rate. Typical sensitivity for 100 ppb Sr was about 7 V. Each 
sample was measured with three repetitions and the results are 
expressed as 87Sr/86Sr ratio (average ± 2SD on the three repetitions). 
The long-term precision and accuracy was assessed using an in-house 
standard Sr ICP (0.708598 ± 0.000115; 2SD, n = 75) and the refer-
ence material NIST SRM987 (0.710303 ± 0.000033; 2SD, n = 20), 
consistent with certified value for this reference material (0.71034 ±
0.00026; Standard Reference Material® 987, Strontium Carbonate, 
Isotopic Standard). The NIST SRM987 reference material was also used 
to validate that no interference was associated to the DCB matrix. The 
obtained value for the 87Sr/86Sr ratio after mixing the NIST SRM987 
with DCB and column purification was 0.710313 ± 0.000073 (2SD, n =
27), also consistent with the certified value (0.71034 ± 0.00026). 

The radiogenic Sr isotope ratio is a tool that can be used in mixing 
models to estimate the proportion of Sr in a specific layer that combines 
a more radiogenic source from upper soil layer with a less radiogenic 

source from deeper soil layers. This mixing tool can be used to estimate 
quantitatively the proportion of Sr preserved in a specific layer accu-
mulating mineral OC interactions in the saturated soil layers. For 
instance, in EML, we can use the average 87Sr/86Sr ratio from unsatu-
rated soil layer (Sr ratioUnsaturated = 0.7095897; section 3.1) and from 
permafrost layer (Sr ratioPermafrost = 0.7087378; section 3.1) as end- 
member values to estimate their contribution to a specific layer from 
the saturated layer using the following equation (Eq.1): 

Sr ratioSaturated = X * Sr ratioPermafrost +(1 − X)* Sr ratioUnsaturated (1)  

where X refers to the contribution of permafrost Sr source in the specific 
saturated layer of interest. 

2.5. Statistical data treatment 

Correlation analysis using Pearson method between parameters were 
constructed using corrplot package. To assess statistical differences be-
tween two datasets, we performed the Wilcoxon test. All statistics were 
performed using R core software (R Core Team, 2018). 

3. Results 

3.1. Eight Mile Lake site: Concentrations in Fe, Sr, Ca and 87/86Sr ratio in 
selective extracts from the soil profiles 

The concentration in DCB-extracted Fe of Eight Mile Lake soils 
ranges between 1.02 and 75.0 g kg− 1 with the highest recorded values at 
the water table (Fig. 4). About 51% of total Sr is DCB-extractable (Srd/ 
Srtotal) in organic samples and can be associated to mineral OC in-
teractions (Fig. S4; Fig. S5a). This percentage substantially decreases to 
6.8% in mineral samples (Fig. S4; considering Fig. S1 to differentiate 
organic (TOC > 20%) from mineral samples (TOC < 20%; Hicks Pries 
et al. (2012)). Note that the concentration of Srd is lower in deeper soil 
and that a significant amount of Sr from deeper soil layers would be 
needed to slightly change the Sr isotopic ratio in DCB-extracted solution 
from surface soils. The concentrations in Ca selectively extracted by 

Fig. 4. Radiogenic Sr isotopic ratio from DCB extraction (87Sr/86Sr; black points, bottom x-axis) and concentration in dithionite-citrate-bicarbonate (DCB) extracted 
Fe (in mg kg− 1; gray points, top x-axis) for Eight Mile Lake soil profiles Min 1 (a), Mod 1 (b), Mod 2 (c), Mod 3 (d), Ext 1 (e) and Ext 3 (f). Errors bars (±2SD) are 
represented for radiogenic Sr isotopic ratio. The water table (dashed blue line) and permafrost table (black line) are represented for each plot. 
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pyrophosphate (Cap) ranges from 369 and 3233 mg kg− 1 (Table S2). Our 
results indicate a positive correlation (r = 0.98) for all samples (except 
unsaturated active layer samples) between the DCB-extracted Sr and the 
pyrophosphate-extracted Ca (Fig. 5a). 

