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A B S T R A C T

Rivers have traditionally been viewed as negligible sources of iron (Fe) to marine waters, as most Fe gets lost
during estuarine mixing. However, recent findings demonstrate that Fe from boreal rivers display a higher
resistance towards salinity-induced aggregation, presumably due to stabilizing interactions with organic matter.
Previous studies have shown that Fe (oxy)hydroxides are selectively removed by aggregation processes, and that
organic Fe complexes are less affected by increasing salinity. It has been further proposed that Fe speciation
varies in response to seasonal differences in hydrology. In this study X-ray absorption spectroscopy (XAS) was
used to determine the temporal variation in Fe speciation and the connection to Fe stability in response to
increasing salinity in two boreal rivers (Kalix and Råne River), with the purpose to better understand the fate of
riverine Fe export. Sampling was done from winter pre-flood, over the spring flood, to post-flood conditions
(early April until mid June). In addition, parallel analyses for Fe speciation and isotope composition (δ56Fe
relative to IRMM-14) were made on river samples, as well as salinity-induced aggregates and the fraction re-
maining in suspension, with the main objective to test if δ56Fe reflect the speciation of Fe.

The contribution of organically complexed Fe increased during spring flood compared to the pre- and post-
flood, as did Fe transport capacity. However, since Fe (oxy)hydroxides were dominating throughout the sam-
pling period, the seasonal variability was small. Interestingly, salinity-induced aggregation experiments revealed
that Fe (oxy)hydroxides, which dominated aggregates, displayed lower δ56Fe than in the river samples Fe, while
organic Fe complexes in suspension had higher δ56Fe values. The seasonal variability in Fe isotope signature
could not be simply linked to Fe speciation, but was probably also influenced by variation in source areas of Fe
and processes along the flow-path that alter both Fe speciation and isotopic composition.

1. Introduction

Despite the fact that Fe is one of the most abundant elements in the
earth crust, Fe concentrations in the oceans are exceedingly low
(Taylor, 1964). This is primarily due to the low solubility of Fe in oxic
and nonacidic waters (Stumm and Morgan, 1996). As a micronutrient,
Fe can be a limiting factor for primary production, since it is involved in
key metabolic processes such as photosynthesis and cellular respiration
(Sunda and Huntsman, 1997; Boyd and Ellwood, 2010). Further, due to
the high surface reactivity of its mineral phases, Fe is tightly connected
to biogeochemical cycles of e.g. C and P, by influencing their transport,
bioavailability and sequestration in sediments (Lalonde et al., 2012;
Lenstra et al., 2018).

Atmospheric deposition, hydrothermal vents, re-suspended

sediment, pore water from continental shelves and riverine input are
sources for Fe into the ocean (Tagliabue et al., 2017). Even if rivers can
exhibit high Fe concentrations, riverine Fe has traditionally not been
viewed as a significant source of bioavailable Fe to offshore marine
waters (Jickells et al., 2005), as most Fe is lost by aggregation and
sedimentation in estuarine salinity gradients (Sholkovitz, 1976; Chester
and Jickells, 2003; Nowostawska et al., 2008). However, Fe from boreal
rivers may exhibit surprisingly high stability to salinity-induced ag-
gregation, and thus provide more Fe into the open sea than expected
(Krachler et al., 2010; Kritzberg et al., 2014). This suggests that widely
observed and rapid increases in Fe concentrations in north European
freshwaters (Neal et al., 2008; Kritzberg and Ekstrom, 2012; Sarkkola
et al., 2013; Weyhenmeyer et al., 2014; Björnerås et al., 2017) can
result in increasing fluxes of Fe to marine waters.
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In river waters, two Fe carrying phases have been widely discussed -
organically complexed mononuclear Fe (Fe-OM) and Fe (oxy)hydroxide
complexes , often associated with chromophoric organic matter
(Andersson et al., 2006; Breitbarth et al., 2010). It has been hypothe-
sized that the fate of Fe in estuarine gradients is linked to these phases
(Conrad et al., 2019). In line with that, previous work using direct as-
sessment of Fe speciation by XAS, shows that the stability of riverine Fe
is positively correlated to the relative contribution of Fe-OM complexes
(Herzog, 2018), and that Fe (oxy)hydroxides are selectively lost by
aggregation at increasing salinity (Herzog et al., 2017). Nevertheless,
the fact that Fe-OM complexes were making a significant, albeit small,
contribution also in aggregated fractions, illustrates that the degree of
selectivity is complex (Herzog et al., 2017). Furthermore, in snapshot
samples a higher contribution of Fe-OM complexes has been found
during high discharge conditions in spring than during low discharge in
winter (Herzog et al., 2019).

