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ABSTRACT
Estuaries play a vital role in the coastal environment by filtering pollutants and nutrients from catchment runoff. In areas where 
acid sulfate (AS) soils are abundant, the importance of the estuary as a coastal filter is heightened as AS soils typically stress the 
marine environment with acidic metal-laden drainage waters. In this study, we took sediment cores from a shallow estuary in 
Western Finland and used geochemical and palaeoecological methods to investigate how the estuary is affected by loading from 
AS soils. An overall decrease in diatom species richness and diversity in the estuarine sediments was found, with a clear change 
from species preferring pelagic conditions to species indicative of more eutrophic conditions. The change coincides with human 
disturbance during the early 20th century when extensive drainage and rework of forests and peatlands into agricultural use 
increased. Geochemical analyses show a significant enrichment of Cd, Ni, Co, Zn and Al in the estuarine sediments which cor-
respond to the metal loads originating from the catchment AS soils. Our calculations, however, show that in comparison to the 
total load of soluble metals from the catchment area, more than 80% of chalcophiles and 70% of Al are transported further out to 
sea. We hypothesised that a precipitation gradient driven by changes in pH and salinity due to seawater mixing would form along 
a transect towards the estuary outlet. Instead, we found that physical sedimentation processes are stronger drivers for element 
transport, as enrichment takes place only in low-energy hydrodynamic conditions at greater water depths. Glacioisostatic land 
uplift and significant particle transport from the catchment area are further isolating the estuary, effectively moving the saline 
gradient seawards and diminishing the role of the estuary as a coastal filter. We also found that the estuarine sediments are hy-
persulfidic and contain stores of potential acidity significantly larger than conventional AS soils. Without proper management, 
disturbance of the estuarine sediments can cause disastrous consequences at a local level.

1   |   Introduction

Acid sulfate (AS) soils are primarily found in the coastal regions 
around the world, though substantial inland occurrences have 
also been recognised as our understanding of them has ex-
panded (Fanning et al. 2017). These soils are estimated to cover 

an area of at least 500,000 km2 with the largest occurrences 
found in Australia, Asia, South America and Africa. The larg-
est occurrences in Europe are found in Finland (ca. 10,000 km2; 
Edén et al. 2023), where the AS soils mainly comprise organic-
rich muds that were originally deposited in the Baltic Sea during 
its current brackish-water phase, which began ca. 7500 years 
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ago (Andriesse and van Mensvoort  2005; Boman et  al.  2010; 
Michael  2013). In the Gulf of Bothnia, in the northern Baltic 
Sea, the water column was stratified during the early part of the 
brackish-water phase due to the inflow of saline waters via the 
Danish straits and the freshwater input from coastal catchment 
areas. Coupled with enhanced primary productivity during 
the coincident Holocene Thermal Maximum, this resulted in 
seafloor anoxia and favourable conditions for microbial reduc-
tion of sulfate and iron in the deep areas of the Gulf of Bothnia 
(Häusler et  al.  2017). Ca. 4000 years ago, stratification in the 
Gulf of Bothnia gradually weakened and the seafloor oxygen 
conditions improved as a result of the reduced saline influx and 
the waning of the Holocene Thermal Maximum. Glacioisostatic 
rebound (today 4–9 mm/year in Western Finland; Mäkinen and 
Saaranen 1998) has since uplifted these organic-rich hypersul-
fidic muds above sea level, and intensive land use such as ag-
riculture and urban infrastructure construction has formed 
well-aerated soil structures above groundwater level (Joukainen 
and Yli-Halla 2003; Sullivan et al. 2010). Microbially aided oxi-
dation of iron sulfides, such as pyrite (FeS2) and metastable iron 
sulfides (primarily mackinawite; FeS; and greigite; Fe3S4), that 
are found in abundance in these sediments has led to the for-
mation of sulfuric acid (H2SO4) in the soil pore water, conse-
quently lowering the pH of the soil below 4.0 (Boman et al. 2010; 
Högfors-Rönnholm et  al.  2018). AS soils are called the ‘nasti-
est’ soils in the world as they are responsible for acidification 
and metal loading of water sources, leading to extensive harm 
for aquatic environments as well as concrete and steel corro-
sion on infrastructure (Dent and Pons 1995; Hudd 2000; Cook 
et al. 2000; Chen et al. 2021).

Estuaries play a vital role in the coastal environment. They act 
as natural filters for catchment areas by trapping pollutants and 
nutrients from coastal runoff and river systems and improv-
ing water quality at the freshwater/saline water mixing zone 
(Asmala et  al.  2017; Nordmyr et  al.  2008). In lowland coastal 
areas, estuaries receive large amounts of eroded sediment from 
the upstream catchment areas through rivers and streams. This 
transport is significant, especially during periods of high precip-
itation and snow melt typical in Boreal climates (Heikkilä 1991). 
As a result, these sediments are transported and deposited in the 
estuary, where they can create or exacerbate flooding hazards 
in the surrounding areas as the estuaries become bottlenecks 
for water flow. To mitigate this risk, excess sediment is often re-
moved by dredging to improve the water flow. The dredged sed-
iments can often be beneficial for agricultural purposes, as they 
have a high organic content, and the fine-grained sediments 

have an affinity to form well-structured soils. However, exten-
sive management is always needed if the sediments are hyper-
sulfidic (Dent and Pons  1995; Österholm et  al.  2015; Johnson 
et  al.  2022). In coastal landscapes, where AS soils are found 
extensively in the catchment areas, there is additionally the in-
creased risk of potentially leached toxic metals from sulfides 
and silicate minerals due to the acidic soil pore water, becom-
ing mobilised and transported to the estuaries during high flow 
events (Nordmyr et al. 2008; Virtasalo et al. 2020). These met-
als are soluble and mobile in the low pH river water typically 
associated with AS soils but become immobile and precipitate 
when the acidic river water meets the alkaline sea (Virtasalo 
et  al.  2023). As a result, the estuarine sediments may become 
enriched in potentially toxic metals, which when dredged can be 
re-mobilised and possibly become bioavailable.

Monitoring data for the surface water quality of the Baltic Sea 
covers only the past several decades (e.g., Kohonen 1974). Various 
palaeoecological indicators, such as diatoms, dinoflagellates and 
molluscs, have long been used to reconstruct past water quality 
trends from the sediment records of lakes and oceans, includ-
ing the Baltic Sea (Tuovinen et al. 2010; Weckström et al. 2017). 
Recently, they have increasingly been applied to estuarine stud-
ies as well (Taffs et al. 2017). Diatoms (class Bacillariophyceae) 
are microscopic, unicellular algae. They are one of the most 
widely used indicators because they are highly diverse, with 
distinct ecological tolerances for different taxa, grow in almost 
all aquatic environments, and their siliceous cell walls preserve 
well in sediments (Battarbee et al. 2001).

