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A B S T R A C T

Rivers are important suppliers of iron (Fe) and dissolved organic carbon (DOC) from land to sea. While elemental 
transport in Arctic rivers has been studied mainly during summer, their mobility during the late shoulder season 
(i.e., the transition between the end of summer and the beginning of winter) remains poorly constrained. Here, 
we investigate how Fe and DOC mobility evolve during the late shoulder season in two rivers from distinct 
permafrost regions and hydrological conditions (in Alaska, USA and Abisko, Sweden). Iron and DOC were 
characterized using their concentrations, percentage of colloidal Fe, and indirect Fe-oxides tracers (Ce anomaly 
and δ30Si). We show two contrasting processes: (i) in Alaska, progressive river ice formation coincides with a 
shift toward groundwater-dominated river input, suggesting aggregation of Fe as particles (>0.22 μm), evi
denced by a decrease in Fe concentrations in the filtered water (<0.22 μm) over the late shoulder season; the 
concurrent higher negative Ce anomaly, and the decrease in DOC concentrations, further suggest the aggregation 
of particulate Fe-oxides associated with DOC; (ii) in Abisko, warmer and near-stagnant river conditions sustain 
soil pore water-river connectivity over the late shoulder season, enabling lateral transfer of Fe, evidenced by 
increase Fe concentrations; the increase in the percentage of colloidal Fe, the lower negative Ce anomaly, the 
slight decrease in δ30Si, and the increase in DOC concentrations, further suggest an increase in colloidal Fe-oxides 
associated with DOC (1 nm- 0.22 μm) in the river. These contrasting Fe size ranges have direct implications for 
Arctic DOC export.

1. Introduction

Rivers are important suppliers of iron (Fe) and dissolved organic 
carbon (DOC) from land to sea (Dai and Martin, 1995; Hirst et al., 2023a; 
Krachler et al., 2005, 2010; Kritzberg et al., 2014). Iron is transported 
largely as particles (> 0.22 μm) and colloids (1 nm - 0.22 μm), partic
ularly comprising chemically reactive Fe (oxyhydr)oxides (e.g., ferri
hydrite) as Fe-oxides associated with DOC (Hirst et al., 2017; Pokrovsky 
and Schott, 2002; Pryer et al., 2020). A remaining Fe fraction is trans
ported as truly dissolved Fe (< 1 nm), commonly as aqueous species (Fe 
(II)aq, Fe(III)aq) or low-molecular-weight Fe-DOC complexes (Ilina 
et al., 2014). Associations between Fe-oxides and DOC are particularly 
important because Fe-oxides physico-chemically stabilize DOC against 

microbial degradation in soil pore water (Kappler et al., 2021; Kleber 
et al., 2021; Opfergelt, 2020; Opfergelt et al., 2026). Once transferred 
to aquatic systems, this DOC can then either (i) be stabilised by mineral 
elements, aggregate and contribute to aquatic sediments for a delayed 
onset of greenhouse gases release or (ii) breakdown (photo or micro
bially mediated degradation) for immediate contribution to emissions as 
greenhouse gases (CO2 and CH4; Bowen et al., 2020; Hirst et al., 2017; 
Kelley et al., 2026). Decomposition of DOC in aquatic systems is pri
marily governed by light availability, temperature, and dissolved oxy
gen concentrations, which together control both photodegradation and 
microbial mineralization rates (Chupakova et al., 2018; Grunert et al., 
2021). However, Fe represents an additional and important modulator 
of DOC mobility: Fe-oxides associated with DOC in rivers represent a key 
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control on whether this carbon is retained or mineralized (Opfergelt 
et al., 2026). As permafrost soils store more than 1600 Gt of OC, 
approximately twice the amount currently present in the Earth's atmo
sphere (Strauss et al., 2025), and DOC lateral fluxes from permafrost 
regions account for approximately 5% of the permafrost carbon pool 
exported annually by hydrological processes (Plaza et al., 2019), un
derstanding the mechanisms controlling DOC stabilization and mobili
zation is critical (Drake et al., 2018; Tank et al., 2018). Under a climate 
scenario without mitigation, nearly 70% of near-surface permafrost is 
projected to thaw by 2100 (Hugelius et al., 2014; Schuur et al., 2022), 
intensifying water circulation and discharge to major river networks 
(Tian et al., 2026; Walvoord et al., 2012), and increasing the transfer of 
dissolved elements such as Fe and DOC to Arctic aquatic systems (Dial 
et al., 2026). Whether exported DOC reaches the ocean as mineral- 
associated forms or/and is rapidly mineralized in rivers therefore has 
major implications for the permafrost carbon feedback.

Understanding the mobility of Fe and DOC requires knowing how 
hydrological connectivity evolves through time, as soil pore waters and 
groundwaters represent the primary source of water and constituents 
exported to inland and coastal aquatic systems (Vonk et al., 2019). 
Moreover, element transport in Arctic rivers has been predominantly 
studied during spring floods or at the year scale (Krickov et al., 2019; 
Sun et al., 2018), while transitional periods such as the late shoulder 
season (i.e., the transition between the end of summer and the beginning 
of winter) remain poorly constrained (Shogren et al., 2020). This 
knowledge gap regarding the late shoulder season is particularly con
cerning given that the strongest climate amplification occurs during 
these late shoulder and winter seasons (Box et al., 2019), when hydro
logical connectivity and its consequences on Fe and DOC are least un
derstood (Lyu et al., 2024; Natali et al., 2019). Furthermore, multi-site 
comparisons are currently lacking to resolve how environmental con
ditions during this late shoulder season vary across permafrost regions 
(Krickov et al., 2020; Villani et al., 2025; Vonk et al., 2019; Walvoord 
et al., 2019).

To fill this gap, this study addresses the following research question: 
how does the mobility of Fe and DOC evolve during the late shoulder 
season in Arctic rivers from distinct permafrost regions? River waters (<
0.22 μm) were collected from discontinuous permafrost regions in 
Alaska, USA (Panguingue Creek), and from a sporadic permafrost region 
in Abisko, Sweden (Stordalen Mire) during the late shoulder season 
(September–November 2023 in Alaska and 2021 in Abisko; Fig. 1).