Temporal variation in river run off is closely connected to different
hydro-geological pathways (Andersson et al., 2006; Neff et al., 2006;
Pokrovsky et al., 2006). Weather events and hydrological seasonality
impacts the residence time and pathways for soil and ground water and
thereby affect geochemistry of river water (Dahlqvist et al., 2007;
Ledesma et al., 2018). During winter, snow cover and frozen soil lead to
a long residence time of groundwater, which promotes the formation of
Fe(II). When this oxygen deficient groundwater enters the river, Fe
(oxy)hydroxide will precipitate, and it is assumed to be the pre-
dominant form of Fe (Dahlqvist et al., 2007). In contrast, during high
discharge episodes, sub-surface run off draining organic-rich soil layers,
may provide a source for Fe-OM into the stream water (Dahlqvist et al.,
2007; Grabs et al., 2012; Rosenberg and Schroth, 2017).

Several studies suggest that Fe isotopes can help distinguish be-
tween Fe-OM complexes and Fe (oxy)hydroxides (Ingri et al., 2006;
Schroth et al., 2011; Ilina et al., 2013). The Fe isotope ratio is highly
dependent on the oxidation state of Fe. When the redox state of an Fe
phase changes between reduced and oxidized, the Fe(III) species tends
to have a higher 56Fe/54Fe ratio than Fe(II) (Anbar et al., 2005). Fe
isotope ratios appear to be influenced also by the source of riverine Fe,
e.g. whether Fe originates from anoxic groundwater or organic rich soil
layers (Escoube et al., 2015; Ingri et al., 2018). If Fe isotopes can be
used to distinguish between Fe-OM and Fe (oxy)hydroxides, they could
be used to reflect Fe speciation in marine waters, which is hitherto not
possible by XAS, since the high concentration of salts and the low Fe
concentration prevent isolation of enough Fe for the analysis. To assess
what Fe isotopic composition reflects, a direct comparison with XAS
analysis can be informative.

Knowledge about controls on Fe speciation and how it links to Fe
transport capacity across estuarine salinity gradients is indispensable to
better understand the consequences of increasing riverine Fe loading to
the coastal regions and the open sea. This study aims to provide further
information about seasonal variability in Fe speciation in river water to
improve our understanding of how Fe is mobilized from source regions
and transported into the ocean. More specifically, the research ques-
tions addressed are: 1) How Fe speciation, i.e. the relative contribution
of Fe-OM complexes and Fe (oxy)hydroxides, vary from pre-flood to
spring flood and post-flood conditions; 2) How this in turn affect Fe
stability in response to increasing salinity; and 3) How Fe isotopic
composition reflects Fe speciation.

To address these questions, the river mouths of two boreal sub-
arctic rivers, Kalix River and Råne River, differing with respect to size,
topography and land cover, were sampled from early March until mid-
June to cover the main hydrological events. Riverine Fe was char-
acterized for speciation (XAS), Fe isotope ratios (MC-ICPMS) and sta-
bility to increased salinity by artificial mixing experiments.

2. Materials and methods

2.1. Site description

The pristine, sub-arctic and boreal rivers Kalix and Råne have their
origin in the Caldonian Mountains and the Råne Träsk, respectively.
Both river catchments are located in Northern Sweden (Fig. 1) and
consist mainly of forest, wetlands and lakes (Table 1). Additionally, the
catchment of River Kalix is partly in the alpine area. The Quaternary
deposits in this area are mainly glacial tills with well-developed podzol
profiles (Fromm, 1965). The boreal forest is coniferous dominated by
Norway spruce, Scots pine and birch (Nilsson and Wardle, 2005). The
catchment of Kalix River is approximately 7 times larger than that of
Råne River, whereas Råne River has more forest and wetland area than
Kalix River (Table 1). The region has a sub-arctic climate and high
seasonal temperature variations, with long cold winters and short, mild
summers (Peel et al., 2007).

Between 40 and 50 % of the precipitation comes as snow and the

Fig. 1. The catchments of the boreal Kalix and Råne River, and their geo-
graphical position in Sweden (inset).

Table 1
Catchment and discharge information for Kalix and Råne River.The data in this
table are provided by the Swedish Meteorogical and Hydrological Institute
(SMHI) and are freely available at (www.vattenwebb.smhi.se).