In this study, geochemical and palaeoecological methods were 
used to investigate how an estuarine system is affected by load-
ing from AS soils in a lowland boreal environment. We investi-
gate the metal enrichment patterns in the vicinity of the river 
mouths where the gradient between acidic metal-laden freshwa-
ter and alkaline seawater is strongest. The hypothesis is that a 
precipitation gradient will form along the transect from the river 
mouths towards the estuary outlet, driven by changes in pH and 
salinity due to seawater mixing. Elements likely to be soluble 
in the acidic river water are expected to start to precipitate and 
settle to the estuary floor. We also estimate there will be a large 
acidity reserve in the sediments originating from the sulfidisa-
tion processes in the anoxic sediment–water interface. The goal 
of this study is to pinpoint the effect of coastal AS soil loading on 
the sediment and water quality history and to establish the risk 
of future AS soils and dredge materials.

2   |   Material and Methods

2.1   |   Description of the Study Area

The Vaasa Southern City Bay estuary (63°4.52′ N, 21°36.89′ E) 
is situated south of the town of Vaasa, in Ostrobothnia, west-
ern Finland (Figure  1). The estuary is shallow (area 16 km2, 
volume 19.2 M m3) and recipient of two river catchments which 
drain known coastal lowland AS soils (Roos and Åström 2005). 
The Laihianjoki River has a flow path of ca. 77 km and a catch-
ment area of 484 km2, consisting mainly of forests (64%) and 
arable land (28%), with the main soil type being till (48%) fine-
grained deposits (31%) and peat (15%). The Sulvanjoki River is 

Summary

•	 Acid sulfate (AS) soil impact is recorded in estuary 
sediments as a decline in diatom species richness and 
diversity.

•	 Hypersulfidic sediments contain high acidity poten-
tial and accumulated metal content.

•	 Enrichment in the estuary is primarily driven by hy-
drodynamic conditions.

•	 Estuary role as coastal filter diminished as majority of 
AS soil loading is driven seaward.
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considerably shorter, having a ca. 36 km flow path and a catch-
ment area of 137 km2, consisting mainly of forests (57%) and ar-
able land (37%), with till being the main soil type (49%) followed 
by fine-grained deposits (35%) and peat (8%). The mean slope of 
the flow path is ca. 2.0% for Laihianjoki and 1.6% for Sulvanjoki, 
which reflects the essentially flat topography of the area. The 
estuary is also a recipient of a third, small catchment area, the 
Vanha Vaasa canal, located to the east of the estuary. The length 
of this flow path is approximately 22 km with a mean slope of 
1.3%, and the catchment area is 61 km2 consisting primarily of 
till (53%) and fine-grained deposits (36%) with 56% forests and 
15% arable land, with the rest being residential or other con-
structed areas (Table 1; SCALGO 2023).

The bedrock in the catchment areas is mostly Precambrian 
mica schists, gneisses and granites. The bedrock is covered by 
till, glacial outwash deposits and silts and clays of the previous 
glaciolacustrine and post-glacial lacustrine phases of the Baltic 
Sea basin (Breilin et al. 2005; Virtasalo et al. 2007) The super-
imposed fine-grained deposits are post-glacial brackish-water 
muds, which are predominately hypersulfidic silty clay loams 
(Joukainen and Yli-Halla  2003; Nordmyr et  al.  2006; Boman 
et  al.  2008). The area was fully submerged during the early 
brackish-water phase of the Baltic Sea (7500–4000 years ago) 
but has since been uplifted above sea level due to the glacioiso-
static rebound, which continues today at a rate of approximately 
8 mm per year (Ekman 1996; Tikkanen and Oksanen 2002). The 
water in the archipelago is brackish with a surface salinity of 
3–4 psu (Practical Salinity Units) and pH > 8, whereas the river 

water has a salinity of 0.1 psu and is often acidic, with pH mea-
sured down to 4.5 (Kautsky 1995; Dalhem et al. 2019; Virtasalo 
et al. 2023).

The anthropogenic impact on the estuary has been significant 
during the last century. A harbour was constructed during 1890–
1910, with a railway crossing the northern outlet, and in 1973, 
a bridge was built over the northwestern outlet. Since artificial 
drainage and cultivation started to increase in the catchment 
areas in the early 1900s, the subsequent oxidation of hypersul-
fidic soil material in the catchment area has led to an enormous 
leaching of sulfate, organic matter, nitrate, phosphorus and met-
als (e.g., Al, Cd Co, Ni, Zn) along the drainage networks towards 
the estuary during high water flow conditions (Sundström 
et al. 2002; Roos and Åström 2005; Nystrand et al. 2016). The 
Söderfjärden meteorite crater in the Sulvanjoki catchment area, 
for instance, was reclaimed for agricultural use in 1926 initially 
by open ditch drainage and from 1950 with subsurface drain-
age (Edén 2012; Salo et al. 2023). According to an assessment 
of the status of Finland's waters, the quality of surface water in 
the estuary is classified as passable on a scale of bad to excellent 
(Teppo et al. 2022). Its ecological and physical–chemical state is 
classified as bad, and its biological state as moderate. According 
to the assessment, Ni and Cd have exceeded the Environmental 
Quality Standard (EQS) in both the Laihianjoki and Sulvanjoki 
rivers, as well as in the estuary (Teppo et al. 2022).

The study area is situated in the Dfb climate zone (Df: 
Snow climate, fully humid, b: warm summer) according to the 

FIGURE 1    |    Maps of the study area. (a) Coring sites in the Vaasa Southern City Bay estuary. (b) Map of Corine Land Cover (2018) in the Sulvanjoki, 
Laihianjoki and Vanha Vaasa canal catchment areas. (c) A probability map over AS soil occurrence in Finland (Geological Survey of Finland 2023).
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Köppen–Geiger climate classification (Kottek et al. 2006). The 
region has a mean annual temperature of 4.4°C and experiences 
5 months of below-freezing temperatures, from November to 
March. The mean annual precipitation is 549 mm, with August 
typically receiving the highest amount of rainfall, with mean 
precipitation of 46 mm and a 50-year maximum of 200 mm. The 
snow melts and ground thawing, coupled with spring rains, lead 
to increased runoff in April–May, while heavy rains in August–
October cause autumn peak flows. Regional interpolated 
(10 × 10 km grid) weather data is available from Vaasa Airport 
weather station located 5 km from the study area (Finnish 
Meteorological Institute 2024).

