
Vol.: (0123456789)

J Paleolimnol 
https://doi.org/10.1007/s10933-025-00367-x

ORIGINAL PAPER

Iron dynamics of boreal lakes inferred from iron speciation 
analysis of varved lake sediments

Caroline Björnerås · Antti E. K. Ojala · 
Dan Hammarlund · Per Persson · 
Emma S. Kritzberg

Received: 16 July 2024 / Accepted: 14 May 2025 
© The Author(s) 2025

in southern Finland. Iron speciation in sediments is 
dominated by Fe-bearing silicate fractions in two of 
the lakes, while the third lake has contributions of 
organically complexed Fe and Fe-(oxy)hydroxides. 
Long-term changes in sediment Fe accumulation 
correspond with documented shifts in land use from 
agriculture to spruce forestry in the lake catchments, 
and in one of the lakes with water-level lowering. 
An overall poor correspondence between monitored 
aqueous Fe concentrations and sediment-inferred Fe 
accumulation rates is likely linked to the dominance 
in the sediments of particulate Fe phases that are not 
prevalent in suspended form in the water column. 
This suggests that sediment records are unsuitable for 
reconstructions of past lake-water Fe concentrations 
in these lakes. However, the study provides valuable 
insight into how major land-use changes in the past 

Abstract  Iron (Fe) concentrations are increas-
ing in lakes on a wide geographical scale, contrib-
uting to recent browning of lake waters. As avail-
able time series on lake-water Fe concentrations are 
relatively short, covering the past few decades only, 
varved lake sediments may provide extended and pre-
cisely dated records to study temporal Fe dynamics 
in lakes in response to environmental drivers, such 
as changes in catchment land use and atmospheric 
sulphur deposition. Here, we present and discuss 
temporal changes in Fe speciation and accumula-
tion rates during the last three centuries as revealed 
by sub-annually resolved X-ray absorption spectros-
copy analyses of varved sediments from three lakes 
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have affected both the supply and speciation of Fe 
accumulated in lake sediments.

Keywords  Iron biogeochemistry · Iron speciation · 
X-ray absorption spectroscopy · Micro X-ray 
fluorescence · Palaeolimnological reconstruction

Introduction

Iron (Fe) is a key element in aquatic environments, 
involved in the biogeochemical cycling of important 
elements such as carbon (C) and phosphorus (P). 
Iron controls C sequestration as it limits primary pro-
duction in marine waters (Boyd 2007), as well as in 
freshwaters with low concentrations of bioavailable 
Fe (Vrede and Tranvik 2006). Moreover, Fe has been 
shown to enhance flocculation and sedimentation of 
organic matter (OM) in lakes (von Wachenfeldt et al. 
2008), thereby functioning as a ‘rusty sink’ for long-
term C storage in sediments (Lalonde et  al. 2012). 
Iron also affects P bioavailability by binding P in 
waters and sediments (Sundman et al. 2016; Lenstra 
et al. 2018). Although Fe is an essential micronutri-
ent for aquatic organisms, excess Fe can have both 
direct and indirect harmful effects on biota (Vuori 
1995; Heikkinen et al. 2022). Indirect effects include 
far-reaching ecological consequences associated with 
browning of freshwaters (Williamson et  al. 2015), 
caused by ongoing and widespread increases in Fe 
and dissolved organic matter (DOM) concentrations 
(Monteith et al. 2007; Björnerås et al. 2017).

Iron concentrations in freshwaters are controlled 
by catchment loading and lake-internal processes that 
determine how Fe distributes between the water col-
umn and the sediments. Land cover governs Fe export 
from land to water, and afforestation with conifer-
ous forest has been proposed as one important driver 
behind both increasing Fe concentrations (Björnerås 
et  al. 2017; Škerlep et  al. 2021), and elevated water 
colour in freshwaters (Kritzberg 2017). Furthermore, 
peatlands act as major sources of Fe because of acidic 
conditions and the availability of OM that promote 
export of Fe (Kortelainen et al. 2006; Sarkkola et al. 
2013). Chemical speciation is a key factor determin-
ing Fe behaviour in lake catchments, because Fe(III) 
under oxic and circum-neutral pH conditions forms 
Fe-(oxy)hydroxides (FeOOH) that settle as particles, 
while interactions with OM increases Fe solubility. 

This can be either through mononuclear Fe complexes 
with OM (Fe–OM) (Karlsson and Persson 2012; 
Daugherty et  al. 2017), or through surface interac-
tions of OM with inorganic Fe particles (Vindedahl 
et al. 2016). While mononuclear Fe complexes gener-
ally exhibit higher solubility in water (Herzog et  al. 
2017), minerogenic Fe fractions are more prone to 
accumulate in sediments (Björnerås et  al. 2021). 
The latter include FeOOH and Fe-bearing silicates 
including clays (Fe-Si) transported to lakes from sur-
rounding soils (Björkvald et al. 2008; Björnerås et al. 
2021). Moreover, Fe sulphide (FeS) may precipitate 
in anoxic bottom waters and sediments with avail-
able S and OM (Holmer and Storkholm 2001), along 
with Fe carbonates (Fe–CO3) and phosphates (Fe–P) 
(Spadini et  al. 2003; Rothe et  al. 2016). Because 
availability of S could induce immobilisation of Fe 
in soils and sediments by sulphide binding (Holmer 
and Storkholm 2001), or indirectly through sup-
pressed solubility of OM by sulphate-induced acidity 
and high ionic strength (Neal et al. 2008), variations 
in catchment loading of Fe and distribution between 
the water column and the sediments have also been 
linked to changes in S deposition (Björnerås et  al. 
2017). In summary, several potential drivers behind 
temporal changes in lake-water Fe concentrations 
have been proposed, but our understanding of what 
mechanisms govern Fe behaviour in aquatic systems 
is still limited.