These samples are used to address two successive sub-objectives 
derived from the research question. Firstly, we need to assess hydro
logical connectivity during the late shoulder season by identifying water 
inputs in the rivers using pH, conductivity, and stable water isotopes 
(δ18O and δD). Stable water isotopes represent a powerful proxy to trace 
these shifting water sources between soil pore waters and deep 
groundwaters (Mueller et al., 2014; Tan et al., 2016; Tananaev et al., 
2021). Water inputs in the rivers, coming from soil pore waters or/ 
and deep groundwaters, will impact the mobility of Fe and DOC in the 
rivers.

Secondly, we need to assess the change in Fe and DOC concentrations 
in the rivers with the changes in hydrological connectivity along the late 
shoulder season. We hypothesize that the changing conditions along the 
late shoulder season can lead to the formation of Fe-oxides in river 
water; this is why we assess the percentage of colloidal Fe and we use 
water Ce anomaly (Ce/Ce*) as an indirect tracer to identify the presence 
of Fe-oxides (see Section 2.4.5). We also use water silicon isotopic 
composition (δ30Si) as an indirect tracer to support the presence of Fe- 
oxides (Delstanche et al., 2009; see Section 2.4.6). Together with 
direct measurements of colloidal Fe, Ce anomalies and δ30Si provide 
complementary indirect constraints on the formation of Fe-oxides.

Ultimately, the evolution of the Fe-oxides occurrence and DOC 
concentration in river water along the late shoulder season is used to 
inform on the mobility of Fe and DOC, and more specifically on the 
potential role of Fe in mediating DOC transport.

2. Materials and methods

2.1. Study sites

Field campaigns took place in two different geographic zones: the 
Panguingue Creek catchment (63◦ 52′ N, 149◦ 15′ W; 700 m a.s.l), in 

Fig. 1. Permafrost area in the Northern Hemisphere with Eight Mile Lake 
(Alaska, USA) and the Stordalen Mire (Abisko, Sweden) as red dots (a.; Obu 
et al., 2019). Sampling locations of river waters collected at Panguingue 
Creek near Eight Mile Lake, Alaska (b.) and downstream of the study site at the 
Stordalen Mire, Abisko (c.). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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Alaska, USA, and at the Stordalen Mire (68◦ 20′ N, 19◦ 03′ E; 385 m a.s.l.) 
in Abisko, Sweden (Fig. 1a; Obu, 2021). These two field campaigns were 
conducted during the late shoulder season, between September and 
November (2023 in Alaska and 2021 in Abisko).

In Alaska, river waters were sampled near Eight Mile Lake at the 
Panguingue Creek river (second-order stream) from the Panguingue 
Creek catchment (66 km2) between September 17 to October 25, 2023 
(Fig. 1b). This catchment is in a discontinuous permafrost region 
(50–90% aerial permafrost extent) and has moist acidic tundra soils, 
classified as Cryosols (WRB), with an organic layer of 45–65 cm thick (>
20% OC) which covers cryoturbated mineral soil (< 20% OC) that is a 
mixture of glacial till (small stones and cobbles) and windblown loess 
(Natali et al., 2011). The active layer thickness is between 50 and 120 
cm (Kelley et al., 2021). Its geology is composed of Tertiary sedimentary 
rocks, overlain by gravelly glacial till and aeolian silt including the 
Pliocene Nenana gravel (Soil Survey Staff, 1999). Vegetation is 
composed of the sedges such as E. vaginatum, shrubs such as Betula nana, 
and mosses such as Sphagnum sp. The mean annual temperature in Healy 
is − 2.87 ◦C (2013− 2023), with seasonal means ranging from − 9.9 ◦C 
(October–April) to 6.9 ◦C (May–September; Kennedy et al., 2026). Mean 
annual precipitation (rain and snow) is 391 mm. Snow cover, present 
from mid-September to mid-May, averages 52 cm in depth (Natali et al., 
2012; Osterkamp et al., 2009; Vogel et al., 2009). The Panguingue Creek 
river exhibits a seasonal discharge variability, from 5 m3 s− 1 during 
spring freshet in May down to a base flow of 0.2 m3 s− 1 during summer 
months (Kelley et al., 2025). The Panguingue Creek catchment drains 
from water tracks and soil pore waters at higher elevation (670 m) into 
first-order streams that converge into the studied second-order Pan
guingue Creek river (412 m at the catchment outlet), with an average 
slope of 2.3◦ between the pore water sampling sites and the second- 
order stream, consistent with a free-flowing river (Kelley et al., 2025).

In Abisko, river waters were sampled at the downstream river (first- 
order stream) at the Stordalen Mire (15 km2), a sporadic permafrost 
region (10–50% aerial permafrost extent), between September 15 to 
November 11, 2021 (Fig. 1c). The Stordalen mire is located approxi
mately 10 km east of the village of Abisko, in the lower part of a 
catchment that drains into Lake Torneträsk (Olefeldt and Roulet, 2012). 
The formation of peat in Stordalen Mire started more than 5000 years 
ago, and the peat layer had a mean thickness of 0.5 m in 2009 
(Klaminder et al., 2009). As a sporadic permafrost region, the active 
layer thickness is between 50 cm and more than 200 cm depth (Aische 
et al., 2025; Thomas et al., 2025). The geology of the Stordalen catch
ment is predominantly granites and metamorphic rocks with lesser 
sedimentary equivalents present (Selinus et al., 2001). Till, silt and peat, 
classified as Histosols and Cryosols (WRB), are the main soil types 
developed above the bedrock (Åkerman and Johansson, 2008; Mzobe 
et al., 2020). Vegetation is composed of dwarf shrubs, e.g., 
E. hermaphroditum, but also sedges such as C. rostrate, E. angustifolium 
and E. vaginatum, and mosses such as Sphagnum sp. (Åkerman and 
Johansson, 2008). The mean annual air temperature in Abisko is 
0.87 ◦C (2013–2023) with seasonal means ranging from − 4.2 ◦C 
(October–April) to 9.1 ◦C (May–September), and the mean annual pre
cipitation (rain and snow) is 329 mm (SMHI, 2026). At Stordalen Mire, 
the river is characterized by very low discharge, averaging around 0.14 
m3 s− 1 (Mzobe et al., 2018; Olefeldt et al., 2013). The river drains 
through the mire before discharging toward Lake Torneträsk. This low, 
stable discharge, combined with the near-flat gradient of the lower 
catchment (Klaminder et al., 2009), leaves the river as a near-stagnant 
river rather than a free-flowing river (Olefeldt and Roulet, 2012).