In the moist acidic tundra site of Eight Mile Lake, the 87Sr/86Sr ratio 
of the DCB extracts ranges between 0.708309 and 0.710044 (Fig. 4). 
Samples from the organic-rich layer (n = 37) are significantly more 
radiogenic than samples from mineral layers (n = 35; p-value < 0.001; 
Fig. S6a). The maximum 87Sr/86Sr ratio in DCB extracts is often found 
within the first 15 cm depth of tundra soils. In addition, a significant 
decrease in the Sr ratio is observed between active layer and permafrost 
(p-value < 0.001, n = 51 and 21 for permafrost and active layer, 
respectively). Within the permafrost, the radiogenic Sr ratio of the DCB 
extracts is constant with depth in profiles Min 1 and Mod 1 but increases 
with depth in all other profiles (Fig. 4c-f). Despite the increase in 
permafrost layers, the radiogenic Sr ratio of the DCB extracts is the 
highest in top surface horizons which allows us to decipher two isotopic 
signatures, one from the unsaturated layer (0.709590) and one from 
deeper frozen layers (0.708739). The 87Sr/86Sr ratio in the DCB extracts 
found in top of the waterlogged profile with deepest thaw (0.709288; 
0–10 cm) is lower compared to top surface layer from adjacent profile 
(Mod1 and Mod3; Fig. 4). Overall, a positive correlation is found be-
tween 87Sr/86Sr ratio of the DCB extracts and the TOC (r = 0.81; 
Fig. S6a). In the unsaturated active layer, the 87Sr/86Sr ratio of the DCB 
extracts and the amount of Fe involved in Fe oxides or participating in 
organo-metallic complexes (Fed concentrations; Fig. 4 and Fig. S6c) are 
negatively correlated (r = − 0.58; Fig. S6c), whereas these two variables 
are positively correlated in the saturated active layer and the permafrost 
(r = 0.52; Fig. S6c). Our results also indicate a positive correlation be-
tween the 87Sr/86Sr ratio of the DCB extracts and the pyrophosphate- 
extracted Ca (r = 0.77; Fig. 5b), with the highest Sr isotopic ratio 
found in unsaturated soil layers. 

3.2. Duvanny Yar site: Concentrations in Fe, Sr and 87/86Sr ratio in 
selective extracts from the sediment profiles 

The concentration in DCB-extracted Fe in Duvanny Yar sediments 
ranges between 7.76 and 52.8 g kg− 1 (Fig. 6). The highest values are 
found as a narrow accumulation (<50 cm thick; Fig. 6) in the thawed 
and refrozen deposits (DY-04 and DY-02 profiles). About 10% of total Sr 
is DCB-extractable with a range of 5 to 26% and the maximum found in 
an organic-rich layer of the Yedoma deposits (DY-01, 29 m a.r.l.; 
Fig. S5b; Fig. S7). 

Both Yedoma deposit profiles span an identical range of DCB 
extracted 87Sr/86Sr ratio (0.709175 ± 0.000426 and 0.708980 ±
0.000221; mean ± 2SD for DY-01 and DY-05, respectively; Fig. 6). 
Similarly, the 87Sr/86Sr ratio in DCB extracts of Alas deposits and Lake 
sediment profile falls within similar range as the Yedoma profiles. The 
Alas profile (DY-04) shows a 87Sr/86Sr ratio of 0.708988 ± 0.000206 
and the lake sediment profile (DY-02) a 87Sr/86Sr ratio of 0.709099 ±
0.000485. The highest Sr isotopic ratios in DCB extracts are found in 
peat layers from the Yedoma (DY-01) and the lake sediments profile 
(DY-02; Fig. 6; Fig. S6a). 

4. Discussion 

4.1. Controls on the variability of the radiogenic Sr ratio in mineral OC 
interactions from Eight Mile Lake soil profiles 

4.1.1. General soil profile 
We observe a general decrease in the 87Sr/86Sr ratio of the DCB- 

extracted Sr from surface to depth in the soil profiles from Eight Mile 
Lake (Fig. 4). This is consistent with previous studies from other 
permafrost regions which highlighted similar decrease in radiogenic Sr 
ratio in deeper soil layers relative to top surface layer (Keller et al., 2010; 
Bagard et al., 2013). The mineralogy of Eight Mile Lake tundra soil is 
derived from loess that accumulated during the late Pleistocene and 
Holocene period which is characterized by minerals such as K-feldspar, 
micas, illitic clay minerals (i.e., K-rich more radiogenic minerals), but 