2.2   |   Sediment Sampling

Sediment coring was undertaken in March 2016 when the estu-
ary was covered by sufficiently thick ice (> 20 cm). Three long 
(270 cm) cores (C1–C3) with adjacent replicates 2 m apart were 
collected using a tripod-operated Livingstone piston corer. The 
coring locations were chosen based on depth and the pH and 
salinity gradients that were hypothesised would affect the metal 
precipitation along the transect from the river mouth to the 

estuary outlet: one core near the river mouth where the water 
was shallow (ca. 0.5 m deep), one from the middle of the estu-
ary (1–1.5 m deep) and one from the deepest part (ca. 3 m deep) 
near the estuary outlets. Electrical conductivity (EC) and pH 
were measured in the water before coring using pre-calibrated 
ExStick EC400 and PH100 metres (Extech, Nashua, USA) 
(Table 2). For a more detailed understanding of the spatial distri-
bution, 15 short (100 cm) cores (R1–R15) were sampled at evenly 
distributed locations using a Russian peat corer (Jowsey 1966). 
Immediately after coring, the short cores were photographed 
and visually inspected, and cut into 20 cm samples which were 
thoroughly homogenised and divided into separate resealable 
plastic bags. The samples were frozen with dry ice at the site 
and, after transport, kept at −18°C in the laboratory. The long 
cores were sealed on both ends immediately after coring and 
transported to the laboratory for sampling.

2.3   |   Analysis

The three long cores C1–C3 were split into two halves and 
promptly documented and examined visually for lithology and 
for correlatable features between the replicate cores. Magnetic 
susceptibility (κ) was measured on one half of the cores using 
a Bartington MS2E (Bartington, Witney, UK) point sensor at 
2 mm resolution, followed by digital photography in 15 cm over-
lapping sections. The other core half was sampled at 10 cm in-
tervals for 137Cs-dating using gamma spectrometry (BrightSpec 
bMCA, Niel, Belgium) at the Geological Survey of Finland 
(GTK). The top 100 cm of core C3 was additionally sampled 
at 2.5 cm intervals for more precise 137Cs-dating (GTK). Bulk 
density (long cores only) and loss-on-ignition (LOI) were de-
termined from discrete samples taken in 6.9 cm3 cubes at 5 cm 
intervals for 0–100 cm and at 10 cm intervals for 100–200 cm. 
The bulk density and weight LOI values were calculated after 
drying the samples at 105°C for 24 h and then ashing at 550°C 
for 4 h, respectively (Heiri et al. 2001). Due to a very strong cor-
relation (Pearson R2 = 0.94), bulk density for short cores was es-
timated from the 2nd order polynomial function generated in 
Excel between LOI and bulk density in C3 according to: Bulk 
density = 22.619(LOI)2 − 7.6448(LOI) + 0.8365.

Subsamples (n = 24) from the cubes were also used for assessing 
diatom species assemblages, with slides prepared according to 
Battarbee et al. (2001). From each slide, at least 300 diatom valves 
were identified to the species level. Broken diatom valves were 
counted if more than half of the valve was intact. Chrysophyte 
cysts were also counted from the same microscope views as dia-
toms, and their ratio to diatoms was calculated. Species diversity 
was estimated with the Shannon index, and richness with indi-
vidual rarefaction analysis using the PAST software (Hammer 
et al. 2001). The Shannon index takes into account the number 
of individuals as well as the number of taxa, with 0 meaning 
an assemblage with a single taxon and higher values meaning 
several taxa, each with few individuals. Individual rarefaction is 
used when comparing the number of taxa in samples of different 
sizes. Stratigraphically constrained cluster analysis using the 
unweighted pair-group average algorithm with chord distance 
was done with the PAST software to group taxonomically simi-
lar samples into zones. The results were plotted in a stratigraph-
ical chart using the C2 program (Juggins 2007).

TABLE 1    |    General information about the Laihianjoki, Sulvanjoki 
and Vanha Vaasa canal catchment areas.

Laihianjoki Sulvanjoki

Vanha 
Vasa 
canal

General 
information

Catchment area 
(km2)

484 137 61

Flow path 
lenght (km)

77 36 22

Mean slope (%) 2.0 1.6 1.3

Land use (%)

Forests 64 57 56

Agriculture 28 37 15

Urban and 
industry

5 5 26

Wetlands 3 0.9 1

Water 0.4 0.1 2

Soil type (%)

Till 48 49 53

Fine-grained 
deposits

31 35 37

Coarse-grained 
deposits

0.9 3 2

Peat 15 8 2

Bedrock 
outcroppings

1 5 2
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For a spatiotemporal overview of the metal and acidity re-
serves of the estuary, samples were taken at selected depths 
from both the long and short cores for the following analyses: 
multi-element (Al, Fe, S, Cd, Ni Co, Zn and Ti) analysis with 
inductively coupled plasma optical emission spectrometry 
(ICP/OES) and inductively coupled plasma mass spectrometry 
(ICP/MS) after aqua regia digestion at an accredited laboratory 
(Activation Laboratories LTD, Canada); and for acidity charac-
terisation using an incubation method and a titratable incuba-
tion acidity (TIA) procedure. Incubation was done according to 
the method by Creeper et al. (2012) with samples kept at room 
temperature (ca. 20°C) for 16 weeks at near field capacity moist-
ness (moisture adjusted accordingly with deionised water). TIA 
was measured after the 16-week incubation period by mixing ca. 
1.5 g of dry equivalent sample with 60 mL 1 M KCl in a beaker 
and stirring for 4 h. After settling for ca. 16 h, the mixture was 
stirred for 5 min and titrated to a pH of 5.5 with 0.015 M NaOH. 
The NaOH consumption was used to calculate the TIA (mod-
ified from Ahern et  al.  2004; Österholm and Nystrand  2016). 
pH measurements were done with a pre-calibrated FlaTrode 
(Hamilton, Reno, USA) electrode.

Sulfur speciation was performed for selected samples to de-
termine the presence of reduced inorganic sulfur (RIS) spe-
cies according to the distillation-based method described 
in Dalhem et  al.  (2021). The sulfur speciation method does 
not quantitatively measure sediment mineral composition as 
it is operationally defined and dependent on analytical pro-
cedure and environmental setting, but it is used to indicate 
FeSx complexes in soils and sediments (Boman et  al.  2008; 
Rickard 2012).