2.2. Air temperature

In Alaska and Abisko, the air temperature was monitored continu
ously between September 17 and November 11 using ZL6 Pro Data 
Logger connected to TEROS-12 (Meter) probes with a temporal resolu
tion of 10 min in Abisko, and one hour in Alaska.

2.3. River water sampling

River waters in Alaska (n = 11) and Abisko (n = 17) were collected 
every three days during the field campaigns. For each water sample, a 
small volume was kept unfiltered for water isotopes measurement. At 
both sites, water was filtered at 0.70 μm with glass fiber filters (pre- 
combusted at 450 ◦C) to measure the DOC concentration, and at 0.22 μm 
with cellulose acetate filters to measure Fe, La, Ce, Pr, and Si concen
trations, and δ30Si. Pore size tests for DOC (0.45 μm with glass fiber 
filters pre-combusted at 450 ◦C) and Fe (0.40 μm with cellulose acetate) 
were carried out in order to compare DOC (0.70 μm) and Fe (0.22 μm) 
concentrations, with 0.08% difference between 0.70 μm and 0.45 μm for 
DOC, and 10% difference between 0.22 μm and 0.45 μm for Fe (Fig. S1).

The proportion of Fe-bearing colloids (percentage of colloidal Fe) in 
both rivers was obtained by a second step of filtration on the 0.22 μm 
filtered river waters. In Alaska, river waters were filtered using a stirred 
ultrafiltration cell (Amicon®, 50 mL) under a constant pressure mode of 
500 kPa provided by pressurized nitrogen gas (Ultracel® regenerated 
cellulose) with a molecular weight cut-off size of 1 kDa (~1.3 nm). In 
Abisko, river waters were separated using tubular dialysis membranes 
(Spectrapore 7®) with a molecular weight cut-off size of 1 kDa (Hirst 
et al., 2022; Vasyukova et al., 2012). For each sample in Abisko, the 
clean membrane was filled with 50 mL of MilliQ® water, and was placed 
into an acid-washed 2 L bottle containing unfiltered river water for 72 h. 
Both methods provided the operationally defined fraction of ~1 nm – 
0.22 μm.

2.4. Chemical analyses

2.4.1. pH, electrical conductivity, and water temperature measurements
At both river sites (n = 28), the pH, electrical conductivity (μS cm− 1; 

conductivity in the text), and water temperature were directly measured 
in the field using a probe from HANNA Instruments (HI991300). Data 
from Abisko were published in Villani et al. (2025).

2.4.2. Water isotopes measurements
At both river sites (n = 28), oxygen (δ18O) and deuterium (δD) iso

topes values (Fig. S2) were determined on unfiltered river water using 
Cavity Ring Down Spectroscopy on a Liquid Water Isotope Analyzer 
(L2130-i, Picarro®). Values are normalized between VSLAP and 
VSMOW and reported in per mil deviation relative to VSMOW. The 
accuracy was ±0.5% for δ18O and ± 0.7% for δD and was assessed using 
the reference material USGS47 (n = 7). The reproducibility was ±0.5‰ 
for δ18O and ± 0.6‰ for δD. The blank samples (n = 6) were on average 
− 7.00 ± 0.19‰ for δ18O, and − 48.82 ± 0.58‰ for δD.

2.4.3. Dissolved organic carbon concentration measurements
For both river sites (n = 28), DOC concentration in river waters was 

measured using high-temperature catalytic oxidation (Shimadzu® TOC- 
VCPH). The detection limit was 0.1 mg L− 1 and the accuracy was ±5% 
using a standardized water 10 ppm DOC. The reproducibility was ±2%. 
The blank samples (n = 18) were on average 0.044 ± 0.071 mg L− 1. Data 
from Abisko were published in Villani et al. (2025).

2.4.4. Iron concentration and percentage of colloidal iron
For both river sites (n = 28), Fe concentration was measured in river 

waters filtered at 0.22 μm, and in the ultrafiltrated (Alaska) and dialysis 
(Abisko) fractions (n = 28) by an inductively coupled plasma-optical 
emission spectrometer (ICP-OES, iCAP 6500 ThermoFisher Scientific). 
The accuracy was ±2% and was assessed using the water reference 
material SLRS-4 (Yeghicheyan et al., 2001). The reproducibility was 
±0.3%. The detection limit was 0.001 mg L− 1. The blank samples (n = 8) 
were on average 0.010 ± 0.009 mg L− 1. The percentage of colloidal Fe 
in river waters (fraction from ~1 nm to ~0.22 μm) was obtained by 
difference between measurements on these two different size fractions 
of the water (< 0.22 μm and < 1 kDa). Data from Abisko were published 
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in Villani et al. (2025).

2.4.5. Cerium anomaly measurements
Cerium (Ce) is a redox-sensitive rare earth element whose tetravalent 

form (Ce4+) preferentially adsorbs onto Fe-oxides, resulting in negative 
Ce anomalies in the filtered fraction (< 0.22 μm) when Fe oxides are 
predominantly present as particles (> 0.22 μm; Catrouillet et al., 2019; 
Davranche et al., 2016; Pourret et al., 2008, 2009). Conversely, when 
Fe-oxides are present as colloids (between 1 nm and 0.22 μm), Ce4+

remains within the filtered fraction alongside the Fe-oxide colloids, 
resulting in a less negative Ce anomaly. The Ce anomaly thus indirectly 
tracks the size range and abundance of Fe-oxide phases in river waters, 
making it a sensitive indirect tracer for Fe-oxides independently of total 
Fe concentration measurements.