Fig. 5. For unsaturated active layer (orange), saturated active layer (blue) and permafrost (gray) samples from Eight Mile Lake soils: (a) Concentration of dithionite- 
citrate-bicarbonate (DCB) extracted Sr as a function of pyrophosphate-extracted Ca (mg kg− 1); (b) Radiogenic Sr isotopic ratio (87Sr/86Sr) of the DCB extracts as a 
function of pyrophosphate-extracted Ca (mg kg− 1). 
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also plagioclase and other Ca-bearing minerals (i.e., Ca-rich less radio-
genic minerals) (Mauclet et al., 2023). The difference in radiogenic Sr 
isotopic composition with depth likely reflects a higher proportion of K- 
rich minerals (i.e., characterized with a high 87Sr/86Sr ratio) in the upper 
soil profile relative to a higher proportion of Ca-rich minerals (charac-
terized with a low 87Sr/86Sr ratio) in the lower soil profile. This can be 
explained by dissolution of the more weatherable Ca-plagioclase and the 
relative increase in resistant K-rich minerals in the uppermost soil layers, 
thereby resulting in higher 87Sr/86Sr ratio in organic-rich layers in the 
upper part of the profile (Drouet et al., 2007). 

Atmospheric deposition is another process which could enrich sur-
face soil horizons with exogenous inorganic rock-derived Sr and 
contribute to Sr release for mineral OC interactions (Graustein and 
Armstrong, 1983; Derry and Chadwick, 2007). While Sr derived from 
marine aerosol was reported as an important source of Sr in some highly 
weathered and/or coastal systems (Graustein and Armstrong, 1983; 
Chadwick et al., 2009; Pearce et al., 2015), the influence of marine 
deposition is negligible in the continental environment of Interior 
Alaska (Hirst et al., 2022) and is therefore neglected in this study. 

4.1.2. Specific soil layers 
In unsaturated active layers, according to the absence of correlation 

between Fed concentration and 87Sr/86Sr ratios (Fig. 4 and Fig. S6c), the 
increase in mineral OC interactions involving Fe do not influence the Sr 
isotopic ratio of the DCB extracts. This supports that mineral OC in-
teractions involved in these soils are not only controlled by interactions 
with Fe. Mineral OC interactions can involve organo-metallic complexes 
with elements such as Ca, and hence Sr, as supported by higher Srd/ 
Srtotal in unsaturated soil layers (Fig. S4). The positive correlation be-
tween the DCB-extracted Sr and the pyrophosphate-extracted Ca (r =
0.98), better than between the DCB-extracted Sr and the DCB-extracted 
Fe (r = 0.58), for all samples (except unsaturated active layer samples; 
Table S2) supports the existence of organo-metallic complexes with Sr2+

substituting for Ca2+ in Eight Mile Lake soils. Even if the contribution of 
Ca to organic complexation is generally promoted at neutral/alkaline pH 
(Rowley et al., 2018), the data support a contribution from Ca to organic 
complexation in mineral horizons (lower part of the active layer and 
permafrost: pH 5.2 ± 0.6; Mauclet et al., 2023) and in organic horizons 
(upper part of the active layer: pH 4.0 ± 0.2; Mauclet et al., 2023). The 
Ca contribution to OC complexation in organic horizons is likely related 

to plant cycling (Chapin et al., 1980) with evidence for Ca accumulation 
in the organic horizons at the study site (e.g., Mauclet et al., 2022; 
Villani et al., 2022). The higher Sr isotopic ratio with higher organo- 
metallic complexes with Ca (Fig. 5b) is likely explained by the loca-
tion of the sample in the top surface layer of Eight Mile Lake tundra soils. 
Indeed, the high Sr isotopic ratio in unsaturated layers can be explained 
by the contribution from secondary minerals in the organic layer as a 
source of Sr, as observed for the exchangeable Sr (Mauclet et al., 2023). 

An accumulation of mineral OC interactions (higher concentrations 
in Fed) is usually found close to the redox interface (Fig. 4). We argue 
that the Fed accumulation location indicates the mean position of the 
water table fluctuation level during summer season for each specific soil 
profile (i.e., the water table level displayed on the plots refers to the 
water table at the moment of sampling; Fig. 4). The Sr within such 
mineral OC interactions can be Sr adsorbed or occluded to Fe oxides or 
Sr involved in organo-metallic complexes. Here, the positive correlation 
in saturated soil layers between the concentration in DCB-extracted Sr 
and the organo-metallic complexes with Ca2+ (pyrophosphate-extracted 
Ca; Cap) (r = 0.99; Fig. 5a) indicate a high proportion of organo-metallic 
complexes with Sr. The divalent cation Sr2+, like Ca2+