Lakes are efficient sinks of Fe (Köhler et  al. 
2013; Björnerås et  al. 2021), and sediment records 
could therefore provide valuable insights into driv-
ers of temporal dynamics of Fe in lakes (Engstrom 
and Wright 1984; Björnerås et  al. 2022). Lakes 
with varved (annually laminated) sediments provide 
records of high resolution that are ideal for palae-
olimnological reconstructions (Ojala et  al. 2012; 
Zolitschka et al. 2015). Clastic and/or biogenic varve 
types dominate in cold and temperate regions and a 
single varve is composed of two or more seasonal 
layers – laminae – generally forming naturally, and 
thus representing certain seasons (Zolitschka et  al. 
2015). Varved sediment sequences have previously 
been extensively used for studies of past climatic 
and environmental fluctuations, and to infer human-
induced changes in catchment land use (Zolitschka 
et al. 2015). While there is a worldwide distribution 
of lakes with varved sediments, the majority of pub-
lished records are from lakes located in northern and 
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central Europe, e.g. in Germany (Brauer et al. 1999; 
Zolitschka et al. 2000), Poland (Tylmann et al. 2013) 
and Fennoscandia (Ojala et  al. 2012). The lack of 
post-depositional physical disturbances in varved 
sediments make them suitable for sub-annual high-
resolution studies with precise chronological records 
(Zolitschka et al. 2015).

Few studies have so far investigated Fe specia-
tion in varved lake sediments and to what extent such 
sediment records could be used for reconstructing 
past changes in lake-water Fe dynamics. Studies of 
varved sediment sequences from lakes Baldegger-
see and Moossee, Switzerland, indicate that oxygen 
availability affects Fe speciation and accumulation 
(Makri et al. 2021), with FeS increasing in abundance 
in sediments deposited under eutrophic conditions 
(Spadini et  al. 2003). By using X-ray photoelectron 
spectroscopy (XPS), Shchukarev et al. (2008) showed 
that FeOOH and organic S forms are present in both 
light and dark laminae, in the varved sediments of 
Lake Nylandssjön, northern Sweden, and that the 
black colour of summer and winter laminae is caused 
by FeS deposited during periods of oxygen deficiency 
near the bottom of the lake. Another study from the 
same lake comparing profiles of Fe and S concentra-
tions in several freeze cores collected over two dec-
ades showed only minor post-depositional migration 
of Fe and S in the sediments (Gälman et al. 2009).

In this study we analysed varved sediment 
sequences from three lakes in southern Finland with 
different land-use history to gain a better under-
standing of the drivers of temporal variations in Fe 
speciation and accumulation patterns. The research 
questions we address here are: (1) In what fractions 
does Fe reside in the sediments? (2) Are there sea-
sonal differences in Fe speciation, i.e. are there dif-
ferences between individual laminae within a varve? 
(3) To what extent can lake sediments be used for 
reconstruction of past lake-water Fe concentrations? 
and (4) Can Fe accumulation patterns be explained 
by environmental change in the lake catchment? To 
address these questions, Fe speciation in different 
laminae of varves were analysed with X-ray absorp-
tion spectroscopy (XAS). Moreover, sediment geo-
chemical profiles (using an X-ray fluorescence core 
scanner etc.) were compared with long-term monitor-
ing data on water chemistry variables, including lake-
water Fe concentrations, as well as with data on past 
changes in land use in the lake catchments.

Study sites

Pääjärvi is a large, deep, oligomesotrophic lake with 
the highest water colour, dissolved organic matter 
(DOM) concentration (as indicated by chemical oxy-
gen demand—COD), and Fe concentration among the 
three investigated lakes. DOM concentration, total N 
and pH have increased significantly in this lake during 
the past few decades (Table 1). Ormajärvi is a clear-
water, previously eutrophic, lake where total P con-
centrations have declined significantly in the period 
of 1961–2018 (Table  1). Total N concentrations, on 
the other hand, have increased during the same time 
period (Table  1). Peräjärvi is a small, dimictic, oli-
gomesotrophic lake (Table  1). It is slightly acidic, 
with declining oxygen concentrations in the bottom 
waters (< 2 m above sediment surface) between 1985 
and 2016, resulting in  permanently hypoxic condi-
tions (< 2  mg O2 L−1) towards the end of the time 
period (Table  1, Fig.  S1). Both Pääjärvi and Orma-
järvi are dimictic lakes and thus seasonally thermally 
stratified and seasonally oxic throughout the water 
column (Ojala et al. 2011). There has been no signifi-
cant change in oxygen concentrations in the bottom 
waters (≤ 2 m above sediment surface) in Pääjärvi or 
Ormajärvi between 1961 and 2016 (Table 1, Fig. S1).

The geology of the Pääjärvi and Ormajärvi catch-
ments is largely similar and composed of granodior-
ite, amphibolite, granite and mica gneiss (Lahtinen 
1996). The Quaternary deposits consist of till inter-
mixed with bedrock outcrops (50%), glaciofluvial 
material (25%), and fine-grained deposits (25%) at 
Pääjärvi, and of glaciofluvial material (50%), till 
(25%), fine-grained deposits (25%), and minor peat 
deposits at Ormajärvi (Valpola and Ojala 2006). The 
Quaternary deposits at Peräjärvi are generally compa-
rable with the other two lakes but the bedrock con-
tains more volcanic-sedimentary rocks, belonging to 
the Tampere Schist Belt group, with felsic and mafic 
components (Kähkönen 1999).

Pääjärvi and Ormajärvi are located in the Lammi 
region, where there is evidence of human settlements 
and agriculture as early as in the 200s–300s (all dates 
refer to current era, CE) time period (Huttunen 1980). 
Slash-and-burn cultivation was used extensively 
until the early 1900. The termination of this prac-
tice, along with the abandonment of cattle grazing 
in forests in the 1930s, resulted in a massive expan-
sion of spruce forest cover and declining proportions 
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of alder and birch in the region (Huttunen 1980). At 
Pääjärvi, lake-level regulations and peatland drainage 
of its surroundings started in 1960 in order to prevent 
spring flooding (Simola and Uimonen-Simola 1983). 
The slight lowering of the lake level caused a consid-
erable deposition of sediments from the littoral zone 
into the deeper basin. This is visible as a distinct layer 
of mineral matter in the sediments, providing an addi-
tional marker for dating accuracy and cross-check 
(Simola and Uimonen-Simola 1983). The area around 
Peräjärvi has had human settlements since the 1700s, 
and in the 1920s there were several crofts on the north 
side of the lake that implemented agriculture. More 
recently, the lake-water chemistry has been strongly 
impacted by mining activities in the nearby Orivesi 
gold mine (active 1994–2003 and 2007–2019).