Kalix River Råne River

Size (km2) 28 113 4 207
Forest (%) 54.4 71.9
Wetland (%) 15.5 23.8
Mountain (%) 10.6 0.0
Lakes (%) 5.5 3.8
Others* (%) 14.0 0.5

Discharge (m3/s):
Maximum (12.05.2016) 1 830 484
Average Jan. to March (pre-flood) 96 17
Average May (spring flood) 1 093 254
Average June (post-flood) 589 52

* Grassland, heathland, beach, areas with low vegetation and fire field.
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catchments and rivers are snow- and ice-covered from late November to
April (Ingri et al., 1997). With 5–7 months of winter, the moisture in the
soils and subsoils freezes down to a depth between 25 and 79 cm
(Öquist and Laudon, 2008; Haei et al., 2010). Most of the snow and ice
melts in May, and cause the discharge in both rivers to increase tre-
mendously. During this transient event – the spring flood – discharge is
elevated between 12 and 29 times in Kalix River and 14 to 47 times in
Råne River (data from 2000 to 2017, SMHI).

2.2. Sampling and standard analytical methods

The sampling stations on the Kalix River (Kamlunge rapids) and
Råne River (Orrbyn) were partly ice-covered until early May. Samples
were collected at 12 occasions from early April until mid June to en-
compass conditions during pre-, spring, and post-flood (Fig. 2). Samples
were collected from a bridge in the middle of the rivers. All sampling
equipment was metal-free, acid-washed, and rinsed with ultrapure
water (Milli-Q®). Subsamples were filtered through a 150 μm mesh and
used for artificial seawater mixing experiments, and analysis of oxygen
isotopes, total Fe and DOC concentrations. An additional 1 L volume of
150 μm filtered water was frozen as soon as possible and never more
than 2 h after collection. This volume was later freeze-dried and stored
dry and dark until characterized for Fe speciation (XAS) and Fe isotopic
composition. Oxygen and pH were measured in situ with a Hydrolab
Multisonde M5.

An ICP-AES Optima 3000DV (PerkinElmer) was used to determine
total iron (tFe) concentration. Dissolved organic carbon (DOC) was
analyzed by high temperature catalytic-oxidation on a Shimadzu TOC
V-CPN analyzer, using the Non-purgeable Organic Carbon (NPOC)
method. Salinity was determined by a WTW ninoLab Cond730.

Only acid washed material was used for sample handling and in
addition, for XAS and total Fe analysis polycarbonate bottles/containers
and spatula were used exclusively.

2.3. Artificial seawater mixing experiments

Mixing experiments to assess the Fe transport capacity - the fraction
of riverine Fe remaining in suspension at increased salinity - were in-
itiated as soon as possible, and no later than 2 h after sampling. For this
purpose, river water samples were mixed with artificial sea salt solu-
tions in a 6:1 ratio (vol:vol) to a total volume of 50 ml. Final salinities
were 7 and 20, representative of the Baltic Proper and Kattegat

respectively. An artificial sea salt stock solution was produced using
reagent grade salts following a standard protocol (Kester et al., 1967),
(mass fraction given in %: Cl− (55.05), Na+ (30.62), SO4

2− (7.68),
Mg2+ (3.69), Ca2+ (1.15), K+ (1.10), HCO3

− (0.40), Br− (0.19),
H3BO3 (0.07), Sr2+ (0.04), F− (0.003)) to produce a salinity of 245. All
chemicals used were reagent grade from Sigma Aldrich. The stock so-
lution was diluted to the desired concentration with milli-Q water. After
mixing the river water with the salt solution, the samples were stored in
the dark on a shaker for 24–48 h to allow aggregation. The aggregates
were then separated by centrifugation at 3000 g for 8 h at 4 °C. After
centrifugation total Fe, DOC, pH and salinity were measured in the
supernatant. The Fe transport capacity was calculated by dividing the
Fe concentration in supernatant by the Fe concentration of the river
samples multiplied by 100 (%).

= ×FeTC
Fe

Fe
100supernatant at given salinity

river water (1)

To be able to separate salinity-induced aggregates for character-
ization of Fe speciation and Fe isotopic composition, similar experi-
ments were carried out with larger volumes – 5 L. The aggregated
fraction was separated in three sequential centrifugation steps. In a first
step samples were centrifuged at 4271 g for 1.5 h at 4 °C removing
around 90 % of the total volume as supernatant. In a second and third
step, the remaining supernatant was separated from the aggregated
fraction by centrifugation (2516 g for 15 min at 4 °C). The aggregated
fractions were frozen and freeze-dried. All freeze-dried samples were
stored dry in the dark until analyzed by XAS and MC-ICP-MS.