, is potentially able 
to stabilize the negative charge of polyfunctional groups in organic 
acids. However, the accumulation of mineral OC interactions near the 
redox interface do not modify the overall 87Sr/86Sr ratio of that layer 
compared to the surrounding soil layers (i.e., located directly above or 
below; Fig. 4). This can be explained by a large pool of labile Sr sub-
mitted to repeated dissolution-precipitation cycles or by the increased 
abundance of organo-metallic complexes with dynamic association- 
dissociation processes. The interface between minerals and organic 
carbon evolves continuously with changes in the chemistry of aqueous 
phases, organic matter and mineralogy, and influences both magnitude 
and rate of OC adsorption (Kleber et al., 2021). This dynamic exchange 
between the mineral and organic compounds may be greater within 
organo-metallic complexes compared to spatially occluded Sr within Fe 
oxides (von Lützow et al., 2006). The mineral OC interactions found at 
the redox interface are substantial but our results indicate a poor sta-
bility in time of these interactions and rather highly dynamic cycles of 
dissolution-precipitation leading to a radiogenic Sr isotope ratio 
reflecting the last Sr source available in that specific soil layer. 

The Fe accumulation at the water table is commonly explained with 
the hypothesis that Fe2+ is released from weathered minerals previously 

Fig. 6. Radiogenic Sr isotopic ratio from dithionite-citrate-bicarbonate (DCB) extraction (87Sr/86Sr; black points, bottom x-axis) and concentration in dithionite- 
citrate-bicarbonate (DCB) extracted Fe (in mg kg− 1; gray points, top x-axis) for Duvanny Yar sediment profiles DY-01 (a), DY-05 (b), DY-04 (c) and DY-02 (d). 
The two Yedoma profiles are displayed on the left (a and b). The Alas profile (c) and lake sediment profile (d) on the right. Errors bars (±2SD) are represented for 
radiogenic Sr isotopic ratio. 
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locked in permafrost which migrates upward towards oxic zones before 
oxidation and precipitation as poorly crystalline oxides or as organo- 
metallic complexes (Lipson et al., 2012; Herndon et al., 2017; Patzner 
et al., 2022). Another explanation could be that soluble organo-metallic 
complexes present in permafrost or formed above the permafrost table 
migrate upwards with water table fluctuations and settle at the redox 
interface. In the first scenario, Fe2+ mobility is independent of Sr 
because they are not interacting. The Sr adsorbed at the time of Fe 
oxidation is therefore the one found locally at the redox interface with a 
high 87Sr/86Sr ratio. This first scenario would not modify the Sr isotopic 
signature of DCB extracts at the water table because Sr would originate 
from top surface layer close to the redox interface. In the second sce-
nario, Sr is translocated upward together with soluble organo-metallic 
complexes. Under these conditions, the 87Sr/86Sr ratio of DCB extracts 
at the Fe accumulation layer would decrease reflecting less radiogenic Sr 
from deeper source mixing with more radiogenic Sr from upper soil 
layer. Here, the results suggest that the first scenario is the more likely 
and that there is no mixing of Sr from deeper layers upon gradual thaw. 
In terms of organic carbon stabilization, this supports that mineral OC 
interactions must be disrupted on ascent and cannot migrate in a stable 
form towards the redox interface. Organic carbon is therefore more 
vulnerable upon Fe oxide dissolution in long-term saturated soil con-
ditions with low potential to form mineral OC interactions. 

In saturated active layers, the radiogenic Sr isotopic signature of DCB 
extracts and Fed concentration are positively correlated (r = 0.65; 
Fig. S6b). As an example, the slight increase in Fed concentration below 
the water table level in the profile Mod 2 (10–15 cm; Fig. 4c) is 
concomitant with an increase in radiogenic Sr isotopic signature. Simi-
larly, below the water table level of profiles Ext 1 and Ext 3, the higher 
Fed concentrations result in higher radiogenic Sr isotopic signature 
(Fig. 4e, f). These locally different 87Sr/86Sr ratios in DCB extracts for Fed 
enriched likely reflect the Sr isotopic signature preserved in a Sr “stable” 
pool induced by the higher proportion of mineral OC interactions (sec-
tion 4.3.1). Future work designed to probe redox-sensitive dynamics 
specifically, such as the influence of newly precipitated Fe associated OC 
on the variability of the 87Sr/86Sr ratios in DCB extracts, would be 
valuable to the approach. 