Materials and methods

Sample collection and preparation

In March 2016, sediment cores were collected at 
37.4  m (Pääjärvi), 28.2  m (Ormajärvi), and 11.5  m 
(Peräjärvi) depth in the deepest locations of Orma-
järvi and Peräjärvi, and in one of the deep basins of 
Pääjärvi (Fig.  1). The lakes were ice covered at the 
time of sampling and one sediment sequence from 
each lake was retrieved using a freeze corer (Renberg 
and Hansson 2010). The freeze cores, that varied in 
length from 47 cm (Ormajärvi) to 72 cm (Pääjärvi), 
were immediately upon sampling wrapped in plastic 
bags and transported in a portable freezer (− 20 °C). 
One additional sediment core from each lake was 

Table 1   Lake characteristics including land use obtained from the CORINE land-cover inventory, and lake-water chemistry charac-
teristics expressed as means (2010–2016) with standard deviations within parentheses

Long-term changes (1961–2016 for Pääjärvi and Ormajärvi, 1985–2016 for Peräjärvi) were explored with Mann–Kendall trend tests 
and significant trends (p < 0.05) presented as absolute (Abs Δ, in same unit as variable) and relative (Rel Δ, in percent) changes over 
the entire time period. Surface-water samples (≤ 2 m from lake surface) were analysed except for O2 where bottom-water data (≤ 2 m 
from sediment surface) were used
*Data from a complementary source (Ojala et al. 2011) as CORINE tends to underestimate peatland coverage

Lake characteristics Pääjärvi Ormajärvi Peräjärvi

Latitude/longitude 61°03′24.4″N/25°08′06.0″E 61°06′44.8″N/24°58′38.9″E 61°39′05.6″N/24°05′51.0″E
Lake elevation (m a.s.l.) 103 94.1 110
Lake area (km2) 13.4 6.57 0.14
Lake volume (km3) 0.20 0.063 –
Mean depth (m) 14.4 10.0
Maximum depth (m) 85.0 29.5 11.5
Catchment area (km2) 223 74.8 28.2
Water residence time (yr) 3.3 2.9 –
Forests (%) 61 47 73
Peatlands (%) < 1 (11*) < 1 (6*) 1
Grasslands (%) 12 10 9
Agricultural areas (%) 15 26 1
Inland waters (%) 8 9 13
Urban areas (%) < 1 4 < 1

Water chemistry Mean (SD) Abs Δ (Rel Δ) Mean (SD) Abs Δ (Rel Δ) Mean (SD) Abs Δ (Rel Δ)

Fe (μg L−1) 147 (27.3) 84.6 (26.9) 130 (38.2)
WC (mg Pt L−1) 83 (11) 26 (5) 54 (3)
COD (mg L−1) 13.1 (1.4) 1.2 (+ 11%) 7.3 (0.6) 10.1 (1.6)
pH 7.2 (0.1) 0.4 (+ 6%) 7.7 (0.2) 0.5 (+ 6%) 6.6 (0.1)
Tot-N (μg L−1) 1493 (95) 730 (+ 56%) 789 (109) 145 (+ 23%) 1312 (597)
Tot-P (μg L−1) 11.0 (1.1) 13.5 (2.5) − 11.1 (− 59%) 9.7 (3.2)
O2 (mg L−1) 9.0 (1.7) 2.9 (2.3) 0.3 (0.4) − 3.5 (− 621%)
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collected using a HTH gravity corer (Renberg and 
Hansson 2008), yielding 30–50  cm long sequences, 
which were sliced into 0.5–1  cm segments in the 
field, and later freeze-dried.

The frozen sediment slabs were treated with a 
hand plane in a walk-in freezer (− 20 °C) to remove 
surface contamination, and photographed (Olympus 
E-510). The slabs were sectioned with a band saw 
into ~ 15  cm long overlapping sediment rods (width 
and height ca. 4 and 3  cm, respectively). After sur-
face cleaning with a plastic scraper, the sediment rods 
were placed in insulated open containers to prevent 
thawing during μXRF core scanning. Samples for 
XAS analyses were later collected from the sediment 
rods by carefully scraping off material from light and 
dark laminae (Pääjärvi and Peräjärvi) using a tita-
nium blade. The Ormajärvi section exhibited biogenic 
varves with generally dark and less well-expressed 
seasonal laminae and separation of these was thus 
not done. The sediment rods were thereafter divided 
into 0.5–1  cm thick sub-sections with a handsaw, 
gently cleaned with a plastic scraper to avoid steel 

contamination, and freeze-dried. The dimensions 
of the sediment slices were noted and their weights 
measured before and after freeze-drying.

All sample preparation took place in a freezer 
compartment and the frozen material for XAS analy-
ses was stored in the freezer and in an argon gas envi-
ronment to prevent oxidation of reduced Fe phases.