2.4. XAS data collection and analysis

Freeze-dried river water samples and aggregates from salinity ex-
periments were analyzed by XAS. XAS data was collected at beam line
4-1 at the Stanford Synchrotron Radiation Lightsource (SSRL),
California, USA. SSRL was running in a top-up mode at 3.0 GeV beam
energy and at ca. 500mA ring current. The beam line was equipped
with a Si[2 2 0] double crystal monochromator. Further, three con-
secutive ion chambers, to monitor the transmitted beam, and one pas-
sivated implanted planar silicon (PIPS) detector for fluorescence mea-
surements were used. To reduce higher order harmonics the
monochromator at 4-1 was detuned (50 %). Fe K-edge spectra were
collected in a k-range up to 14 Å−1 in a fluorescence mode. To reduce
unwanted scattering and fluorescence contribution a Mn filter and
Soller slits were used. Samples were mounted on a liquid nitrogen
cryostat for measurements (ca. 80 K), to prevent beam-induced damage.
The samples were aligned at 45° with respect to the incident beam.
Depending on the Fe concentration 2 to 6 scans were recorded for each
sample. Simultaneously, the spectrum of an Fe reference foil (Fe(0))
was recorded, to allow internal energy calibration.

Extended X-ray absorption fine structure (EXAFS) spectra and wa-
velet transform (WT) contour plot data treatment and analysis were
performed according to Herzog et al. (2017). Through comparison of
the edge position of the first derivate spectra of consecutive scans, all
spectra were checked for beam damage and none were found. The scans
were energy calibrated by setting the first inflection point of Fe(0) to
7111.08 eV (Wilke et al., 2001) and averaged by using SixPack (Webb,
2005). By comparing fluorescence and transmission data in Viper
(Klementiev, 2000) self-absorption was investigated and in a few cases
self-absorption was detected. These were corrected, using the formalism
in Viper. The same program was used to normalize and subtract the
background from all averaged spectra in order to isolate the EXAFS
oscillations. The resulting k3-weighted spectra were then fitted in k-
space (3–12 Å−1) with theoretical phase and amplitude functions cal-
culated by the ab initio code FEFF7 (Zabinsky et al., 1995). Input
structures used in the FEFF calculation were those of goethite (Oʼday
et al., 2004) and the trisoxalatoiron(III) complex (Persson and Axe,
2005). While fitting, the threshold energy (ΔE0) was varied but

Fig. 2. Discharge in Kalix and Råne River during sampling period in 2016
(SMHI). The dashed lines and roman numbers indicate the samplings occasions
(I - XII). The arrows below the x-axis denote pre-flood, spring flood and post-
flood periods.
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correlated so that it was identical for all shells. Correlating coordination
numbers and fixed Debye−Waller factors (σ2) to values found in the
literature, restricted the number of free variables. In all refinements, the
amplitude reduction factor (S02) was set to 0.898, which is close to
recommended values (Ankudinov et al., 1992) yielding a first-shell Fe-
O coordination number close to six in the vast majority of the samples.
EXAFS data was further analyzed by wavelet transform (WT), following
the procedure described by Karlsson and Persson (2010). The program
WT Igor Pro script developed by Funke et al. (2005) was used to qua-
litatively differentiate between different backscatters (Funke et al.,
2005; Karlsson et al., 2008).

A linear combination fitting (LCF) analysis was applied to estimate
the proportions of various Fe phases in the samples. LCF was performed
on the k3-weighted EXAFS spectrum in the k range from 3.0 to 12.0
Å−1. For the LCF fitting, model compounds spectra from ferrihydrite,
lepidocrocite, biotite goethite, magnetite, hematite, augite and Fe(III)
complexed to Suwannee Rives fulvic acid were used as references. In
this analysis, E0 was allowed to float, non-negative boundary condition
was used and the sum was not forced to equal 1. All components with a
contribution of< 10 % were excluded from the results.

The normalized X-ray absorption near edge structure (XANES)
spectra and the corresponding first derivative spectra were qualitatively
compared using SixPack. Further oxidation state analysis from pre-edge
information was performed according to Wilke et al. (2001). The data
pre-treatment was accomplished using the XANES dactyloscope soft-
ware (Klementiev, 2002), and the baseline corrected pre-edge was
fitted with two pseudo-Voigt functions (50 % Gaussian and 50 % Lor-
entzian) using Fityk (Wojdyr, 2010). This yielded the pre-edge intensity
and the pre-edge centroid energy.

2.5. Isotopic composition

Fe isotopic compositions were measured at ALS Scandinavia AB.
High purity Suprapure® acids were used throughout sample treatment.
For the Fe isotope ratio measurements, freeze-dried river water samples
and the aggregates from the aggregation experiment were re-dissolved
in 1 mL 9 M HCl. Iron was separated from the matrix by ion exchange,
with a recovery>95 %. The Fe isotope compositions in the separated
fractions were measured using a Multi Collector Inductively Coupled
Plasma Mass Spectrometer (MC-ICP-MS, NEPTUNE PLUS®, Thermo
Scientific) equipped with micro-concentric nebulizer and tandem cy-
clonic/Scott double pass spray chamber. Instrumental mass biases were
corrected by sample-standard bracketing using IRMM-14 CRM, while
an internal standard (Ni) was added to all samples and used to correct
for instrumental drift (Baxter et al., 2006). Each sample was measured
twice with the sample-standard bracketing method and both δ56Fe and
δ57Fe data are reported in the supplement (Equations (2) and (3), re-
spectively). Fe isotope data were reproduced with a precision of 2.7 %
(n=7). Blanks, in-house and geological reference material were pro-
cessed and analyzed with the samples to assure quality and exclude
potential fractionation processes.