2.4   |   Estimation of Estuarine Element Enrichment

From data in Linnamaa (2023), the current annual input of met-
als into the estuary was estimated from the mouth of the main 
river, Laihianjoki (Figure 1), which comprises 71% of the total 
catchment area of the estuary. Water sampling in this river was 
conducted on occasions, representing the hydrological year: 
August 2020 (low flow), September 2020 (moderate flow in ris-
ing limb), November 2020 (peak flow) and April 2021 (falling 
limb, 2 weeks after the spring flow peak). Riverine ‘dissolved’ 
metals were determined from water samples filtered with a 
0.45 μm filter and conserved with 2% ultrapure HNO3. ‘Acid sol-
uble’ metals, including particulate metals already precipitated 
in the river, were determined from aliquots filtered after 24 h 
treatment with 2% HNO3 at room temperature. Metal analyses 
were conducted with ICP-OES (Linnamaa 2023).

To estimate the annual metal load to the estuary, the flow-
weighted average concentration from the Laihianjoki River was 
multiplied by the long-term specific average flow (8 L/s/km2 × 6
0 s × 60 min × 24 h × 365 d) of the total catchment area of 682 km2 
of the estuary, which was reasonable as the other two river 
catchments have overall similar physical and chemical features. 
However, the second largest river, Sulvanjoki (20% of the catch-
ment), has concentrations up to 60% higher than Laihianjoki 
(Virtasalo et  al.  2023), while the remaining small fraction of 
the catchment (9%) is expected to have somewhat lower metal 
concentrations than Laihianjoki. Thus, the estimations are 

considered somewhat conservative, unlikely to exaggerate the 
element load to the estuary. The results match the less precise 
calculations of the known area of AS soils in the catchment 
(Linnamaa 2023) and the expected load per unit area of AS soils 
(Österholm and Åström 2004).

As a rough conservative approximation, it was assumed that 
multiplying the current input by 80 years (back to ca. 1936) will 
give an estimate of the total metal input to the estuary since the 
start of intensive drainage practices in the catchment area. The 
mean content of the two lowermost samples (60–80 and 80–
100 cm) from the short cores was used as the background values, 
representing sediments before the intensive drainage of the hy-
persulfidic materials (AS soils) commenced, except for the out-
ermost core R15 (Figure 1a). In the latter case, the background 
of the nearby R14 was used. Accumulation for each 20 cm layer 
in the cores was calculated by multiplying the difference in el-
ement content of the layer by the corresponding background 
value with the corresponding bulk density (ton/m3). The sum 
of the enrichment for each layer in the 1 m core thus represents 
the enrichment in 1 m3 sediment. For each core, the result was 
extrapolated to an area of 1 km2 (1,000,000 m3 sediment). Since 
the short cores are evenly distributed over the estuary, the aver-
age element enrichment multiplied by the estuary area of 14 km2 
(14,000,000 m3 sediment) was assumed to represent the total el-
ement enrichment in the estuary. To estimate the organic mat-
ter enrichment, LOI values were converted to C by multiplying 
by 0.57, the ratio between organic matter and organic carbon 
(2.31:1) found in the nearby Kyrönjoki estuary (Heikkilä 1991).

3   |   Results

3.1   |   General Sediment Properties

The three long cores C1–C3 were similar upon visual inspection. 
The cores were composed of a fine-grained organic-rich mud 
that is visually nearly structureless and black, with brown/grey, 
intensely bioturbated and poorly laminated thin interlayers. A 
strong hydrogen sulfide odour was evident in all the cores, and 
the black colour changed to grey upon exposure to atmosphere 
within several hours, indicating the presence and rapid oxida-
tion of metastable iron sulfides. The cores C1 and C2 have a sta-
ble bulk density (ca. 0.4 g/cm3) and LOI (5%–6%) throughout the 
cores, whereas C3 from the deepest part of the estuary shows 
a sharp transition at 82.5 cm depth, where the bulk density de-
creased to 0.2 g/cm3 and LOI increased to up to 20% towards the 
surface (Figure  2). Magnetic susceptibility measurements cor-
related well between core replicas, and κ values were in the same 
general range (mean values 64–92κ) in all three cores. However, 
in core C3, the susceptibility decreases noticeably (mean values 
27 κ) towards the top above a larger susceptibility peak (max 750 
κ) at 80–85 cm depth (Figure 2).

The short cores were visually similar to the long cores. LOI val-
ues were stable at 5%–6% in the lower part of the short cores and 
towards the river mouth, but increased to 10%–15% in the upper-
most part of the cores and in the deeper part of the estuary. The 
cores closest to the river mouth (e.g., R3, LOI 45%) also had high 
LOI values in the surface layer due to the presence of common 
reed roots (Figure 3).
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3.2   |   137Cs Dating

In the core C3, the main 137Cs peak was at 30 cm depth accord-
ing to the denser 2.5 cm sampling (Figure 2). 137Cs values were 
elevated already at 32.5 cm, but this could be due to bioturbation 

and downward diffusion of Cs in the pore water. As the top of 
the core represents the sampling year 2016 and the main 137Cs 
peak should represent the Chernobyl disaster of 1986, the mean 
sedimentation rate in the deeper part of the estuary has been ca. 
1 cm/year. The cores C1 and C2 showed only low 137Cs activity 

FIGURE 2    |    Geochemical variables for cores C1–C3 with magnetic susceptibility (κ), 137Cs, loss-on-ignition, density, S, Al, Fe, Cd, Ni, Co and Zn. 
Core C3 is divided into Zone 2 (above 82.5 cm; 1986 and younger) and Zone 1 (below 82.5 cm) and cores C1–C2 represent Zone 1 (deposited before 
1986).

FIGURE 3    |    Spatial distribution of loss-on-ignition, S, Al, Fe, Cd, Ni, Co and Zn for cores R1–R15.
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throughout, with no clear peaks, indicating that they were de-
posited before 1986.