To calculate the Ce anomaly, La, Ce, and Pr concentrations were 
measured at both sites using ICP-MS (iCAP Q ICP-MS, Thermo Fisher 
Scientific, Waltham, MA, USA) in river waters (n = 28) and soil pore 
waters (n = 515; in Supplementary). The detection limit for La, Ce, and 
Pr concentrations were 0.005, 0.0005, and 0.0005 μg L− 1 respectively. 
The accuracies on element concentrations (± 6% for La, ± 4% for Ce, 
and ± 4% for Pr) were assessed using the water reference material SLR 
S-6 (Yeghicheyan et al., 2001). The reproducibility for La, Ce, and Pr was 
±1%. The blank samples (n = 4) for La, Ce, and Pr were on average 
0.00002 ± 0.00005 μg L− 1, 0.00005 ± 0.00004 μg L− 1, and 0.000001 ±
0.000004 μg L− 1.

The concentrations of La, Ce, and Pr were normalized based on UCC 
(LaUCC, CeUCC, PrUCC; upper continental crust; Rudnick and Gao, 2003), 
which is almost identical to data from Swedish till (Conrad et al., 2024; 
Öhlander et al., 1996). The Ce anomaly (Ce/Ce*), called “negative” if 
the result is <1 and “positive” if the result is >1 (Fig. S3), compared to 
UCC and the neighboring elements. The Ce anomaly (Ce/Ce*) was then 
calculated as: 

Ce
Ce* =

CeUCC
1
2 x (LaUCC + PrUCC)

2.4.6. Silicon concentration and silicon isotope analysis
For both river sites (n = 28), Si concentration was measured in river 

waters filtered at 0.22 μm by an inductively coupled plasma-optical 
emission spectrometer (ICP-OES, iCAP 6500 ThermoFisher Scientific). 
The detection limit was 0.002 mg L− 1. The accuracy was ±0.8% and was 
assessed using the water reference material SLRS-4 (Yeghicheyan et al., 
2001). The reproducibility was ±0.3%. The blank samples (n = 8) were 
always below the detection limit. Data from Abisko were published in 
Villani et al. (2025).

Silicon isotopes can be used as an indirect tracer to support the 
presence of Fe-oxides (Delstanche et al., 2009). More specifically, light 
silicon isotopes preferentially bind to Fe-oxides, leading to an increase in 
δ30Si in the filtered river fraction (< 0.22 μm) when Fe-oxides are pre
dominantly present as particles (> 0.22 μm). For both river sites (n =
28), the silicon isotopic composition (δ30Si) was measured in river wa
ters using a MC-ICP-MS (Neptune Plus™ High Resolution Multicollector 
ICP-MS, Thermo Fisher Scientific, Earth & Life Institute, UCLouvain, 
Belgium) following the same method than Hirst et al. (2023b). Sample 
preparation was done in clean lab conditions (ISO 6) under a laminar 
flow hood (ISO 5). A volume equivalent to 10 μg Si was dried down. The 
dissolved organic carbon in solution was removed by repeated cycles of 
heating (60 ◦C) with concentrated HNO3 and H2O2 and evaporating 
(80 ◦C) cycles (Hughes et al., 2011). After repeated cycles, the sample 
was digested in 0.125 M NaOH for four hours at 100 ◦C, then acidified 
with HNO3. Silicon was purified from the matrix with a one-stage col
umn chemistry using a cation exchange resin (Biorad AG50W-X12; 
Georg et al., 2006). The Si recovery was 94.5 ± 5.4% and Na+ con
centrations below the detection limit following column chemistry. Blank 
samples (n = 6) were finally measured after purification to prevent Si 
contamination and concentrations were all below the detection limit.

The silicon isotopic composition (δ30Si) was measured by MC-ICP- 
MS in wet plasma mode in high resolution (Δm/m ≈ 9000) using a 
PFA nebulizer of 100 μL min− 1 uptake rate. The instrumental mass bias 
was corrected using the standard-sample bracketing technique and an 
external Mg doping (Cardinal et al., 2003). The analyses were performed 
in 2% HNO3 matrix, with a typical sensitivity of 3.5 V for 1 mg L− 1 Si and 
an instrumental blank <30 mV. The δ30Si compositions are expressed in 
relative deviations of 30Si/28Si ratio from an in-house standards (Quartz 
Merck) isotopically similar to NBS28 reference standard using the 
common δ-notation (‰) as follows (Abraham et al., 2008): δ30Si =
[(30Si/28Si)sample/(30Si/28Si)Quartz Merck − 1] × 1000. The long-term 
precision and accuracy of the MC-ICP-MS was assessed from diatomite 
standard measurements (δ30Si = 1.29 ± 0.05‰, SD; n = 7) which are 
consistent with previously reported values (δ30Si = 1.26 ± 0.10‰; 
Reynolds et al., 2007). Data from Abisko were published in Villani et al. 
(2025).

2.5. Data treatment

Values are reported as mean ± standard deviation throughout the 
manuscript. All graphs and statistics were performed using R 4.0.2 
(RStudio Inc., Boston, Massachusetts, USA) and plots using the ggplot2 
package. The significant differences in temperature were evaluated 
using a non-parametric Wilcoxon test. The significant trend in pH, 
conductivity, water isotopes, DOC and Fe concentrations, percentage of 
colloidal Fe, Ce anomaly, Si concentration, and Si isotopes over the late 
shoulder season were evaluated using a non-parametric Mann-Kendall 
test. Kendall'tau shows trend direction (positive = increasing, negative 
= decreasing) and its magnitude reflects trend strength. The 95% con
fidence intervals of the statistic were used to test for significant differ
ences or trends, equivalent to a p-value cutoff of 0.05.