=Fe
Fe Fe

Fe Fe
(‰)

( / )
( / )

1 *10sample

IRMM

56
56 54

56 54
14

3

(2)

=Fe
Fe Fe

Fe Fe
(‰)

( / )
( / )

1 *10sample

IRMM

57
57 54

57 54
14

3

(3)

Oxygen isotopes (δ18O) were measured with a Liquid Water Isotope
Analyzer (LWIA) at the stable isotope lab (SIL) at the department of
geological sciences at Stockholm University. The LWIA provides isotope
ratio measurements by laser absorption spectroscopy (off-axis in-
tegrated cavity output spectroscopy).

2.6. Statistics

The F-test was applied to statistically verify the contributions from
scattering paths to higher coordination shells in the EXAFS fits
(Klementev, 2001). As a relative estimate of the contribution of the Fe-
OM and Fe (oxy)hydroxides within the river samples and aggregates, a
ratio between the two species was calculated from the XAS results. Two
different measures were used: 1) the quotient between the coordination
numbers of the Fe-C path and the short (edge-sharing) Fe-Fe path; 2)
the quotient between the Fe-OM fraction and the sum of Fe-oxides
fractions from the LCF results. Differences in the relative distribution of
Fe-OM and Fe (oxy)hydroxide between river water samples and the
aggregated samples (as assessed by LCF) were tested by paired t-tests.
Relationships between variables (e.g. XAS results, Fe and O isotopes, Fe
transport capacity) were tested by Pearson correlations. Assumptions of
normality were verified by Shapiro-Wilk test.

3. Results

3.1. Seasonal variation

Discharge increased in late April and peaked in mid-May with a
maximum of 1830 and 484 m3/sec in Kalix and Råne River, respec-
tively (Fig. 2). After a couple of weeks, the spring flood discharge de-
clined to the base flow level (post-flood) in Råne River, whereas the
drop in discharge was less pronounced in Kalix River (Fig. 1). Oxygen
was saturated in both rivers (95–106 %) during the sampling period.

The DOC concentration showed a similar range during the spring
flood, but was lower for Kalix River during pre- and post-flood, while
tFe was consistently higher in Råne River (Fig. 3 a and b). Total Fe
concentration increased from pre-flood conditions and reached a
maximum just before spring flood and then declined to levels lower
than during pre-flood. A drop in pH, conductivity and in δ18O during
the peak of the spring flood was recorded for both rivers (Fig. 3 c, d e
and f). During post-flood all variables recovered to close to pre-flood
levels, though conductivity remained low in Råne River. Correlation
statistics of the variables mentioned in this paragraph (tFe, DOC, pH, O
isotopes and conductivity) can be found in the supporting information
(SI) for Kalix River and for Råne River (Table S1).

XAS analysis identified Fe (oxy)hydroxide and Fe-OM complexes in
the river water samples of Kalix and Råne. The Fe (oxy)hydroxide signal
was dominating strongly in all river samples. A slight seasonal variation
in the contribution of Fe-OM complexes was detected. The WT intensity
of the light back-scattering at low k-values, representing Fe-OM com-
plexes, increased during spring flood, followed by a decrease during
post-flood as shown by the selection of WT plots in Fig. 4; WT plots of
all measured samples are shown in the SI in Fig. S1.

EXAFS fitting confirmed the presence of both Fe phases in all
samples. Comparison of the CN-ratios among the samples revealed a
variation in the relative contribution of the Fe species (CNFe-C/CNFe-Fe,

Fig. 3 g and h and Table S2). The CN-ratio, indicative of the relative
contribution of Fe-OM, increased with discharge during the spring flood
with a distinct drop during peak discharge, followed by declining values
during post-flood conditions. The LCF analysis identified a mixture of
Fe oxides and Fe-OM complexes. Three components were dominating in
all samples, ferrihydrite, Fe(III) complexed to natural organic matter,
and lepidocrocite (Fig. S2). The LCF ratio (the ratio between the Fe-OM
fraction and the sum of the ferrhydrite and lepidocrocite; Fig. 3 in plot g
and h) was strongly correlated with the CNFe-C/CNFe-Fe ratio (Table 2).
Fe speciation (CN-ratio and LCF-ratio) showed no significant correla-
tion with any other measured variable (p > 0.70).