3.3   |   Diatoms

A total of 262 different diatom species were identified from the 
24 samples from core C3 (Figure  2). Species diversity (Shannon 
index) varied from 1.13 (at 22.5 cm) to 3.65 (at 160 cm), while 
rarefaction-estimated species richness varied from 22 species (at 
12.5 cm) to 73 species (at 110 cm). Cluster analysis identified two 
distinct zones in the sequence, below (Zone 1) and above (Zone 2) 
82.5 cm, coinciding with the changes in density and LOI. Overall, 
the diatom assemblages of both zones were dominated by benthic 
freshwater species, with the proportion of planktonic species less 
than 20% throughout the core. The ratio of chrysophyte cysts to 
diatoms decreased towards the top part of the core. Zone 1 is char-
acterised by the planktonic species Pauliella taeniata (Grunow) 
Round & Basson 1997, and the benthic Planothidium delicatulum 
(Kützing) Round & Bukhtiyarova 1996, and Rhoicosphenia abbre-
viata (C. Agardh) Lange-Bertalot 1980, which are virtually absent 
in Zone 2. Small, benthic fragilarioid species such as Staurosira 
subsalina (Hustedt) Lange-Bertalot 2004, Staurosira venter 
(Ehrenberg) Cleve & J.D. Möller 1879, Pseudostaurosira elliptica 
(Schumann) Edlund, Morales & Spaulding 2006, and Martyana 
atomus (Hustedt) Snoeijs 1991 are abundant in Zone 1. In addi-
tion, benthic species Epithemia sorex Kützing 1844 and other 
Epithemia species are found with an abundance of ca. 0.5%–2% in 
Zone 1. In Zone 2, particularly from depth 72.5 cm upwards, the 
benthic species Diatoma moniliformis (Kützing) D.M. Williams 
2012 and Fragilaria exigua Grunow 1882 start to increase and are 
particularly abundant at 50–30 cm and 22.5 cm depth, respectively. 
Simultaneously, the other fragilarioid species start to decrease. P. 
taeniata, P. delicatulum and E. sorex decrease in Zone 2, and R. 
abbreviata disappears from the assemblages after 67.5 cm. The 
benthic species Nitzschia palea (Kützing) W. Smith 1856 increased 
and the benthic genus Amphiprora Kützing 1844 appears in Zone 
2. Eunotia paludosa Grunow 1862 also occurs with an abundance 
of over 1% at a few depths in Zone 2.

3.4   |   Element Patterns

Element patterns corresponded with the two zones identified 
with the cluster analysis of the diatom assemblages. The metal 
contents were relatively stable in cores C1 and C2 and in Zone 1 
of C3, ranging from 1.75% to 2.89% for Al, 4.08% to 5.68% for Fe, 
< 0.01–0.25 mg/kg for Cd, 24.6–43.1 mg/kg for Ni, 12.1–52.5 mg/
kg for Co and 86.6–209 mg/kg for Zn. In Zone 2 of C3, however, 
the range of values for the respective elements increased signifi-
cantly with maximum values up to 7.54% for Al, 1.17 mg/kg for Cd, 
141 mg/kg for Ni, 124 mg/kg for Co and 577 mg/kg for Zn (Figure 2). 
For the short cores, metal contents in the shallower part of the es-
tuary were relatively low, corresponding to those of the ‘older’ sed-
iments of C1, C2 and Zone 1 in C3. Higher contents were found 
in the deeper part near the C3 coring site, with generally increas-
ing contents towards the surface. The range of values in the short 
cores was 1.25%–5.67% for Al, 2.74%–5.67% for Fe, 0.02–1.08 mg/
kg for Cd, 18.4–110 mg/kg for Ni, 9.8–93.2 mg/kg for Co and 48.1–
474 mg/kg for Zn (Figure 3). Al and the chalcophile metals Cd, Ni, 
Co and Zn showed a significant positive correlation (rs = 0.27–0.78; 

p < 0.05) with LOI in both the long and short cores (Table 3). There 
was a clear grouping of higher and lower LOI values, representing 
the two distinct zones. The chalcophiles correlated also negatively 
with density and depth (rs = −0.25–0.56; p < 0.05). Titanium (Ti), 
however, was not elevated in Zone 2 and showed a positive correla-
tion with depth and density (rs = 0.25–0.35; p < 0.05) and a negative 
correlation (rs = −0.45; p < 0.05) with respect to LOI.

Elevated contents in sediments corresponding to Zone 2 are rec-
ognised as representing the recent accumulation of metals re-
lated to AS soil leaching. The main part of the estimated metal 
accumulation, ca. 40%–70%, was in the deeper part of the estu-
ary, in the area around cores R13–R15 (Figure 4; File S1–S6). Of 
the estimated dissolved (< 0.45 μm) metal input from the catch-
ment since the start of the extensive drainage, ca. 31% of Al has 
been precipitated and captured in the estuarine sediments. For 
the chalcophiles, the number is about half (14%–17%) except for 
Ni, for which only ca. 7% was captured. An associated signifi-
cant accumulation of organic material (19%) is also evident in 
the corresponding sediments (Table 4; File S3).

3.5   |   Sulfur and Acidity

The sediments in the estuary have high total sulfur (S) con-
tents between 0.37% and 2.84% and a median value of 1.18% 
(Figure 3). The highest values (> 2%) were found in the shallow 
to middle part of the estuary, typically above 0.6 m core depth, 
while the lowest values (0.4%–0.6%) were found in the shallow-
est and near shore parts of the estuary (Figure 4). A trend of ris-
ing S values towards the sediment surface is also evident in the 
shallow to middle part of the estuary. Throughout core C1 near 
the river outlets, the S content was stable at < 1%, whereas there 
was more variability with core depth in the deeper part of the 
estuary. Two depths (22.5 and 92.5 cm) in core C3 have signifi-
cantly higher S values (ca. 2.5%), and in core C2 there is a high 
S peak (ca. 2.5%) at 17.5 cm depth and a somewhat lower S peak 
(ca. 1.8%) at 87.5 cm. There was, however, no clear difference in 
S content between Zone 1 and Zone 2 in core C3.

Acid-generating oxidation reactions were significant during 
incubation due to high RIS content (up to 1.7%; File S7) in the 
sediments, with most samples having pH < 4 after only 8 weeks, 
some already after 4 weeks. After a 16-week incubation period, 
all samples showed pH 2–4 except for the top 30 cm of core C3, 
which stayed at pH 4.4–4.5. A positive correlation (rs = 0.84, 
p < 0.05, n = 34) between incubation pH and LOI was found. 
Likewise, the titratable incubation acidity (TIA) was very 
high (115–490 mmol H+/kg) at all depths and correlated well 
(rs = 0.79; p < 0.05) with total sulfur contents. No correlation was 
found between acidity and LOI (rs = −0.08; p > 0.5).

4   |   Discussion

4.1   |   Depositional Setting and Element 
Accumulation and Transport

The Southern City Bay estuary has undergone several changes 
in the last decades. Historic orthophotography comparison be-
tween 1934 and 2021 shows a significant decrease in the estuary 
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area (Figure 5) due to the strong isostatic uplift of the area (ca. 
8 mm/year; Mäkinen and Saaranen  1998), sedimentation and 
overgrowth of reeds. The C1 coring area in the shallow part of 
the estuary was noticeably deeper and not as overgrown with 
reeds in 1934. The extensive drainage and reworking of for-
ests and peatlands into agricultural use since the early 1900s 
that has severely enhanced soil erosion in the catchment areas 
(Åström et al. 2005) and led to increased transport of particulate 
matter into the basin. A narrowing of the estuary outlet due to 
bridge constructions and the expansion of the harbour area may 
also have restricted water exchange with the sea, potentially en-
hancing sediment trapping in the estuary on one hand and, on 
the other hand, decreasing metal precipitation due to a lower 
proportion of alkaline seawater. Changing conditions over time 
are apparent from the diatom species assemblages in the sedi-
ments, which show a clear change (at 82.5 cm depth in core C3) 
from species preferring more saline, pelagic conditions to spe-
cies indicative of shallower and more eutrophic conditions. This 
was supported by a notable overall decrease in the chrysophyte 
cysts to diatoms – ratio in the sediment profile. Chrysophytes 

are a diverse group of mostly planktonic algae, which have 
been shown to be more competitive in more oligotrophic condi-
tions (Smol 1985). The shift from oligotrophic saline conditions 
to more eutrophic freshwater conditions coincides with the 
changes in catchment land use and geochemistry of the estua-
rine sediments.