3. Results and discussion

3.1. Contrasting climatic regimes across two permafrost regions during the 
late shoulder season

In this study, two sites of distinct permafrost regions are compared: 
discontinuous in Alaska and sporadic in Abisko. Beyond their permafrost 
extent, the two sites also differ hydrologically: the river in Alaska has 
pronounced seasonal discharge variability, while the river in Abisko 
behaves more like a near-stagnant river than a free-flowing river (see 
Section 2.1). During the late shoulder season, mean air temperature in 
Alaska (− 3.5 ± 5.4 ◦C) is significantly lower by 5 ◦C (Wilcoxon test; p- 
value <0.05) than in Abisko (2.0 ± 5.2 ◦C; Fig. 2a,c). Although the two 
sites were sampled in different years (2023 in Alaska and 2021 in 
Abisko), this thermal contrast primarily reflects site-specific climatic 
differences rather than interannual variability. This is supported by 
Arctic temperature rankings, with 2021 being the 12th warmest year 
since 1950 and 2023 the 6th warmest (Copernicus, European State of the 
Climate), indicating that Abisko remained warmer than Alaska despite 
being sampled during a comparatively colder Arctic year. Precipitation 
patterns also differ between the two sites: Alaska shows sparse and 
generally low-amplitude events throughout the sampling period, 
whereas Abisko experiences more frequent precipitation, including a 
marked event of about 15 mm in late October (Fig. 2a,c). These envi
ronmental conditions result in differences in river water temperatures in 
Alaska and in Abisko during the late shoulder season (Fig. 2b,d): river 
water temperatures significantly decrease from 5.6 to 0.1 ◦C in Alaska 
and from 9.5 to 0.6 ◦C in Abisko (Mann-Kendall test; p-value <0.05; 
Tables S1-S2). In addition to water temperature, change in river ice 
cover may also influence river chemical composition such as dissolved 
oxygen and redox potential (Chambers et al., 2000). Together, these 
contrasting geographic, climatic and hydrological conditions, are likely 
to drive distinct hydrological connectivity patterns between the two 
sites during the late shoulder season, with cascading effects on the 
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mobility of Fe and DOC.

3.2. Hydrological connectivity under contrasting geographic, climatic and 
hydrological regimes

In river waters from Alaska, pH values, conductivity, oxygen isotopes 
(δ18O) and deuterium isotopes (δD) are 7.88 ± 0.08, 231 ± 33 μS cm− 1, 
− 18.65 ± 0.13‰, and − 145.95 ± 1.18‰ respectively (Fig. 3a-d; 
Table S1). Over the late shoulder season, there is no significant change in 
pH, but conductivity increases significantly (by a factor of 1.5), and δ18O 

and δD values decrease significantly by 0.38‰ and 3.37‰, respectively 
(Mann-Kendall test; p-value <0.05; Table S1). The decrease in δ18O 
could be induced by a relative increase in deep groundwater flow path 
inputs (Juhls et al., 2020; O'Donnell et al., 2012; Putman et al., 2019). 
These deep groundwaters have lower δ18O values than surface soil pore 
water (Hirst et al., 2022; Roux et al., 2026). In addition to their distinct 
isotopic signature, groundwaters generally exhibit higher conductivity 
than shallow soil pore waters because longer residence times, that 
enhance water–mineral interactions within deeper mineral horizons, 
lead to greater solute accumulation (Cochand et al., 2019; Diak et al., 

Fig. 2. Air temperature (◦C) and precipitations (rain and snow; from SMHI and Kennedy et al., 2026; mm) from September 17 to November 11 in Alaska (a.; in black; 
in 2023) and in Abisko (c.; in blue; in 2021); river water temperature (◦C) during the water sampling in Alaska from September 17 to October 25, 2023 (b.) and in 
Abisko from 15 September to 11 November 2021 (d.). The shaded area represents the water sampling period. Mann-Kendall test was performed to identify significant 
temporal trends in river water temperatures (* if p-value <0.05; Tables S1-S2). Air temperature from Abisko was published in Villani et al. (2025). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. pH, conductivity (Cond; in μS cm− 1), δ18O (in ‰), and δD (in ‰) measured in the river waters from Alaska (in black; a-d; n = 11) and from Abisko (in blue; e- 
h; n = 17). Mann-Kendall test was performed to identify significant temporal trends (* if p-value <0.05; Tables S1-S2). pH and conductivity from Abisko were 
published in Villani et al. (2025).
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2023). Furthermore, the cumulative effect of river water freezing pro
gressively concentrates solutes (Fig. S4) in the remaining liquid phase, 
further increasing its conductivity (Chen et al., 2024; Sebaaly et al., 
2025). This freeze-concentration effect operates through expulsion of 
dissolved ions from the ice crystal lattice into residual liquid microen
vironments, where solute concentrations can reach several hundred 
times those of the initial solution, further enhancing mineral–water in
teractions and reactive solute mobilization (Chen et al., 2026). These 
results support a closure of the soil pore water - river hydrological 
connectivity, as colder air and river water temperatures (Fig. 2a,b) lead 
to freezing processes. Here, river inputs shift from contributions of both 
shallow organic-rich soil pore waters and deep groundwater to 
increasingly mineral-rich deep groundwater-dominated flow over the 
late shoulder season (O'Donnell et al., 2012; Olid et al., 2022; Walvoord 
and Kurylyk, 2016).