Analysis of the XANES region revealed uniform results among all
river samples (Fig. S3 a). The double peak of the first derivative XANES
spectra detected in all samples (Fig. S3 b) was indicative of a strong
contribution from Fe (oxy)hydroxides (Sundman et al., 2014). Fur-
thermore, the pre-edge analysis based on the procedure of Wilke et al.
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Fig. 3. Variation in water chemistry over the sampling period in Kalix (left) and Råne River (right). Panels show DOC and tFe (a and b), pH and conductivity (c and
d), δ56Fe of river water samples, aggregates and supernatant (error bars± 2σ) and δ18O vs VSMOW (e and f), and Fe transport capacity at salinity 7 and 20 and the
CN and LCF ratios (g and h). The grey area represents discharge.
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(2001) indicated a predominance of Fe(III) as seen in Fig. S4. The
centroid pre-edge energies of the all samples showed almost no varia-
tion (7113.6–7113.7 eV), and the intensities remained constant at a
value in agreement with predominantly 6-coordination (Fig. S3). For
more information on the XAS results see SI (Figs. S1, S2, S4 and Table
S2).

3.2. Fe at increasing salinity

A major loss of Fe from suspension was observed in response to
increasing salinity – Fe transport capacity at salinity 20 was never
above 7 % (Fig. 3 g and h). For both rivers and both salinities the Fe
transport capacity increased with increasing discharge and dropped
during peak flow, but recovered temporarily and then declined with
declining discharge. Fe transport capacity in Kalix River correlated with
DOC at salinity 7 and Fe transport capacity in Råne River correlated
negatively with pH (Table 2). No correlation was found between the Fe
transport capacity and Fe speciation (CN- and LCF-ratio) (Table S1).

The XAS results showed that the Fe (oxy)hydroxide contribution
dominated in all aggregate samples from both rivers (Fig. 5). Com-
parison with the river water samples indicated a selective removal of Fe
(oxy)hydroxides with increasing salinity (Fig. 5), i.e. the CN-ratios de-
termined for the aggregated samples were significantly lower than the
corresponding river water samples (t5= 9.403; p < 0.001) (Table S2).
Also, the fraction of Fe-OM complexes in the aggregates as determined
by LCF was lower than in the corresponding river water samples
(t5= 5.625; p=0.005) (Table S3 – Table S6). The XANES results for
the aggregated samples showed a predominance of Fe(III), similar to
the river water samples (Fig. S3).

3.3. Fe isotopic composition

Fe isotopes were measured on river water samples, and the ag-
gregates and supernatant produced by enhanced salinity. All measured
δ56Fe ratios were positive relative to IRMM-14. River water δ56Fe va-
lues of Kalix and Råne River decreased with increasing discharge during
the spring flood. In Kalix River the δ56Fe value gradually increased as
discharge declined, whereas in Råne River the δ56Fe value remained
low. River water δ56Fe correlated with discharge and δ18O in Kalix
River, and with DOC and conductivity in both rivers (Table S1).

The δ56Fe ratios of the aggregates were consistently depleted in the
56Fe isotope compared to the river water samples, whereas the Fe in the
supernatant was consistently enriched in the 56Fe isotope (Fig. 3 e and
f). The δ56Fe values of the aggregates in both rivers ranged from
0.08 ± 0.11 to 0.39 ± 0.06 ‰, and the δ56Fe of the supernatant
ranged from 0.47 ± 0.16 to 0.70 ± 0.16‰ (Table S8). Overall, the Fe
isotope composition in Råne River was slightly more positive than in
Kalix River. The temporal dynamics of δ56Fe of the aggregates follow
those of the river water samples.

4. Discussion

4.1. Seasonal variation of Fe speciation

The spring flood caused by the snowmelt is the major hydrological
event in Kalix and Råne River and has a major impact on the water

Fig. 4. High resolution WT counter plots (η =8, σ= 1) of EXAFS data of a
selection of river water samples from Kalix River (left) and Råne River (right).
The sampling occasions are indicated with roman numbers: I (05.04.16), IV
(02.05.16), VIII (25.05.16) and XII (15.06.16) and are associated to pre-, spring
and post-flood. In the upper left plot the areas representing the different Fe
paths are denoted by C for the Fe−C path, C/O for the multiple scattering path
Fe−C−C/O, and Fe for the two Fe−Fe paths.

Table 2
Correlation coefficients of the artificial seawater mixing experiments for Kalix
and Råne River for a selection of variables. A complete overview of the statistics
can be found in the SI (Table S1).