Low 137Cs activity in cores C1 and C2 indicates no net sediment 
deposition in the shallow parts of the estuary during the recent 
decades. In contrast, the 137Cs peak at the 30 cm depth in core C3 
shows recent sediment deposition at a mean rate of 1 cm/year in 
the deeper part of the estuary, ca 5.4 km from the Laihianjoki 
outlet. Assuming the constant deposition rate of 1 cm/year, 
the Zone 1 and 2 boundary at the depth of 82.5 cm in C3 would 
correspond to the year 1934. The lower magnetic susceptibility 
of the upper Zone 2 (above 82.5 cm in C3) is likely due to the 
dilution of the minerogenic material with organic matter orig-
inating from discharge from forested areas and the associated 
low bulk density of these recent sediments. The older sediment 
(Zone 1) has a lower organic content and is more compacted, 

TABLE 3    |    Spearman's rank correlations (rs) between geochemical variables for cores C1–C3 and R1–R15, respectively.

Spearman's rank correlation (rs) for cores C1–C3

Depth LOI Density Al S Fe Co Ni Zn Cd Ti

Depth 1.00

LOI −0.10 1.00

Density 0.45 −0.55 1.00

Al −0.20 0.47 −0.47 1.00

S −0.16 0.24 −0.41 0.26 1.00

Fe 0.21 −0.27 0.13 0.03 0.00 1.00

Co −0.54 0.27 −0.54 0.41 0.50 −0.16 1.00

Ni −0.34 0.34 −0.51 0.70 0.51 −0.13 0.77 1.00

Zn −0.47 0.25 −0.56 0.71 0.52 −0.08 0.77 0.87 1.00

Cd −0.53 0.27 −0.53 0.44 0.37 −0.36 0.70 0.71 0.72 1.00

Ti 0.35 −0.45 0.31 −0.31 0.01 0.47 −0.29 −0.22 −0.33 −0.33 1.00

Spearman's rank correlation (rs) for cores R1–R15

Depth LOI Al S Fe Co Ni Zn Cd Ti

Depth 1.00

LOI −0.26 1.00

Al −0.06 0.77 1.00

S −0.54 0.16 0.04 1.00

Fe 0.19 0.37 0.46 −0.07 1.00

Co −0.30 0.59 0.41 0.28 0.10 1.00

Ni −0.32 0.78 0.68 0.28 0.17 0.83 1.00

Zn −0.25 0.73 0.67 0.23 0.25 0.91 0.93 1.00

Cd −0.31 0.52 0.38 0.34 −0.11 0.82 0.77 0.79 1.00

Ti 0.25 −0.45 −0.25 −0.10 0.31 −0.62 −0.53 −0.56 −0.63 1.00

Note: Values in bold denote statistically significant results at p < 0.05 (n = 74). Bolded Indicated significant at p-values under 0.05.
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likely accumulated before intensive land use in the area. The 
planktonic P. taeniata and benthic R. abbreviata are relatively 
abundant in Zone 1 (deeper than 82.5 cm). They exhibit a salin-
ity optimum of approximately 6 psu according to Weckström and 
Juggins (2005), who also associate P. taeniata and R. abbreviata 
with relatively unimpacted, deeper and slightly more saline sites 
in the Gulf of Finland. In Zone 1, the presence of P. delicatulum, 
with a salinity range of 1.8–9.0 psu, and E. sorex occurring exclu-
sively at pH > 7 (Van Dam et al. 1994) further supports the more 
saline alkaline conditions in Zone 1.

Based on 137Cs activity, Virtasalo et al.  (2020) established sed-
imentation rates of 0.2–1.3 cm/year in the archipelago area, 
outside the inner estuary, 8–26 km out from the Laihianjoki 
River mouth. In contrast, Yu et  al.  (2015) found large spatial 
and temporal variability in deposition rates (0.5–5 cm/year) 
from a deeper and narrower estuary 50 km northeast from the 
study area. Both studies, however, found distinct changes in the 

sediment metal profiles corresponding to changes in catchment 
land use in the early and middle 1900s. Heikkilä (1999) found 
that sediment deposition in the nearby Kyrönjoki River estuary 
was highest in the 1950s, when land reclamation for agricultural 
purposes was intense, and decreased after subsurface drainage 
became the norm in the 1960s. The changes in the metal enrich-
ment patterns in the estuary sediments are also apparent in the 
diatom assemblages. Zone 2 is characterised by the increase of 
D. moniliformis and F. exigua. D. moniliformis has been found 
to be a typical species in Finnish streams that are primarily af-
fected by agriculture and have a high electrolyte concentration 
(Soininen et al. 2004), and in low salinity conditions (< 4.5 psu) 
in the coastal waters of the Gulf of Finland (Weckström and 
Juggins  2005). F. exigua dominates the assemblage towards 
the top of the sediment bed in Zone 2. F. exigua and D. monili-
formis have a similar tolerance to saline conditions according to 
Weckström and Juggins (2005). However, the decreasing abun-
dance of D. moniliformis towards the top of the core indicates 
that it is less tolerant to the corresponding high contents of S and 
metals and/or to the changes in surface water, i.e., loading of nu-
trients, metals, organic material and acidity from the catchment 
area. N. palea, which Soininen et  al.  (2004) link to eutrophic, 
polluted conditions in Finnish stream waters, also increases 
slightly towards the top of the core. Acidophilous E. paludosa 
occurs at a few depths in Zone 2. However, other acidophilous 
freshwater species from genera such as Eunotia, Neidium and 
Pinnularia (Van Dam et al. 1994) are otherwise largely absent 
throughout the sediment profile.

Similar major changes in species compositions and decreases 
in diversity linked to anthropogenic impacts have been shown 
in several studies from the Baltic Sea, though the species com-
position shifts are usually from assemblages dominated by ben-
thic taxa to assemblages dominated by small centric planktonic 
taxa (e.g., Weckström 2006; Andrén et al. 2017; Ning et al. 2018; 
Norbäck Ivarsson et al. 2019). The amount of planktonic species 

FIGURE 4    |    Diatom assemblages identified in core C3 with relative abundance, species richness and species diversity (Shannon Index).