In river waters from Abisko, pH values, conductivity, δ18O, and δD 
are 7.11 ± 0.23, 73 ± 8 μS cm− 1, − 13.54 ± 0.46‰, and − 100.05 ±
3.47‰ respectively (Fig. 3e-h; Table S2). Unlike rivers in Alaska, there 
are no significant changes in pH, conductivity, or water isotopes over the 
late shoulder season in Abisko (Mann-Kendall test; p-value >0.05; 
Table S2). These results indicate that soil pore water - river hydrological 
connectivity persists over the late shoulder season, extending patterns 
previously documented during the summer period (Rocher-Ros et al., 
2019). Moreover, episodic air temperatures above 0 ◦C when snow ac
cumulates (Fig. 2c), leading to surface snowmelt and meltwater infil
tration into soils (Villani et al., 2025), further sustain this connectivity 
beyond what is typically expected in late autumn conditions. However, 
the low variability observed at this site should also be considered in light 
of its particular hydrological setting as a near-stagnant river (Olefeldt 
and Roulet, 2012). This slow water discharge likely dampens the 
amplitude of seasonal variations in these chemical parameters (Liu and 
Wang, 2022). Moreover, the near-flat gradient of the lower catchment 
limits the potential contribution of deep groundwater to the river 
(Shogren et al., 2021). Under these conditions, it is primarily shallow, 
organic-rich soil pore water, rather than deeper groundwater, that 

sustains river input over the late shoulder season.

3.3. Mobility of Fe and DOC in rivers induced by hydrological 
connectivity

In river waters from Alaska, DOC and Fe concentrations, and the 
percentage of colloidal Fe are 7.8 ± 3.3 mg L− 1, 0.20 ± 0.18 mg L− 1, and 
100 ± 0% respectively (Fig. 4a-c; Table S1). Moreover, Ce/Ce* ratio, Si 
concentration, and silicon isotopes (δ30Si) are 0.61 ± 0.19 (all indi
cating negative Ce anomalies), 6.58 ± 0.23 mg L− 1, and 1.40 ± 0.11‰ 
respectively (Fig. 5a-c). Over the late shoulder season, DOC and Fe 
concentrations decrease significantly by a factor of 3 and 16 respectively 
(Mann-Kendall test; p-value <0.05; Fig. 4a,b; Table S1). This could be 
due to Fe and DOC aggregation driven by the seasonal increase in river 
water conductivity (Fig. 3b), supported by a significant increase in Ca, 
Mg, and Na concentrations over the late shoulder season (Fig. S4). In 
freshwater systems, divalent cations such as Ca2+ and Mg2+ play a 
dominant role in promoting aggregation of Fe and humic substances 
through cation bridging (Gunnars et al., 2002; Kloster et al., 2013; 
Tipping and Ohnstad, 1984), analogous to flocculation in estuarine 
environments (Jilbert et al., 2018), driven by distinct ionic mechanisms. 
Negative correlation between conductivity and Fe concentration (R2 =

0.85) and between conductivity and DOC concentration (R2 = 0.98; 
Fig. S5) also support the hypothesis of aggregation. We therefore suggest 
that the increase in conductivity promotes the aggregation of Fe and 
DOC, transferring them into the particulate fraction (> 0.22 μm) and 
explaining the significant decrease in DOC and Fe concentrations in the 
filtered river water (< 0.22 μm), although this interpretation remains 
indirect in the absence of dissolved oxygen, redox and suspended sedi
ment measurements. However, we cannot rule out potential influence of 
changing precipitations regimes (Jorgenson et al., 2025). Although 
precipitation events remain generally low and sparse in Alaska over the 
late shoulder season (Fig. 2a), episodic air temperatures rising above 
0 ◦C during this period can trigger snowmelt events even after initial 
snow accumulation, generating pulses of meltwater input in the river, 

Fig. 4. DOC and Fe concentrations (in mg L− 1), and percentage of colloidal Fe (in %) measured in the river waters from Alaska (a-c; in black; n = 11) and from 
Abisko (d-f; in blue; n = 17). Some percentages of colloidal Fe were below the detection limit. Mann-Kendall test was performed to identify significant temporal 
trends (* if p-value <0.05, Tables S1-S2). Data from Abisko were published in Villani et al. (2025). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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with Fe and DOC dilution (Villani et al., 2025). The persistent occur
rence of colloidal Fe throughout the sampling campaign (Fig. 4c) sug
gests that the potential aggregation of Fe into the particulate fraction is 
not complete, as a residual colloidal fraction remains in the river water 
despite the progressive increase in conductivity driven by groundwater 
inputs. In addition, the significant decrease in Ce/Ce* ratio from 0.94 to 
0.31 (p-value <0.05; Fig. 5a; Table S1) supports that Fe is present as 
particulate Fe-oxides: as Ce is adsorbed onto Fe-oxide surfaces 
(Fig. S6–7; Pourret et al., 2008, 2009), its removal into the particulate 
phase (> 0.22 μm) produces a higher negative Ce anomaly in the filtered 
fraction (< 0.22 μm). The presence of Fe-oxides is also supported by the 
pH conditions in the river (7.88 ± 0.08; Fig. 3a). Finally, the absence of 
significant variability in riverine δ30Si (Fig. 5c) suggests that Si 
adsorption onto particulate Fe-oxides is not quantitatively significant 
enough to fractionate dissolved Si isotopes (Delstanche et al., 2009; 
Opfergelt et al., 2009). As groundwater inputs are dominant over the 
late shoulder season in the river in Alaska (see Section 3.2), the increase 
in conductivity suggests the aggregation of Fe-oxides into the particulate 
fraction (> 0.22 μm), likely associated with DOC given their parallel 
decrease (Fig. 6a).