Varve characteristics and chronology

Varve types of the sediment sequences were inter-
preted based on visual inspection of sediment char-
acteristics and based on earlier published sediment 
descriptions (Simola and Uimonen-Simola 1983; 
Itkonen and Salonen 1994; Valpola and Ojala 2006). 
Varves of the Pääjärvi and Peräjärvi sequences are 
of clastic-biogenic type (Simola and Uimonen-
Simola 1983; Zolitschka et  al. 2015). The varves of 
Pääjärvi have previously been described as contain-
ing a thick and lighter spring to summer laminae rich 
in minerogenic matter and diatoms, and dark winter 
laminae with abundant OM and FeS (Simola and 

Fig. 1   Locations of lakes Pääjärvi, Ormajärvi and Peräjärvi in southern Finland with lake and catchment boarders highlighted in red 
and grey, respectively. Insets shows bathymetric maps of the lakes with the coring sites indicated by stars
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Uimonen-Simola 1983; Itkonen and Salonen 1994). 
The varves in the Ormajärvi sequence are of a bio-
genic type (Zolitschka et al. 2015).

Varve chronologies of the sediment sequences 
were obtained by manual varve counting using pho-
tos of fresh sediment cores, frozen slabs and images 
obtained by the Itrax core scanner. Varve counts were 
repeated two to three times on each core and quali-
tative varve chronology error estimates were based 
on their deviations (Ojala et  al. 2012; Zolitschka 
et al. 2015). The repeated varve counts were comple-
mented with 137Cs analyses to validate the varve chro-
nologies (Ojala et  al. 2017). Cesium-137 analyses 
were performed at the Geological Survey of Finland 
using a fully digital BrightSpec bMCAUSB pulse 
height analyser coupled to a well-type NaI(Tl) detec-
tor (Ojala et al. 2017). Measurements were conducted 
at 0.5 to 1  cm resolution, depending on the rate of 
accumulation and sample depth, and sample sizes 
varied between 5 and 15 g. Varve counts of the upper-
most 10 cm of the Pääjärvi sediment sequence were 
impossible due to the vague varve structure. Hence, 
sediment age estimates were interpolated between the 
137Cs dates and the surface sedimentation year. Due to 
difficulties counting the very thin varves below 47.5, 
40, 22.5  cm for Pääjärvi, Ormajärvi and Peräjärvi, 
respectively, varve counts were extrapolated based 
on inferred sedimentation rates a few cm above these 
depths. All dates refer to the current era (CE).

Chemical analyses

Bulk concentrations of Fe and other major elements 
were measured on freeze-dried subsamples. Subsam-
ple aliquots were digested in 7  M HNO3 and meas-
ured according to SS 28311 (2017) for total concen-
trations of Fe, S and Si with ICP-OES (Perkin Elmer 
Optima 8300). Total C and N contents were deter-
mined by combustion using a Costech ESC 4010 ele-
mental analyser. Varve chronology was used to cal-
culate accumulation rates (AR) for bulk sediment and 
selected elements in accordance with Segerström and 
Renberg (1986).

X‑ray fluorescence (XRF) core scanning

Sediment surfaces were scanned by an Itrax Core 
Scanner at the Natural History Museum of Denmark, 

Copenhagen. The Itrax core scanner was used with a 
Rhodium tube and set with a count time of 3 s and a 
step size of 100 μm at 30 kV and 50 mA. The inten-
sity of each element was normalised to the (coher-
ent + incoherent) scattering to reduce influence of 
physical properties and matrix effects, including vari-
ations in water and OM content (Kylander et al. 2018; 
Bertrand et al. 2024), and smoothed to ten-point run-
ning averages. The potassium to titanium ratio (K/Ti) 
was used as an indicator of changes in detrital min-
eral input from the catchment, and the zirconium to 
Ti (Zr/Ti) ratio as an indicator of grain-size variabil-
ity as Zr is commonly elevated in sand and silt while 
Ti is associated with finer fractions (Taboada et  al. 
2006). Grain-size proxies have previously been used 
to reveal catchment erosion history (Engstrom and 
Wright 1984), and changes in hydrological regimes 
(Kylander et al. 2011). The K/Ti ratio was used as a 
proxy for chemical weathering, with lowered values 
indicating enhanced weathering of catchment soils as 
K is more easily mobilised compared to Ti (Grygar 
et  al. 2019). Elemental Mn/Ti and Fe/Mn ratios 
were furthermore used as palaeo-redox indicators. 
Increased Mn/Ti ratios may indicate bottom-water 
oxygenation (Kylander et  al. 2011), while elevated 
Fe/Mn ratios can be interpreted as reducing bottom-
water conditions (Cuven et al. 2011; Żarczyński et al. 
2019) as Mn is more readily solubilised than Fe at 
low oxygen conditions. However, recent studies have 
shown that this ratio should be interpreted with care 
as a palaeo-redox proxy because other processes than 
redox conditions may govern Fe and Mn mobilisation 
in catchment soils and accumulation in lakes (Makri 
et al. 2021).

X‑ray absorption spectroscopy (XAS)

Iron K-edge X-ray absorption spectra were collected 
at beamline 4–1 of the Stanford Synchrotron Radia-
tion Lightsource (SSRL), California, USA. SSRL 
was operated in top-up mode at 3.0  GeV beam 
energy and ca. 500 mA ring current. The beamline 
was equipped with three consecutive ion chambers 
filled with nitrogen gas to monitor the transmitted 
beam, and one solid-state passivated implanted pla-
nar silicon (PIPS) detector for fluorescence meas-
urements. A pair of silicon crystals (Si [2 2 0], 
Φ = 90) were used to monochromatise the beam 
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and the monochromator was detuned 35% to reduce 
higher order harmonics. A 3 μx (absorption length) 
Mn filter and Soller slits were used to reduce 
unwanted scattering and fluorescence contribu-
tions. The frozen sediment samples were mounted 
on a liquid nitrogen cryostat at around 80 K to pre-
vent beam-induced damage, and aligned at 45° with 
respect to the incident beam. The sample slots were 
3 × 7 mm and the hutch slit was set to 1 × 3 mm to 
prevent the beam from hitting the sample holder. 
The spectrum of an Fe foil was recorded simultane-
ously during all scans to allow for internal energy 
calibration. For each sample, 2–4 spectra were 
recorded, and data were collected to k = 13  Å−1. 
All individual scans were checked for possible 
beam damage by monitoring the first derivative of 
the absorption edge. However, no beam-induced 
changes were detected.