4.2. Controls on the variability of the radiogenic Sr ratio in mineral OC 
interactions from Duvanny Yar sediment profiles 

4.2.1. General sediment profile 
We found that DCB-extracted Fe concentration was homogeneous 

with depth in both Yedoma profiles but more variable with depth in Alas 
deposits (DY-04) and Lake sediments (DY-02) (Fig. 6). These data sup-
port that, compared to Yedoma deposit profiles, Fe oxides and organo- 
metallic complexes are redistributed upon thermokarst process leading 
to layers of accumulation of mineral OC interactions in Alas and Lake 
sediment profiles (Fig. 6). This is supported by the redistribution of total 
Fe concentration upon thermokarst processes highlighted in Monhonval 
et al. (2021b), between the homogeneous Fe concentration in Yedoma 
profiles and the highly variable Fe concentration in Alas and Lake 
sediment profile (Fig. S3). However, the higher Fed concentration in 
previously thawed deposits compared to Yedoma deposits is not corre-
lated with higher Sr isotopic ratio of the DCB extracts (Fig. S6d). 

The identical radiogenic Sr signature of the DCB extracts in both 
Yedoma deposits profile was expected and is explained by the similar 
loess origin upon Yedoma formation during the late Pleistocene. Both 
Yedoma profiles were submitted to similar cold and dry climate condi-
tions and therefore, Yedoma deposits were very likely to display iden-
tical 87Sr/86Sr reflecting their similar sources. Grain size analysis from 
Strauss et al. (2012) indicates stable sediment sources and persistent 
transport conditions with very likely loess origin (grain size distribution 
with a large peak at 20 to 60 µm; Smalley and Smalley, 1983). In 
addition, Yedoma deposits from the Kolyma Lowland and elsewhere are 
characterized by weak intensity of chemical weathering because of their 

specific mineralogy, continental origin, cold and arid climate conditions 
(Alekseev et al., 2003). The lack of chemical weathering could be 
partially responsible for the rather homogeneous 87Sr/86Sr ratio of the 
DCB extracts within Yedoma deposits. Such Yedoma formation should 
result in homogeneous radiogenic Sr isotopic signature with time. Note 
that slight differences might be explained by seasonal (summer and 
winter) variations in wind speed and directions likely modifying the 
origin of the loess material or by increased weathering before syngenetic 
freezing under warmer interstadial periods (Murton et al., 2015). 

However, the identical 87Sr/86Sr ratio in DCB extracts between de-
posits that never thawed since deposition (Yedoma) and deposits that 
thawed during the Holocene (Alas and Lake sediment) was not expected. 
In this scenario where no change in Sr isotopic signature is found be-
tween Yedoma and previously thawed permafrost features, one cannot 
decipher no dissolution (scenario 1 in Fig. 1) or dissolution-precipitation 
of mineral OC interactions (scenario 2 in Fig. 1). Here, the identical Sr 
isotopic signature of the DCB extracts indicates that (i) mineral OC in-
teractions were stable despite lake formation and drainage or (ii) min-
eral OC interactions were dissociated and subsequently precipitated 
with a Sr source with similar radiogenic Sr isotope ratio than at the time 
of the formation of the first mineral OC interaction. The fact that Alas 
deposits and Lake sediments are mainly composed of re-worked deposits 
from the former Yedoma deposits (Grosse et al., 2013) likely promoted 
an homogeneous 87Sr/86Sr ratio of the DCB extracts despite abrupt thaw 
processes. 

4.2.2. Specific sediment layers 
The maximum 87Sr/86Sr ratio of the DCB extracts from Duvanny Yar 

is found in a peat layer from the Yedoma profile (DY-01; 29 m a.r.l.) 
(Fig. 6a). The peat layer (10.5 wt% TOC) is a paleocryosol sequence with 
increased silt and lower sand content compared to other samples (mean 
grain size 16 µm; Strauss (2010)). The increased TOC found in Yedoma 
deposits could be caused by ponding water and boggy conditions in low- 
center polygons under warmer conditions (Strauss et al., 2012). Such 
conditions could have promoted increased weathering and subsequent 
enrichment in resistant K-rich (more radiogenic) minerals. This specific 
layer is not characterized by an increase in Fed concentration but by an 
increase in Srd concentration (Fig. S7a). This could be evidence of 
increased mineral OC interactions in the form of organo-metallic com-
plexes with Ca2+ and Sr2+ as previously hypothesized for Eight Mile 
Lake soils (section 4.1), and identified in deposits from the Yedoma 
domain (Monhonval et al., 2022). The contribution from Ca to OC 
complexes is likely not driven by pH conditions (not measured at the site 
but generally <7 in a peat layer). The accumulation of Ca available for 
OC complexation in a peat layer is likely related to plant cycling (Chapin 
et al., 1980), in line with the observations at the site of Eight Mile Lake 
(section 4.1.2). 