In river waters from Abisko, DOC and Fe concentrations, and the 
percentage of colloidal Fe are 5.9 ± 1.1 mg L− 1, 0.11 ± 0.09 mg L− 1, and 
78 ± 24% respectively (Fig. 4d-f; Table S2). Moreover, Ce/Ce* ratio, Si 
concentration, and silicon isotopes (δ30Si) are 0.48 ± 0.03 (all indi
cating negative Ce anomalies), 2.80 ± 0.38 mg L− 1, and 0.88 ± 0.20‰ 
respectively (Fig. 5d-f). The highly negative Ce anomaly at the begin
ning of the late shoulder season in Abisko likely reflects the contribution 
of groundwater sources, as the Ce anomaly in boreal streams is sensitive 
to the degree of oxidation along groundwater flow paths (Conrad et al., 
2024). At the beginning of the sampling period, Fe is predominantly 
present in the truly dissolved fraction (< 1 nm) rather than in the 
colloidal form (between 1 nm and 0.22 μm), consistent with the low 
percentage of colloidal Fe measured at that time (Fig. 4f). Unlike the 
river in Alaska, Fe concentrations increase significantly over the late 
shoulder season by a factor of 9 (Mann-Kendall test; p-value <0.05; 

Fig. 4b; Table S2), indicating a lateral transfer of Fe from soil pore waters 
to the river (Aische et al., 2025; Villani et al., 2025). The significant 
increase in Ce/Ce* ratio over the late shoulder season by a factor of 1.25 
(p-value <0.05; Fig. 5d; Table S2), the percentage of colloidal Fe almost 
10 times higher at the end of the sampling than at the beginning 
(Fig. 4c), and the positive correlation between Ce/Ce* and the per
centage of colloidal Fe (R2 = 0.68; Fig. S8) supports that Fe is present as 
colloidal Fe-oxides: as Ce is adsorbed onto colloidal Fe-oxide surfaces 
(Fig. S6–7; Pourret et al., 2008, 2009), its enrichment into the colloidal 
phase produces a lower negative Ce anomaly in the filtered fraction. This 
progressive shift from a dissolved Fe pool toward a colloidal Fe pool over 
the season is consistent with an increasing transfer of soil-derived col
loids to the river (Villani et al., 2025). The presence of Fe-oxides is also 
supported by the pH conditions in the river (7.11 ± 0.23; Fig. 3e). In 
parallel, the significant increase in riverine Si concentration supports a 
progressive enrichment in Si in the river over the late shoulder season 
(Fig. 5e). And the slight decrease in δ30Si in river water over the late 
shoulder season (Fig. 5f) suggest that this enrichment in Si can be partly 
explained by the adsorption of Si onto the newly formed colloidal Fe- 
oxides preferentially adsorbing the light Si isotopes (Delstanche et al., 
2009; Opfergelt et al., 2009). However, the shift in δ30Si in river 
water cannot be solely explained by the presence of Fe-oxides and also 
results from the transfer of light Si isotopes originating from colloidal Si 
in soil pore waters, as demonstrated by a previous study on the soil to 
river connectivity at the study site (Villani et al., 2025). The mass- 
balance calculation using a fractionation factor of − 1.05‰ for Si 
adsorption onto Fe-oxides (Delstanche et al., 2009; Opfergelt et al., 
2009) indicates that the observed δ30Si shift of − 0.11‰ is consistent 
with adsorption of approximately 10% of dissolved Si (~0.24 mg L− 1) 
onto newly formed Fe-oxide colloids. However, the concurrent increase 
in dissolved Si concentration (+0.83 mg L− 1) indicates a net Si input 
from soil pore waters that exceeds the adsorptive sink, confirming that 
lateral transfer of isotopically light Si from pore waters is the dominant 
control on the riverine δ30Si signal. In addition, DOC concentrations 
increase significantly by a factor of 2 (p-value <0.05; Fig. 4d; Table S2), 

Fig. 5. Ce anomaly (Ce/Ce*), Si concentration (in mg L− 1), and δ30Si (in ‰) measured in river waters from Alaska (in black; a-c; n = 11), and from Abisko (in blue; d- 
f; n = 17). Mann-Kendall test was performed to identify significant temporal trends (* if p-value <0.05; Tables S1-S2). The error bars (c,f) correspond to the standard 
deviation for silicon isotope measurements (2SD). Concentration in Si and δ30Si from Abisko were published in Villani et al. (2025). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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in parallel with the increase in Fe, suggesting interactions between 
colloidal Fe-oxides and DOC. These colloids are mainly Fe-oxides likely 
associated with DOC, as Fe-DOC complexes are predicted to represent a 
minor fraction in this river (Aische et al., 2025). As soil pore water – 
river connectivity persists during the late shoulder season, there is a 
transfer of Fe and DOC, leading to the formation of colloidal Fe-oxides 
likely associated with DOC, carrying Ce into the river waters (Fig. 6b). 
This water transfer to rivers may depend on the soil reservoirs accessed 
by hydrological connectivity, including frozen mineral soils (Lim et al., 
2025). Frozen mineral soils can store substantial pools of Fe and DOC, 
including colloid-associated forms, which may be mobilized upon thaw 
and transferred to aquatic systems. Thus, changes in hydrological con
nectivity and thaw of previously frozen mineral horizons may contribute 
to the seasonal mobilization of Fe and DOC observed in Abisko.

3.4. Implication of Fe-oxides associated with DOC mobility in Arctic 
aquatic systems

The major difference between the rivers in Alaska and Abisko is the 
hypothesis of the Fe size range: particulate (> 0.22 μm) in Alaska, and 
colloidal (1 nm - 0.22 μm) in Abisko, suggesting contrasting size ranges 
of Fe-oxides likely associated with DOC. This size range suggested from 
our observations is consistent with the broader patterns documented 
across permafrost gradients in western Siberian rivers, where Fe is 
predominantly present in colloidal forms in permafrost-bearing rivers, 
with season and latitude exerting stronger control on colloidal specia
tion than watershed size for example (Krickov et al., 2019).