The individual XAS spectra were energy cali-
brated by setting the first inflection point of Fe(0) 
to 7111.08  eV, quality controlled with regard to 
beam damage, and averaged using SixPack (Webb 
2005). The extended X-ray absorption fine structure 
(EXAFS) spectra were isolated using Viper (Kle-
mentiev 2001). A smoothing spline function was 
applied to the normalised spectra above the absorp-
tion edge to remove the background, and these 
spline-fitted spectra were k3-weighted in order to 
enhance the oscillations at higher k-values. A linear 
combination fitting (LCF) analysis was applied to 
assess the relative contribution of different Fe spe-
cies in the sediment samples, again using SixPack. 
LCF was performed on k3-weighted EXAFS spectra 
from k 2.8 to 12 Å−1. In LCF, a sample spectrum is 
modelled by least squares fitting using linear com-
binations of spectra of known Fe (reference) com-
pounds, i.e. to estimate the relative contributions (in 
%) of the reference spectra to the fit of the sample 
spectrum (Gräfe et  al. 2014). Reference spectra of 
FeOOH (Fe-(oxy)hydroxides: ferrihydrite, lepido-
crocite, goethite), Fe–OM (organically complexed 
Fe: Fe(III)-fulvic acid complex), Fe–Si (Fe-bearing 
silicate minerals: augite, biotite, hornblende, clino-
chlore, vermiculite), Fe–P (Fe phosphate: vivian-
ite), Fe–CO3 (Fe carbonate: siderite), and FeS (Fe 
sulphides: amorphous Fe(II) sulphide, pyrite) were 
used as model compounds. Non-negative boundary 

condition was applied and the E0 was allowed to 
float. Furthermore, the sum was not forced to equal 
1, because it is likely that the model compounds 
cannot fully explain the sample spectrum. Com-
ponents contributing less than 5% to the fits of the 
sample spectra were excluded from the models.

Monitoring data

Long-term water chemistry data (1961–2016) from the 
three lakes were obtained from the Finnish Environ-
ment Institute (https://​www.​syke.​fi/​en-​US/​Open_​infor​
mation). Monthly mean values of Fe concentration, 
water colour, chemical oxygen demand (COD), pH, 
total phosphorus concentration (Tot-P), and total nitro-
gen concentration (Tot-N) were extracted from surface-
water (< 2 m from lake surface) samples. For oxygen 
concentration (O2), data was extracted from bottom-
water (≤ 2  m from lake bottom) samples. Sampling 
depths with most extensive O2 monitoring data were 
selected for each lake, which corresponded to 2 and 
1 m from the lake bottom for Pääjärvi and Ormajärvi, 
respectively. In Peräjärvi, O2 measurements have alter-
nated between 1 and 1.5 m from the lake bottom dur-
ing the investigated time period, and values from both 
depths were therefore included in the dataset. Moreo-
ver, only months sampled throughout the investigated 
time period were included to avoid bias from compar-
ing mixed with stratified conditions.

Statistics

Significant (p < 0.05) relationships between lake-water 
Fe concentrations and sediment Fe accumulation rates 
were detected with the non-parametric rank test Kend-
all’s τ coefficient. The coefficient score ranges between 
− 1 (perfect negative correlation between two variables) 
and 1 (perfect positive correlation between two varia-
bles). The non-parametric Mann–Kendall trend test was 
used to detect significant (p < 0.05) long-term changes 
in the water chemistry dataset. The Theil slope of the 
Mann–Kendall trend test (Dery et  al. 2009) was used 
to determine the absolute rate of change (in μg L−1 yr−1 
for Fe e.g.), while relative rates of change (% yr−1) were 
calculated by dividing the Theil slope (multiplied by 
100) with the long-term (1961–2016) median.

https://www.syke.fi/en-US/Open_information
https://www.syke.fi/en-US/Open_information
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Results

Varve chronology

Repeated varve counts of the uppermost 47.5, 40, and 
22.5 cm at Pääjärvi, Ormajärvi, and Peräjärvi, respec-
tively, suggest that the sampled sediment cores span 
313 ± 34 (Pääjärvi), 77 ± 9 (Ormajärvi), and 465 ± 11 
(Peräjärvi) years (Fig. 2).

Within‑ and between‑lake differences in Fe speciation

Linear combination fitting (LCF) of EXAFS spectra 
suggest that Fe speciation is dominated by Fe-Si in the 
Pääjärvi and Peräjärvi records, along with FeOOH, 
while the latter is the most abundant Fe fraction in 
the Ormajärvi sediments (Fig.  3, Table  S1). Organi-
cally complexed Fe (Fe-OM) is an important Fe form 
at Peräjärvi and Ormajärvi, while Fe–P (vivianite) and 
Fe-CO3 (siderite) reference compounds are not con-
tributing to the LCF model for any of the samples from 
the three lakes. FeS contribute significantly to the LCF 
model of a few samples from Pääjärvi and of one sam-
ple deposited around 1985 at Ormajärvi (Fig. 3).

At depths where seasonal laminae of varves 
were isolated and analysed with EXAFS, Fe spe-
ciation is largely similar between light mineral rich 
and dark organic rich laminae, as well as between 
varves taken at different sediment depths (Fig.  3, 
Table S1). While Fe concentration (as measured by 
μXRF) is not coupled to varve structure based on 
visual inspection, potentially due to the vague varve 
structure, Fe variations show similarities with Mn, 
but not with K and Ti at Pääjärvi (Fig. S2). Fur-
thermore, Fe and Mn are enriched in one thick dark 
lamina, with potentially more FeS (Fig. S2). This 
is supported by the fact that FeS are only signifi-
cant model components (> 5% contribution) when 
fitting some of the dark and mixed laminae from 
Pääjärvi (Fig. 3). In addition, one dark lamina (ca. 
year 1893) at Pääjärvi is completely dominated by 
FeOOH, which were likely formed in the water col-
umn. At Peräjärvi, Fe behaves similarly to the lith-
ogenic elements Ti and K, as well as to Mn, with 
light sections being enriched in these elements (Fig. 
S2). In the few laminae of both light and dark col-
our isolated from this lake, LCF analyses show that 
Fe speciation is dominated by Fe-Si (Fig. 3).
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Relationships between Fe in lake waters and 
sediments