Variable 1 Variable 2 Kalix River Råne River

r p r p

Fe transport capacity (sal7) DOC 0.80 0.029
Fe transport capacity (sal7) pH −0.82 0.025
Fe transport capacity (sal 20) pH −0.76 0.047
Fe transport capacity (sal 20) CN ratio 0.53 0.276 0.70 0.126

Fig. 5. High resolution WT modulus (η =8, σ= 1) of EXAFS data of a river
water sample from the sampling event River Kalix IV (02.05.16) and the cor-
responding salinity induced aggregates at salinity 7, plotted as a function of k
(Å−1) on the x-axis and R (Å) on the y-axis.
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chemistry. The temporal dynamics suggest that variation in the hydro-
geological pathways is strongly influencing water chemistry, which has
been observed in previous studies (Dahlqvist et al., 2007; Rosenberg
and Schroth, 2017). The low Fe and DOC concentrations, high pH and
conductivity, and heavy δ18O values found during pre-flood, indicated
groundwater as the main source of riverine input, due to snow cover
and frozen topsoil (Dahlqvist et al., 2007; Wortberg et al., 2017). With
increasing discharge, the input from organic rich soil layers increased,
as shown by the smaller δ18O signal and an increase in Fe and DOC
concentrations accompanied by a decline in pH and conductivity
(Laudon et al., 2002; Wu et al., 2016). In forested areas this may be the
result of a rising water table leading to a shift in the source from mi-
neral to upper soil layers (Buffam et al., 2007). Post-spring flood levels
of all water chemical variables returned towards values observed at
base-flow in winter, indicating a higher input of ground water.

We hypothesized that changing hydro-geological pathways would
affect Fe speciation in the river water. No significant relationships be-
tween Fe speciation and e.g. discharge was found, nevertheless there
was a tendency that Fe speciation varied alongside the variables in-
dicative of different source regions. A higher contribution of Fe-OM
complexes was found during high flow. Throughout the sampling
period, Fe (oxy)hydroxides were strongly dominating. Dahlqvist et al.
(2007) proposed that Fe-rich colloids are the predominant phase during
winter. Those originate from Fe(II) in anoxic groundwater that is oxi-
dized when reaching the oxic stream water with the subsequent for-
mation of Fe (oxy)hydroxides. In contrast, during high discharge caused
by snowmelt, sub-surface run off drains organic-rich soil layers that
becomes a source of stream water Fe-OM complexes (Dahlqvist et al.,
2007; Grabs et al., 2012; Riedel et al., 2013; Rosenberg and Schroth,
2017).

Interestingly, a minor drop in the contribution of Fe-OM complexes
was detected at peak flow. Potentially, this was caused by mobilization
of particulate Fe from the riverbanks or the river bed by the massive
discharge flushing the system (Withers and Jarvie, 2008; Rosenberg
and Schroth, 2017). This is consistent with the importance of particu-
late matter for Fe transport during high discharge in a boreal river as
shown by Björkvald et al. (2008).

Our collective results showed that in all samples Fe(III) was the only
oxidation state detected. This is in agreement with other studies on Fe
speciation at river mouths (Herzog et al., 2017). Hence, no temporal
variability was detected in the oxidation state of Fe at the sampling
locations. While Fe(II) may be found in soils and soil pore waters
(Sundman et al., 2014) and low order streams (Herzog et al., 2019), the
increasing oxygen and pH conditions along the flow path favor oxida-
tion and the predominance of Fe(III) (Neubauer et al., 2013).

4.2. Fe transport capacity and link to speciation

The Fe transport capacity values for the Kalix and Råne River were
low compared to previous studies on boreal rivers (Kritzberg et al.,
2014; Herzog et al., 2017). These low Fe transport capacities may be
linked to the minor contribution of Fe-OM, since the Fe transport ca-
pacity has been shown to be positively correlated to the relative con-
tribution of Fe-OM (Herzog, 2018). While no significant correlation
between the Fe transport capacity and Fe-OM was detected, a similar
temporal pattern was observed. Both Fe transport capacity and the re-
lative contribution of Fe-OM were relatively higher during high dis-
charge. Interestingly, both showed a drop at peak flow. The higher
contribution of Fe (oxy)hydroxides, shown by the XAS results, may
explain this temporary drop in the Fe transport capacity.