In the discontinuous permafrost region (Alaska), colder and free- 
flowing river conditions during the late shoulder season lead to a 
change in hydrological connectivity with increasing deep groundwater 
inputs to the river. These groundwater inputs promote the formation of 
particulate Fe-oxides likely associated with DOC within the river itself, 
as conductivity increases (Fig. 6a; Gunnars et al., 2002; Kloster et al., 

Fig. 6. Conceptual diagram illustrating the different processes occurring in rivers in Alaska (a) and Abisko (b) during the late shoulder season. The blue circles 
represent Ce and yellow circles represent light Si. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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2013; Tipping and Ohnstad, 1984). However, this cation-driven aggre
gation mechanism is unlikely to act alone. The sharp decrease in DOC to 
very low concentrations (~4 mg L− 1), the more than fivefold decrease in 
Fe, and the concurrent intensification of the negative Ce anomaly could 
also reflect a shift toward a water source with inherently low DOC 
content, in which Fe-oxides form and aggregate with limited DOC 
involvement (Krickov et al., 2020; Liu et al., 2022; Stolpe et al., 2013). In 
addition, the concurrent decrease in air and water temperature (Fig. 2a- 
b) likely increases dissolved oxygen availability, further promoting Fe 
oxidation and particle formation (Stumm and Lee, 1961). These mech
anisms are not mutually exclusive, and the observed pattern most likely 
results from their combined action. The potential particles formation 
can have important implications for Arctic carbon budgets, as particu
late Fe-oxides associated with DOC may be underestimated in land- 
ocean DOC flux estimates, as they are not considered in the filtered 
river waters (< 0.22 μm; Bowen et al., 2020; Jeandel and Oelkers, 2015; 
Marsac et al., 2024; McClelland et al., 2016). Potential aggregation of Fe 
and DOC into particles within rivers may represent a previously over
looked pathway controlling the mobility and apparent magnitude of 
terrestrial carbon export to the Arctic Ocean (Benoit and Rozan, 1999). 
The mobility of these particles is influenced by the river discharge as 
they could sediment and remain immobile, explaining higher particles 
concentrations during spring flood than during the late shoulder season 
(Krickov et al., 2020). A projected increase in river discharge driven by 
permafrost thaw (Walvoord et al., 2012) could increase the mobilization 
of these particles during the late shoulder season, and promote their 
breakdown into reactive colloidal forms, which are major forms of 
element migration from land to Arctic Ocean (Krickov et al., 2026; Tank 
et al., 2012).

In the sporadic permafrost region (Abisko), warmer and near- 
stagnant conditions lead to the persistence of soil pore water – river 
connectivity over the late shoulder season. Here, we promote the 
transfer of Fe and DOC from soil pore waters to the river and the for
mation of colloidal Fe-oxides likely associated with DOC (Fig. 6b). The 
colloidal size range in Abisko, more mobile and reactive than particles, 
increases the susceptibility to microbial and photodegradation of DOC 
(Bowen et al., 2020; Kelley et al., 2026). The marked increase in DOC 
observed near early November could additionally reflect discrete thaw 
events mobilizing organic colloids and Fe from plant litter, debris, and 
upper soil horizons (Olefeldt et al., 2013), together with silicic acid 
released from phytoliths carrying a lighter Si isotopic signature, 
consistent with the concurrent decrease in riverine δ30Si (Opfergelt 
et al., 2009; Fig. 5f). The negative Ce anomaly observed along the late 
shoulder season may also, in part, be influenced by the organic condi
tions, where enrichment of waters in organic matter is known to pro
mote Ce removal, rather than solely reflecting adsorption onto Fe-oxide 
colloids (Davranche et al., 2015). Upon reaching estuarine environ
ments, these colloids may also flocculate (Jilbert et al., 2018; Pokrovsky 
et al., 2014), further modifying the mobility of associated DOC before it 
reaches the Arctic Ocean.

4. Conclusion

Our results demonstrate that during the late shoulder season, the 
mobility of Fe and DOC in Arctic rivers is strongly controlled by hy
drological connectivity, which itself depends on geographic (regional 
permafrost), climatic (air temperatures and precipitations during the 
sampling period) and hydrological (free-flowing or near-stagnant river) 
conditions. We show two contrasting processes across the discontinuous 
permafrost region (Alaska, USA) and the sporadic permafrost region 
(Abisko, Sweden): 

(i) In Alaska, colder and free-flowing river conditions during the late 
shoulder season drive a progressive shift in hydrological con
nectivity, from combined soil pore water and deep groundwater 
inputs toward exclusively deep groundwater-dominated river 

inputs, as supported by water isotopes. The resulting increase in 
river water conductivity first promotes the formation of Fe col
loids, which potentially aggregate into the particulate fraction (>
0.22 μm), evidenced by a significant decrease in Fe concentra
tions in the filtered river water. The significant decrease in Ce/ 
Ce* (higher negative Ce anomaly) and neutral pH conditions in 
river water support the presence of particulate Fe as particulate 
Fe-oxides. The parallel decrease in DOC concentrations suggests 
that Fe and DOC interact during this aggregation process, as Fe- 
oxides likely associated with DOC. These particulate Fe-oxides 
(> 0.22 μm) likely associated with DOC are excluded from 
filtered river water samples and thus not captured in dissolved 
carbon flux estimates.

(ii) In Abisko, warmer and near-stagnant river conditions sustain soil 
pore water – river connectivity over the late shoulder season, 
enabling continuous lateral transfer of colloidal Fe (1 nm – 0.22 
μm) from soil pore waters to rivers, evidenced by a significant 
increase in Fe concentrations. The significant increase in Ce/Ce* 
(lower negative Ce anomaly) and in percentage of colloidal Fe, 
the slight decrease in δ30Si, and neutral pH conditions support the 
presence of Fe as colloidal Fe-oxides. The parallel increase in DOC 
concentrations suggests that Fe and DOC interact, as colloidal Fe- 
oxides associated with DOC. These colloidal forms are more 
mobile than particles, and their transport in rivers increases the 
susceptibility of DOC to microbial and photodegradation, with 
potential contributions to CO2 and CH4 emissions.

Together, these findings highlight that the size range of the Fe-oxides 
likely associated with DOC, potentially particulate in Alaska and 
colloidal in Abisko, has direct implications for the form of terrestrial 
carbon export to the Arctic Ocean. Future studies incorporating dis
solved oxygen and redox measurements, suspended sediment (> 0.22 
μm) measurements, carbon isotopic signatures of DOC (δ13C), and dis
solved inorganic carbon concentrations would help better constrain the 
reactivity and transformation pathways of Fe and DOC in Arctic rivers, 
and refine estimates of DOC contribution to greenhouse gas emissions 
during the late shoulder season.
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