No changes in lake-water Fe concentration over time 
(1961–2016) were detected with Mann–Kendall trend 
tests in any of the three lakes (Table 1), and there are 
no temporal correlations between lake-water Fe con-
centration and sediment Fe accumulation at Pääjärvi 
and Peräjärvi (τpää = 0.04, ppää = 0.81; τperä = 0.15, 
pperä = 0.49; Fig.  4, Fig. S3), nor with sediment Fe 
concentration (τpää = 0.13, ppää = 0.46; τperä = 0.03, 
pperä = 0.89; Fig. 4, Fig. S3). However, at Ormajärvi, 
sediment Fe accumulation and concentration show 
generally decreasing, although insignificant, trends 
before the most recent peaks in the time series, while 
lake-water Fe concentrations were elevated from 
around year 2000 compared to before (Fig. 4). Hence, 
there is a negative correlation between lake-water 
Fe concentrations and both sediment accumulation 
and concentration of Fe (τacc =  − 0.43, pacc < 0.05; 
τconc =  − 0.41, pconc < 0.05; Fig. 4).

Long‑term accumulation characteristics

Iron AR and Sed AR, along with Si AR, show 
increasing trends in the late 1800s in Pääjärvi, and 
declining trends from the late 1960s to the present, 
while molar C/N ratios peak during the latter time 
period along with S AR (peak 1950s–70s; Fig.  5). 
Lake-level regulations in the early 1960s at Pääjärvi 
caused increased inflow of minerogenic matter to the 
lake, visible as a distinct light lamina at 9.5 cm depth, 
enriched in Fe and Ti (Fig. 5). The lake-level lower-
ing could also have caused an increase in bottom-
water oxygen concentrations as indicated by higher 
Mn/Ti ratios and lower Fe/Mn ratios from the 1960s 
onwards (Fig.  5). The μXRF profiles indicative of 
lithogenic input show elevated concentrations of Fe 
and Ti, and increased K/Ti ratios during the second 
half of the 1800s, while Zr/Ti ratios remained low 
during the same period (Fig. 5).

The sediment accumulation rate is high at 
Ormajärvi, and the sediment sequence from this 
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Fig. 3   EXAFS linear combination fitting (LCF) results for 
sediment samples from Pääjärvi, Ormajärvi, and Peräjärvi. 
Fe-(oxy)hydroxides (FeOOH), organically complexed Fe (Fe-
OM), Fe-bearing silicate minerals (Fe-Si), Fe sulphides (FeS), 
Fe phosphate (Fe–P), and Fe carbonate (Fe-CO3) were used 
as reference compounds and their relative contributions to 
the LCF models are expressed as percentages. Only reference 
compounds contributing > 5% to the LCF models were consid-

ered significant for explaining Fe speciation in the sediments. 
Dark grey areas behind bars indicate homogenous sediment 
samples with less distinct varves, while varve couplets (light 
and dark laminae) where analysed at Pääjärvi and Peräjärvi. 
The latter are highlighted with light grey (light laminae) and 
black (dark laminae) backgrounds, respectively. Estimated 
deposition years based on varve counts are denoted for each 
sample
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lake only extends to the mid 1950s. The data reveal 
periods of elevated Fe AR coinciding with peaks in 
C AR (Fig. 5). Sulphur AR exhibits a peak during 
the 1960s–80s, accompanied by slightly elevated 
accumulation of Fe and C. The molar C/N ratio is 
generally lower at Ormajärvi than at Pääjärvi and 
Peräjärvi.

At Peräjärvi, Fe AR and Sed AR increase from 
the beginning of the 1900s until the 1990s, con-
sistent with peaks in the μXRF K/Ti ratio, as well 
as in the normalised Fe and Ti profiles. Sulphur 
AR is primarily high towards the top of the sedi-
ment record (Fig.  5). The long-term decrease in 
bottom-water oxygen concentration (Table 1) is not 
reflected by decreased Mn/Ti ratios nor increased 
Fe/Mn ratios.

Discussion

Inter‑lake variability in Fe speciation

Differences in sediment Fe speciation within and 
between lakes reflect both differences in Fe sources, 
conditions at the sediment–water interface, and post-
depositional diagenetic processes. At Pääjärvi and 
Peräjärvi, Fe resides predominantly in clastic frac-
tions that have been transported from the lake catch-
ments. Iron-bearing silicate minerals are important 
carriers of Fe in northern freshwater environments 
(Gottselig et al. 2017), and silicate fractions contain-
ing Fe have been identified previously based on XAS 
techniques as significant Fe constituents in boreal 
soils, lake waters, and lake sediments (Björnerås et al. 
2021, 2022; Škerlep et al. 2021).