TABLE 4    |    The estimated total load of C and AS soil-related metals 
(Al, Cd, Ni Co and Zn) from the catchment (682 km2) during the last 
century and the accumulation (total and relative) of these elements in 
the Vaasa Southern City Bay estuary.

Catchment 
load (ton)

Estuarine 
enrichment 

(ton)

Estuarine 
enrichment 

(%)

Al 24,901 7765 31

C 147,542 28,097 19

Cd 3.8 0.56 15

Ni 594 42 7

Co 229 33 14

Zn 972 155 16
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is consistently very low, probably due to the influence of river 
inflow and the shallowness of the estuary. The only small cen-
tric planktonic species to increase is Cyclotella choctawhatchee-
ana (Prasad 1990), with abundances of 1.5%–2% in the top of the 
sediment bed. This small, summer-blooming centric diatom has 
been linked to eutrophication and anthropogenic disturbance 
of brackish waters (e.g., Andrén et al. 1999; Norbäck Ivarsson 
et al. 2019). Small fragilarioid species are abundant throughout 
the core, though they decrease somewhat in Zone 2 as D. monili-
formis and F. exigua increase. These species are characterised 
by their opportunistic nature and rapid reproduction, and ex-
hibit remarkable adaptability to diverse environmental condi-
tions. Their abundance aligns with a broader pattern observed 
in the transition from embayments to coastal lakes within the 

Baltic Sea region (Weckström and Juggins 2005). The overall in-
creasing trend in the abundance of small fragilarioid species in 
Zone 1 might therefore be related to the increasing isolation of 
the estuary due to isostatic land uplift, as well as the increasing 
human disturbance during the early 20th century.

Previous studies have documented significant metal loads from 
AS soils, particularly during autumn flow events (e.g., Nyberg 
et al. 2012; Nystrand et al. 2016). Elements that are found to be 
extensively released by AS soils (such as Al, Cd, Ni Co and Zn) 
are mainly transported from the catchment areas as free in-
organic cations or sulfate complexes in the acidic river water. 
Complexation and flocculation with organic carbon are likely in 
waters with high TOC concentrations, which typically originate 

FIGURE 5    |    Orthographic photos from 1934 and 2021 and satellite imagery from April, May, June and October of 2023 of the Vaasa Southern City 
Bay estuary.
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from forests and peatlands. Eroded particulates, mainly phyllo-
silicates, are also associated with colloidal and/or particulate ele-
ments (Åström and Corin 2000; Nystrand and Österholm 2013). 
Organic matter likely does play an important role in this pre-
cipitation–transport mechanism. The intensive drainage of 
peatlands and forests in the early 1960s has increased the leach-
ing of organic matter in the catchment areas (Peltomaa 2007). 
Increased temperature and precipitation, with more varying 
temporal dynamics in flow patterns due to climate change, have 
also led to an increase in riverine total organic carbon in the 
past few decades (Asmala et al. 2019; Räike et al. 2024). Humic 
acids abundant in river water facilitate flocculation and settling 
in the estuary. Virtasalo et al. (2023) demonstrated in laboratory 
experiments that especially Al is strongly transferred to organic 
flocs already at low salinity values. In the estuary sediments, 
these findings are further corroborated as especially Al strongly 
correlates with the higher LOI values in Zone 2.

The hypothesis was that a precipitation gradient driven by sea-
water mixing would form along the transect towards the estuary 
outlet. The diatom assemblages of coring site C3 also revealed 
that freshwater conditions in the estuary have become more 
widespread and the saline gradient narrower, thus extending 
the precipitation and accumulation zone further out into the ar-
chipelago. However, from enrichment patterns, it is evident that 
precipitation occurred, but the most important factor determin-
ing the fate of the leached elements in the estuary was the hydro-
dynamic variables controlling the sedimentation. Consequently, 
of the AS soil related elements, 40%–70% were deposited in up 
to 1 m thick low-density sediments at the deepest and outermost 
coring sites (e.g., R13 and R14) where active sedimentation oc-
curs to this day, representing less than 15% of the estuary area. 
In addition, as compared to the load of soluble metals from the 
catchment, more than 80% of the chalcophiles and 70% of Al 
were transported further out to the sea. It is also notable that 
roughly half of the total Al (51% in Laihianjoki) input was al-
ready in a particulate form when entering the catchment (< 10% 
for other metals), that is, far exceeding the amount deposited in 
the estuary and, thus, clearly showing that Al accumulation is 
not dependent on precipitation. Considering the total Al input 
(including the particulate fraction), only 15% was trapped in the 
estuary.

The sediment transport is generally directed outwards to the sea 
due to an excess water input from the rivers. The shallow parts 
of the estuary are thus affected by high hydrodynamic energy 
conditions such as the water input, as well as currents and wind 
wave action. These conditions keep the particulate matter in 
suspension and rework sediment from the basin floor towards 
lower hydrodynamic energy conditions in the deeper part of 
the estuary. This is also apparent from recent satellite imagery 
(as seen in Figure 5). During spring (late April) suspended sed-
iment from rivers concentrated within the estuary, and as the 
sea ice melts, the sediment plume spread further out. Near the 
river mouths, the water exhibited a dark red-brown colour, in-
dicative of humic-rich water from forests and peatlands, as well 
as iron-rich drainage water from farmlands (Räike et al. 2024). 
During the spring high-flow event (early May), the brown water 
extended further out in the estuary before eventually receding 
closer to the river mouths. The sediment plume dispersed and 

settled only after the end of June. During autumn high-flow 
events (October) there was again a noticeable increase in sus-
pended concentration within the estuary, spreading far out into 
the archipelago. The relatively low proportion of metals trapped 
in the inner estuary and widespread plumes to the outer estuary 
is in strong accordance with Virtasalo et al. (2020) who demon-
strated that the metal loading from AS soils extends more than 
20 km seaward from the river mouths in the archipelago. This 
may be due to the decoupling of C and AS soil-derived elements, 
whereby C is deposited in the estuary while the elements are 
transported farther and accumulate without dilution by the or-
ganic matter. High flood events also change the water chemis-
try in the estuary by tipping the balance between seawater and 
freshwater towards the freshwater input from the rivers, thereby 
extending the flocculation zone for organic matter seawards. In 
addition to the sedimentation conditions, this may be another 
explanation why such a large proportion of metals are trans-
ported further out to the sea. Consequently, the estuary's capac-
ity to function as an effective coastal filter (Asmala et al. 2019) 
has notably declined.