In previously thawed deposits, the top layer from the Lake sediment 
profile displays the highest DCB-extracted 87Sr/86Sr ratio (Fig. 6d). This 
layer is dated from the Holocene period and results from peat formation 
processes. Like in the Yedoma profile DY-01, the highest radiogenic Sr 
isotopic ratio of the DCB extract is not concomitant with an increase in 
mineral OC interactions involving Fe (Fig. 6) but concomitant with a 
higher proportion of Sr participating in mineral OC interactions (Srd/ 
Srtotal; Fig. S7d). This is supporting evidence for the importance of 
organo-metallic complexes with Ca2+ and Sr2+. 

4.3. Conditions for the preservation of mineral OC interactions upon 
permafrost thaw 

4.3.1. Preservation of mineral OC interactions in saturated layers enriched 
in Fe-oxides and organo-metallic complexes 

In soils from Eight Mile Lake, specific layers from the saturated active 
layer are Fed enriched and display a different radiogenic Sr signature of 
the DCB extract than layers above or below (Fig. 4e, f, c for soil profiles 
with increasing active layer depth Ext1 < Ext3 < Mod2). These Fed 
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enriched layers are located below the water table level at the time of 
sampling (Table S2). Given the long-term fluctuations of the water table 
with permafrost thaw at the site (Schuur et al., 2021), these layers may 
reflect past redox interfaces corresponding to past water table. However, 
these layers today are not affected by repetitive redox fluctuations. A 
shorter soil water residence time limits shifts in redox conditions, and 
there is a contrast in water saturation conditions between poorly (min-
imal lateral drainage) and deeply (drainage more rapid) thawed profiles 
(Hirst et al., 2022). Despite these contrasts in water saturation along the 
thaw gradient, the data suggest a preservation of the Sr isotopic signa-
ture from the time of the formation of the mineral OC interactions in 
these Fed enriched layers, and hence a stability of mineral OC in-
teractions upon permafrost thaw. In parallel, specific peat layers from 
Yedoma domain deposits (layers with the highest TOC values in Fig. S2a, 
b, d) with no Fed accumulation (Fig. 6a, b, d) suggest mineral OC in-
teractions such as organo-metallic complexes involving Ca2+ and Sr2+

rather the Fe cations. The highest Sr isotopic ratios of the DCB extracts 
observed in these peat layers (Fig. 6a, b, d) are concomitant with an 
increase in Srd (Fig. S7 a, b, d), likely involved as organo-metallic 
complexes rather than occluded or adsorbed to Fe oxides. The obser-
vations from the two sites (Eight Mile Lake and Duvanny Yar) imply that 
Fed enriched saturated layers or peat layers may offers stable conditions 
for mineral OC interactions and could mitigate the OC vulnerability to 
permafrost thaw (Fig. 7), as supported by previous studies (Monhonval 
et al., 2021b; Joss et al., 2022). 

The Fed enriched saturated layer in the deeply thawed profile Mod2 
(10–15 cm; Fig. 4c) is well suited to quantify the stability of mineral OC 
interactions in waterlogged conditions. This specific layer is not classi-
fied as organic-rich (TOC = 8 wt%, i.e., below the cutoff at 20% for 
organic rich layers) but shows concomitant increase in Fed and 87Sr/86Sr 
ratio of the DCB extract. This layer displays a Sr isotopic ratio of 
0.7094107. According to Eq. (1), this indicates that 21% of the Sr 
originates from the permafrost layer and 79% from the top surface layer. 
In comparison, the unsaturated active layer in Mod2 on average is 

characterized by 85% of the Sr with a permafrost isotopic signature and 
only 15% from the top unsaturated active layer. The increase in mineral 
OC interaction and subsequent increase in the 87Sr/86Sr ratio of the DCB 
extract raised the amount of the stable pool of Sr that remained undis-
sociated in mineral OC interaction compared to other layers with a lower 
potential for mineral OC interactions. These calculations indicate that 
79% of Sr trapped in mineral OC interactions originates from the top 
surface layer when there is an accumulation of mineral OC interactions, 
but this proportion decreases to 15% in layers without mineral OC in-
teractions accumulation. By difference between these two pools, this 
suggest that 64% of the Sr originating from top layer was preserved 
thanks to the accumulation of mineral OC interactions. The same 
calculation can be applied to the accumulation peak of mineral OC in-
teractions in profile Ext1 and Ext3: this supports that 51% of the Sr 
originates from the upper part of the profile at Fed accumulation peak 
against 47% on average in the saturated layer for Ext1, and 38% against 
20% on average in the saturated layer for Ext3. By difference between 
the area of Fed accumulation and the average of the saturated zone, 
overall this indicates that in that layer between 4% and 64% of mineral 
OC interactions have remained undissociated since their formation. 