4.3. Link between Fe isotope and Fe speciation

The aggregates formed in response to increasing salinity were
completely dominated by Fe (oxy)hydroxides. Thus, these Fe (oxy)hy-
droxides were selectively removed from suspension in agreement with

previous results (Herzog et al., 2017). Interestingly, the aggregates
were consistently enriched in the light 54Fe isotope compared to the
river water Fe, while the supernatant was consistently enriched in the
heavier 56Fe. This suggests that Fe (oxy)hydroxides are isotopically
lighter, and Fe-OM complexes, which contributed more to the sus-
pended fraction, are isotopically heavy. This is in line with recent stu-
dies that have identified ubiquitously heavy δ56Fe values in the dis-
solved fraction (< 0.45 μm) in organic-rich rivers and light δ56Fe in the
larger size fraction (> 0.45 μm) (Escoube et al. 2009, 2015; Ilina et al.,
2013). Furthermore, organically complexed Fe(III) is expected to be
enriched in the heavy isotope relative to uncomplexed dissolved Fe,
since covalent bonds with 56Fe are stronger (Dideriksen et al., 2008).
These findings may also explain the positive Fe isotope ratio of the
colloidal Fe (1 kda–0.22 μm) found in the outer river plume of the Lena
River, while a negative particulate Fe (> 0.22 μm) phase was lost close
to the river mouth (Conrad et al., 2019). The aggregation experiment
shows that Fe-OM with a positive δ56Fe ratio, resist the salinity induced
mixing, therefore they might reflect the positive δ56Fe ratio found in the
Arctic Ocean.

The river water Fe isotopic composition varied over the sampling
period while the XAS analyses revealed a strong dominance of Fe (oxy)
hydroxides during the same period, with a tendency to higher con-
tribution of Fe-OM complexes at higher discharge. The δ56Fe ratio be-
came lighter as discharge increased. Thus, while low δ56Fe corre-
sponded with predominance of Fe (oxy)hydroxides in the experiments
separating aggregates from Fe in suspension, declining river water
δ56Fe was observed when the contribution from Fe-OM complexes was
relatively higher. This demonstrates that there is no simple relationship
between the river water isotopic composition and Fe speciation.

The river water δ56Fe correlated with DOC concentrations, con-
ductivity and O isotope signatures, suggesting that the δ56Fe is affected
by the different source areas of Fe and the varying hydrogeological
conditions (Escoube et al., 2015; Ingri et al., 2018). Thus, while there
are links between δ56Fe ratios and Fe speciation, numerous processes
along the river flow path should affect and alter Fe speciation and cause
isotopic fractionation, which implies that δ56Fe values in the river
mouth cannot be assumed to directly reflect Fe speciation of the source
region. Notably, the interpretation from our experimental separation –
that Fe-OM complexes are isotopically heavier than Fe (oxy)hydroxides,
are in line with high δ56Fe in organic soil layers, and heavier isotopic Fe
signatures during increasing discharge in a first-order stream, i.e. closer
to the source (Ingri et al., 2018).

Since there was little variation in Fe oxidation state and strong
dominance of Fe(III) in all samples, variation in δ56Fe did not reflect
differences in oxidation state. The presence of Fe(II) in soils and low-
order streams has been previously shown (Sundman et al., 2014), and
Ingri et al. (2018) suggested that low δ56Fe found below the ground-
water table, and in stream water at winter base flow, was due to mi-
neral dissolution of Fe(II), which is preferential to the lighter isotope
(Brantley et al., 2004). Moreover, along the flow path from the source
area, a gradual increase of Fe(III), towards a complete dominance in the
river mouth, was observed by Herzog et al. (2019). Thus, while it may
be possible to infer Fe oxidation state and mobilization processes of Fe
by isotopic signatures close to the source (e.g. the riparian zone), es-
tablishing such links far down stream in the river mouth may not be
feasible.

5. Conclusions

Fe speciation in the Kalix and Råne River changed over the season
with Fe (oxy)hydroxides dominating during pre- and post-flood with an
increasing contribution from Fe-OM complexes during spring flood.
Still, the contribution from Fe-OM complexes, even during spring flood,
was low and consequently all samples were dominated by Fe (oxy)hy-
droxides. This was reflected in the overall low Fe transport capacity,
compared to results from other river systems (Kritzberg et al., 2014).
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Though the data showed a seasonal variation in Fe speciation and Fe
transport capacity, the variation was considerably less distinct than
expected (Andersson et al., 2006; Dahlqvist et al., 2007). An important
and interesting future study would be to conduct a similar study on a
river system with a higher contribution of Fe-OM complexes. Smaller
catchments closer connected to the Fe source regions may provide such
conditions, but sampling that encompass seasonal variability would be
required to substantiate such a hypothesis. Increasing the spatial re-
solution along a river course, including first order streams, may help to
explain the intricate relationship between Fe sources, aquatic Fe spe-
ciation, and Fe isotope signatures. Finally, since salinity induced ag-
gregation showed a separation into isotopically lighter Fe (oxy)hydro-
xides and isotopically heavier Fe-OM complexes this difference in
isotope composition could be used to better understand which Fe spe-
cies remains in solution along an estuarine transects. This would be
informative since a direct assessment of Fe speciation in marine water
by XAS is so far not possible.
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