Organically complexed Fe constitutes a signifi-
cant Fe fraction only in the more biogenic sediments 
of Ormajärvi, which has the lowest water colour and 
lake water TOC concentration of the three investi-
gated lakes. Although most sedimentary OM likely 
derive from catchment soils in all three lakes, some 
of the OM associated with Fe may be of autochtho-
nous origin in Ormajärvi, as indicated by the lower 
molar C/N ratios of the sediments of this lake (Mey-
ers and Lallier-Verges 1999). Iron forms complexes 
with a wide range of organic substances released by 
aquatic micro-organisms that may increase Fe solu-
bility and bioavailability (Norman et al. 2014). Inter-
estingly, FeOOH is a common Fe phase in the sedi-
ments of Ormajärvi while the LCF analyses suggest 
that other species dominate in the two other lakes. It 
is possible that the clearer water of Ormajärvi pro-
motes photo-reduction of Fe(III)-OM complexes, 
followed by release of Fe(II), which is subsequently 
oxidised, hydrolysed and precipitated as FeOOH that 
settles in the sediments (von Wachenfeldt et al. 2008). 
Another potential source of Fe(II) is anoxic ground-
water (van der Grift et al. 2014), and a higher ground-
water inflow could therefore be an explanation behind 
the higher contribution of FeOOH in the LCF mod-
els of sediment samples from Ormajärvi compared to 
the other two lakes. This sedimentary Fe pool may be 
subjected to redox cycling during periods of bottom-
water anoxia. Moreover, reactive Fe phases have been 
suggested to bind large amounts of organic carbon in 
sediments, thus functioning as a ‘rusty sink’ of OM 
(Lalonde et al. 2012).
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Iron sulphides constitute a minor Fe phase in 
only a few sediment samples. Sources of S to sedi-
ments include mineralised autochthonous and alloch-
thonous OM containing S, along with water-column 
sulphate, partly supplied as atmospheric deposition 
(Couture et  al. 2016). In anoxic sediments, sulphide 
reacts with Fe to form amorphous FeS that with time 
converts to crystalline forms. Other studies have sug-
gested that low S availability is a limiting factor for 
FeS formation in many freshwater environments and 
that historical peaks in atmospheric S deposition have 

enhanced sedimentary FeS precipitation (Holmer and 
Storkholm 2001). Although S AR increased in the 
sediments during the period of elevated atmospheric 
S deposition in the region (Vestreng et  al. 2007), at 
least at Pääjärvi and Ormajärvi, low S availability 
could have contributed to the low contribution of FeS 
in the sediments. However, the fact that non-reactive 
Fe-Si fractions are large Fe pools in the lakes sug-
gests that FeS formation is rather limited by Fe sup-
ply from reductive dissolution of reactive Fe species 
(Berner 1984), such as ferrihydrite and lepidocrocite. 

Fig. 5   Dry-weight sedi-
ment accumulation rates 
(Sed AR), accumulation 
rates of Fe (Fe AR), S (S 
AR), Si (Si AR) and C (C 
AR), molar C/N ratios, 
(coh + inc) normalised Fe 
and Ti, and elemental K/
Ti, Zr/Ti, Mn/Ti and Fe/
Mn ratios in the sediment 
profiles from Pääjärvi, 
Ormajärvi and Peräjärvi
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Moreover, it is possible that conditions for FeS for-
mation are more favourable at Pääjärvi, where FeS 
compounds are generally more abundant in the sedi-
ments, due to the higher supply of allochthonous OM 
containing S bound to oxygen or carbon (Holmer and 
Storkholm 2001; Couture et  al. 2016). Finally, vivi-
anite (an Fe–P phase) was missing in the sediments 
of all lakes according to the LCF analyses. Vivianite 
is a common mineral formed in various aquatic sys-
tems (Rothe et al. 2016), and the availability of reac-
tive FeOOH has also been shown to play an important 
role in its formation in eutrophide lakes in southern 
Finland, while Al oxides controlled P cycling in more 
oligotrophic systems (Laakso et  al. 2024). This may 
explain why vivianite was missing in the sediments, 
at least in Peräjärvi which lacked contributions from 
FeOOH in the LCF analyses of sediment spectra.

Similarities and differences in Fe speciation within 
and between varves

Iron and sulphur have been suggested to play impor-
tant roles in the visual appearance of individual 
varves in some northern lakes with varved sediments, 
with light layers coloured grey by FeOOH deposited 
during water overturning in spring and autumn, and 
dark layers coloured black by FeS only deposited in 
summer and winter during water stagnation (Shchu-
karev et al. 2008; Gälman et al. 2009). Another study 
exploring S speciation in a varved sediment sequence 
from Lake Titicaca suggests that the dark-coloured 
laminae contain larger proportions of FeS compared 
to light-coloured laminae, indicating that the former 
are formed under more reducing conditions in this 
lake (Bostick et  al. 2005). FeS is a minor compo-
nent compared to other Fe species in all investigated 
sediment samples (Fig.  3) but may have contributed 
to the colour differences. The LCF analyses sug-
gested that FeS is more prevalent in dark than in light 
laminae, and this pattern became more evident when 
FeS contributions < 5% (but > 1%) to the modelled 
sample spectra were included in the final LCF mod-
els (Table  S1). Iron is associated mainly with detri-
tal phases in both light and dark laminae, predomi-
nantly Fe-Si fractions, although one dark lamina from 
Pääjärvi shows dominance of FeOOH. The observa-
tion that Fe is not solely of detrital origin in Pääjärvi 
is furthermore supported by the μXRF data, where Fe 
variations show similarities with Mn, but not with K 

and Ti. Analyses on frozen material have been shown 
to be successful in preserving Fe speciation compared 
to freeze-drying (Björnerås et al. 2022). Hence, oxi-
dation of reduced Fe species is unlikely to have con-
tributed to the Fe speciation patterns observed, e.g. 
the relatively low contribution of FeS in the LCF 
analyses of the sediment samples over all.

Heterogeneity within the sediment records may 
have been overlooked in this study considering the 
few samples analysed with XAS and the lack of rep-
lication. However, differences in elemental compo-
sition between light and dark laminae were also not 
evident in the highly resolved μXRF sediment records 
(Fig. S2). At Pääjärvi, however, distinctly dark lami-
nae (deposited in winter) tend to be enriched in Fe 
with higher contributions of FeS, which is consist-
ent with previous reports on varve composition in 
this lake. According to Simola and Uimonen-Simola 
(1983) and Itkonen and Salonen (1994), the light 
laminae are composed of minerogenic matter and dia-
toms deposited during summer, while the dark lami-
nae are dominated by OM and FeS deposited during 
winter. This is in general agreement with our find-
ings, although Fe-Si is also abundant in the dark win-
ter layers. At Peräjärvi, on the other hand, Fe shows 
stronger associations with the lithogenic elements K 
and Ti, which are enriched in the light-coloured lami-
nae deposited in spring and early summer in response 
to snowmelt and elevated supply of mineral matter 
from the catchment (Ojala et al. 2013).