4.3.2. Dissolution-precipitation of mineral OC interactions at redox 
interfaces 

Despite the significant accumulation of Fed indicating increasing 
mineral OC interactions at the redox interface of Eight Mile Lake soils, 
no change in 87Sr/86Sr ratio of the DCB extracts in these layers relative to 
their surrounding layers is observed (Fig. 7). The redox interface acts as 
an oxidative barrier that promotes Fe oxides precipitation with potential 
co-precipitation of Sr. The Fed accumulation found at the redox interface 
is the result of redox shift due to water table fluctuations and reported in 
many studies (Lipson et al., 2012; Riedel et al., 2013; Herndon et al., 
2017; Patzner et al., 2022). Our approach is consistent with the obser-
vations from Wortberg et al. (2017) using radiogenic Sr isotopes to trace 
the source of Fe aggregates co-precipitated with Sr in rivers and 

Fig. 7. Schematic of permafrost soil radiogenic Sr isotope ratio in the DCB extract (blue and yellow Sr isotopes) and concentration in DCB-extracted Fe (Fed; red line) 
dynamic upon thaw. At the boundary between saturated and unsaturated soil layers (i.e., redox interface), the accumulation of Fed is not correlated with a change in 
radiogenic Sr ratio in the DCB extract. In saturated soil layer, the increase in Fed is concomitant with an increase in radiogenic Sr ratio in the DCB extract indicating a 
stable pool of Sr with a conservative property in mineral OC interactions rich layers. 
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originating from a redox interface between anoxic groundwater and oxic 
stream water. Here, to explain the unchanged Sr isotopic ratio at redox 
interface in soil layers characterized with little Fe oxides and mainly 
organo-metallic complexes accumulation, we argue that the ongoing 
aerobic-anaerobic conditions promoted by water table fluctuations in-
duces persistent and dynamic dissolution-precipitation of mineral OC 
interactions. In turn, this would favor an increased proportion of a labile 
Sr pool vulnerable to dissolution and a precipitation of new mineral OC 
interactions, contrasting with the stable Sr pool from saturated layers 
(section 4.3.1). 

In parallel, the accumulation of Fed in previously thawed profiles 
from the Yedoma domain (Fig. 6) can also be explained by Fe redistri-
bution and precipitation where local conditions favors oxidation re-
actions (Monhonval et al., 2021b). The increase in Fed concentration 
without change in radiogenic Sr isotopic ratio is similar than what is 
observed at the redox interface of Eight Mile Lake. Therefore, this could 
be explained by similar processes of ongoing dissolution-precipitation 
processes in layers with mineral OC interactions accumulation pro-
moting the formation of a Sr highly “labile” pool. Note that this could 
also be explained by the homogeneous Sr isotopic ratio with depth in 
both Yedoma and previously thawed profiles. 

Overall, the lack of difference in 87Sr/86Sr ratio of the DCB extracts 
between layers accumulating Fe-oxides at redox interfaces regularly 
affected by water table changes (or upon thermokarst processes) relative 
to surrounding layers supports the dominance of a Sr “labile” pool 
inherited from processes of dissolution and precipitation of the mineral 
OC interactions characterized with a signature from the local environ-
ment (Fig. 7). 

4.3.3. Increasing contribution from mineral weathering to mineral OC 
interactions upon gradual permafrost thaw 

In Eight Mile Lake soils, profiles can be divided as poorly thawed 
(Min1, Mod1 and Ext1; <60 cm active layer thickness) or deeply thawed 
(Mod2, Mod3, Ext3; >60 cm). Using a mixing equation identical to Eq. 
(1) (section 4.3.1), we can determine the proportion of Sr adsorbed or 
occluded to Fe oxides and participating in organo-metallic complexes 
which found its source from the less radiogenic minerals in permafrost 
layers compared to the more radiogenic unsaturated layers. On average, 
the saturated active layer of poorly thawed soil profiles is characterized 
by a higher radiogenic Sr ratio of the DCB extracts (0.7091367 ±
0.000485, n = 10) than the saturated active layer from deeply thawed 
profiles (0.7087963 ± 0.000661, n = 15; p-value < 0.05; Fig. S6a). 
According to calculation based on Eq.1, 53% of Sr in mineral OC in-
teractions in the saturated layer of poorly thawed profiles is from 
permafrost layers in Min1 and Ext1 (Mod1 is left out because no samples 
are located in the saturated layer) while in deeply thawed profiles, this 
contribution increases to >80% (85% in Mod2, 100% in Mod3, 80% in 
Ext3). This higher contribution of less radiogenic Sr in mineral OC in-
teractions in deeply thawed soil profiles is direct evidence of the 
contribution of mineral elements from newly thawed layers (weath-
erable minerals) to OC stabilization mechanisms. This hypothesis is 
supported by the two-fold higher values of Total Reserve in Bases (TRB 
= total concentration in Ca + Mg + K + Na; Herbillon, 1986) in satu-
rated active layer from deeply thawed profile (Mod3 and Ext3 with TRB 
of 186 and 184 cmolc kg− 1, respectively; Mauclet et al., 2023) compared 
to the saturated soil layer from poorly thawed profile (Min1 = 77 cmolc 
kg− 1; Mauclet et al., 2023). The higher TRB value from deeply thawed 
profiles directly supports a larger weatherable mineral reserve in these 
soils originating from newly thawed poorly weathered soil layer, i.e., a 
direct source of Sr included in mineral OC interactions. 

A mixing model using radiogenic Sr ratio is a powerful tool to esti-
mate the contribution of different Sr source when end-members are 
clearly defined with different Sr isotopic signature and when additional 
end-members are not left out of the mixing model. We acknowledge that 
the end-members defined in this study have significantly different 
radiogenic Sr ratio (p-value < 0.001; Eq. (1)) but display a high 

variability within permafrost (0.7087378 ± 0.000625; mean ± 2SD). 
End-members are critical in mixing models and further investigations to 
define narrower ranges for the radiogenic Sr isotope composition of the 
Sr sources participating in mineral OC interactions in different perma-
frost systems might help to better constrain dissolution-precipitation 
processes of theses mineral OC interactions as proposed in this study. 

5. Conclusions 

In conclusion, we found that: 
(i) In saturated soil layers of tundra soils vulnerable to gradual thaw, 

the accumulation of mineral OC interactions is correlated with a more 
radiogenic Sr isotope signature in DCB extracts targeting mineral OC 
interactions. This supports that between 4% and 64% of mineral OC 
interactions have remained undissociated since their formation, and 
preserve a “stable” pool of Sr. 

(ii) At the redox interface of tundra soils accumulating mineral OC 
interactions, the absence of change in the radiogenic Sr ratio of DCB 
extracts supports that the redox shift induced by fluctuating water table 
level promotes dynamic dissolution-precipitation of mineral OC in-
teractions. This likely promotes a large contribution of a Sr “labile” pool 
reflecting the radiogenic Sr signature of the surrounding layers. 

(iii) Ongoing permafrost thaw releases minerals likely to get 
involved in organic carbon stabilization mechanisms. This is supported 
by a larger contribution of Sr with a permafrost signature in mineral OC 
interactions in deeply thawed soils (>80%) than in poorly thawed soils 
(~53%). 

(iv) In Yedoma deposits vulnerable to abrupt thaw such as thermo-
karst lake formation and drainage, the similar range of Sr isotopic 
signature of the DCB extracts in the deposits prior and after thawing did 
not allow us to determine whether or not the mineral OC interactions 
have been modified upon thermokarst process. Either mineral OC in-
teractions are stable upon thermokarst process or, after Fe oxide disso-
lution or organo-metallic complexes dissociation, the newly available Sr 
occluded upon Fe oxide precipitation or complexed with OC display a 
similar radiogenic Sr ratio than the previous Sr source. 

In perspective, this first attempt to use radiogenic Sr isotopes in 
dithionite-citrate-bicarbonate extracts to trace the in-situ dissolution- 
precipitation processes of mineral OC interactions is promising and 
should be tested in other thawing permafrost features. Future research 
directions should investigate potential limitations related to the sensi-
tivity of the approach to (i) Fe associated mineral OC interactions 
relative to Ca associated complexes and to (ii) redox-sensitive newly 
precipitated Fe associated OC. 
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