Variability in lake‑water Fe concentrations poorly 
recorded in the sediments

In general, there is a poor temporal correspondence 
between lake-water Fe concentrations and Fe accumu-
lation rates in the sediments, at least at decadal time 
scales (Fig. 4). At Pääjärvi and Peräjärvi, lake-water 
Fe concentrations exhibit no significant decadal-scale 
trends during the time periods encompassed by the 
monitoring data. Thus, the Fe phases occurring in 
the water column are not expected to generate any 
strong changes in sediment Fe AR over time. How-
ever, at Ormajärvi, where sediment Fe speciation is 
dominated by reactive FeOOH, elevated lake-water 
Fe concentrations over the past ca. 15  years of the 
investigated time period, coincided with decreasing 
Fe accumulation rates. This generated a weak nega-
tive correlation between lake-water Fe concentrations 



J Paleolimnol	

Vol.: (0123456789)

and sediment accumulation of Fe. A previous study 
of Lake Bolmen in southern Sweden (Björnerås et al. 
2022) found a positive temporal correlation between 
lake-water Fe concentrations and sediment Fe accu-
mulation. However, a notable difference is that sili-
cates are much more predominant in the sediments 
of the Finnish lakes of this study than in the Bolmen 
sediments, where FeOOH are the major components. 
This suggests that the sediment Fe accumulation rates 
observed in the present study are related mainly to 
Fe phases that are never prevalent in suspended form 
in the water columns, while at Bolmen where DOM 
concentrations are higher, a larger proportion may be 
arriving in association with organic matter, either as 
mononuclear complexes or as FeOOH with surface 
coatings that enhance its stability in the water column 
(Vindedahl et al. 2016; Daugherty et al. 2017).

Iron sediment accumulation in response to land‑use 
changes

At all the three sites, Fe accumulation rates show 
the same pattern as dry-weight sediment accumula-
tion rates (Fig. 5). At Pääjärvi and Peräjärvi, Fe AR 
and SAR exhibit elevated values in the first half of 
the 1900s and a decline towards the present (Fig. 5). 
This is in line with documented land-use changes in 
this region, with intensified agricultural activities in 
the lake catchments in the early 1900s, followed by 
gradual replacement with spruce forestry. Increased 
catchment disturbance has been shown to correlate 
positively with erosion proxies, such as Ti and Zr/Ti 
ratios, as well as with increasing C/N ratios in catch-
ments with organic-rich soils (Bragée et  al. 2015). 
Elevated K/Ti, Fe and Ti in the Pääjärvi and Peräjärvi 
sediments deposited during the second half of the 
1800s could reflect erosion of deeper soil layers, less 
affected by chemical weathering (Snowball et  al. 
2010), e.g. in response to tillage.

While increased soil erosion, as indicated by ele-
vated accumulation rates of dry-weight sediment, 
Fe, and Si in the early 1900s, could be attributed to 
agriculture at Pääjärvi and Peräjärvi, the higher val-
ues extending into the second half of the same cen-
tury are likely linked to other catchment changes. Soil 
preparation for forest plantation, such as drainage of 
peatlands and ditching activities (Peltomaa 2007), 
may have contributed to increased catchment export 
of both minerogenic matter from mineral soils and 

organic fractions from peat deposits. Organic-rich 
and acidic soils commonly develop under conifer-
ous forests, promoting mobilisation of DOM and Fe 
(Škerlep et al. 2021). In line with this, elevated deliv-
ery of terrestrial OM to boreal lakes in Sweden has 
been observed following conifer afforestation and the 
introduction of modern forestry in the 1900s (Yang 
et  al. 2021; Björnerås et  al. 2022), accompanied by 
elevated sediment Fe accumulation rate (Björnerås 
et al. 2022). Extensive drainage of peatlands for for-
estry has occurred in Finland since the 1930s, with 
maximum intensity during the 1960s and 70s (Pel-
tomaa 2007). This could contribute to the elevated 
sediment Fe accumulation rates at Pääjärvi and 
Peräjärvi during this time period, although the stable 
C accumulation rate and C/N ratio do not support this 
explanation. Another potential explanation behind 
elevated accumulation rates of dry-weight sediment, 
as well as increased Fe and Si accumulation rates, at 
Pääjärvi is the lowering of the lake level in the early 
1960s causing considerable deposition of mineral 
matter. This is corroborated by the stable sediment C 
accumulation rate and C/N ratio during this period, 
along with changes in the Fe/Mn and Mn/Ti ratios, 
indicating changes in bottom water oxygen conditions 
(Fig. 5).

Conclusions

At the three sites studied here, changes in sediment 
Fe accumulation correspond well with documented 
shifts in catchment land use from agriculture to  for-
estry, although the exact timing of these events 
is uncertain. Altered land-use practices may have 
resulted in increased export of both minerogenic mat-
ter from mineral soils and organic fractions from peat 
deposits. Fe-bearing silicate fractions dominate the Fe 
speciation in two of the lakes (Pääjärvi and Peräjärvi), 
both in light and dark laminae, which demonstrates 
that catchment soils is the main source of Fe in these 
lakes, while the third lake (Ormajärvi) has larger con-
tributions of Fe species likely formed within the lake. 
The lack of correspondence between monitored lake-
water Fe concentrations and Fe accumulation rates 
could be related to the dominance in the sediments 
of particulate Fe fractions that are less prevalent in 
suspended form in the water column. Reconstruct-
ing past lake-water Fe concentration dynamics based 
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on Fe speciation data obtained from frozen sediment 
sequences was not possible in this study by exploring 
a few varve couplets, potentially because sedimenta-
tion processes are dominated by catchment-derived 
allochthonous components (clastic-biogenic varves) 
in the studied lakes. However, future studies using 
varved lake sediments could provide valuable insight 
into how major land-use dynamics in the past have 
affected both the supply and speciation of Fe.
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