4.2   |   Future AS Soils and Consequences 
of Sediment Uplift and Redeposition

Several natural and anthropogenic factors will lead to lowland 
coastal estuary systems in boreal post-glacial environments be-
coming narrower and shallower. In addition to the strong glacio-
isostatic land uplift, erosion is enhanced in the catchment areas 
due to intensified land use. Precipitation is likely to increase due 
to climate change, leading to increased sediment and nutrient 
transport as well as increased risk of washouts (Trenberth 2011). 
This can, however, be balanced by more sustainable drainage 
practices and soil conditioning. A larger variation in snow cover, 
with earlier onset of snowmelt and decreased availability of 
water in summer, will affect both the quantity and quality of 
water (Puustinen et al. 2007). Climate change will also lead to 
a rise in sea level; however, it will be balanced by glacioisostatic 
rebound in certain areas, such as the northern Baltic Sea region 
(Meier et al. 2004). As a result of continuing land uplift, addi-
tional land area will be uncovered and made available for land 
use. As the estuaries in Boreal climates are highly dynamic, 
there are several circumstances that can affect the future of the 
metal-enriched sediments. Continued sedimentation in the es-
tuary could eventually compact and bury the sediments, while 
simultaneously moving the sedimentation and precipitation gra-
dient further out as the water depth becomes shallower. As the 
organic-rich sediments are much less compacted and of lower 
density, they may also be, depending on the bottom topogra-
phy, naturally eroded and redeposited further out as the water 
depth decreases and physical forces have a stronger effect on the 
bottoms.

The estuary sediments have significantly higher sulfur contents 
compared to previously studied sulfidic soils and sediments in 
Finland and the Bothnia Bay area (Åström and Rönnback 2005, 
Boman et al. 2023). In contrast to the diatom assemblages and 
other geochemical variables, there was no clear distinction in 
S content between Zone 1 and recent sediments in Zone 2. The 
decreasing water depth could lead to more oxic conditions and 
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subsequent lower sulfate-reducing bacteria activity, which, on 
the other hand, can be expected to be counterweighed by the 
increased organic and nutrient input that has been observed. As 
the sulfur is mainly present as RIS, the estuarine sediments con-
tain large reserves of stored acidity with a high reactivity in the 
presence of oxygen. The generation of acidity was, as expected, 
strongly dependent on S content, although the low-density sedi-
ments of Zone 2 showed some buffering capacity because of the 
higher organic content. AS soils in Finland typically have signifi-
cantly lower acidity values than those found in these sediments, 
apart from some organic and fine-grained deposits in peatlands 
in northern Finland (Hadzic et al. 2014; Boman et al. 2023). In 
addition to very high acidity, the recent sediments are strongly 
enriched in easily soluble precipitated metals that will be mobil-
ised together with acidity if oxidised. With time, there will be an 
increasing demand by local authorities or stakeholders to dredge 
these sediments to enable free flow of water at the river mouth 
and prevent flooding of catchment infrastructure. At a local 
level, these sediments can cause disastrous consequences, much 
larger than conventional sulfidic sediments and, thus, distur-
bance should be minimised. As evident in this study, however, 
the metal-enriched sediments will not be uplifted by natural 
causes in the next few centuries.

5   |   Conclusions

In this study, we have determined that the loading from AS soils 
in the past 100 years is reflected in estuarine sediments as large 
enrichments of Al, Cd, Ni, Co and Zn, as well as organic mat-
ter. The loading has been captured in organic-rich mud at water 
depths with low hydrodynamic energy conditions. Most of the 
catchment load from AS soils is, however, transported further out 
into the archipelago, with an estimation of 30% or less captured 
by the estuary. Diatom assemblages in the sediments show a sig-
nificant change from saline, pelagic conditions to species indica-
tive of eutrophication and anthropogenic disturbance of surface 
waters. As the estuary is decreasing in size due to glacioisostatic 
land uplift and particulate transport from the catchment areas, 
its role as a coastal filter is clearly weakening, with the seawater 
mixing zone moving seawards. The sediments were hypersulfidic 
with very high amounts of potential acidity and recent sediments 
enriched in easily soluble metals that will be released together 
with acidity if oxidised. Future disturbances such as dredging op-
erations should be well planned to minimise the environmental 
consequences. However, it is likely that some of the low-density 
metal-enriched sediments will be eroded and gradually trans-
ported further out as they are uplifted to higher hydrodynamic 
energy conditions with further shallowing of the estuary.

Author Contributions

Krister Dalhem: conceptualization, investigation, visualization, writing 
– original draft, writing – review and editing, formal analysis. Karoliina 
Kehusmaa: investigation, writing – original draft, writing – review and 
editing, formal analysis. Joonas J. Virtasalo: writing – review and edit-
ing, investigation, formal analysis. Mats Åström: writing – review and 
editing, project administration, funding acquisition, conceptualization. 
Peter Österholm: conceptualization, funding acquisition, writing – re-
view and editing, project administration, supervision, formal analysis.

Acknowledgements

The authors would like to thank the following persons for their valu-
able assistance and expertise: Timo Saarinen, Arto Peltola and Anton 
Boman for field work; Stefan Mattbäck for field work and sample prepa-
ration; Björn Lindqvist for sample preparation and laboratory work; and 
Jonas Hjort for assisting with sulfur speciation. The authors would also 
like to thank Eva Högfors-Rönnholm, Sten Engblom and two anony-
mous reviewers for their helpful comments on the manuscript. The 
study received financial support from the EU-funded Interreg Botnia-
Atlantica 2014–2016 programme (‘VIMLA’ project) and the Interreg 
Aurora 2023–2026 programme (‘MinImpact’ project).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data will be made available on request.

References

Ahern, C. R., A. E. McElnea, and L. A. Sullivan. 2004. Acid Sulfate Soils 
Laboratory Methods Guidelines. Queensland Department of Natural 
Resources, Mines and Energy.

Andrén, E., G. Shimmield, and T. Brand. 1999. “Environmental Changes 
of the Last Three Centuries Indicated by Siliceous Microfossil Records 
From the Southwestern Baltic Sea.” Holocene 9, no. 1: 25–38. https://​doi.​
org/​10.​1191/​09596​83996​76523977.

Andrén, E., R. J. Telford, and P. Jonsson. 2017. “Reconstructing the 
History of Eutrophication and Quantifying Total Nitrogen Reference 
Conditions in Bothnian Sea Coastal Waters.” Estuarine, Coastal and 
Shelf Science 198: 320–328. https://​doi.​org/​10.​1016/j.​ecss.​2016.​07.​015.

Andriesse, W., and M. E. F. van Mensvoort. 2005. “Acid Sulfate Soils: 
Distribution and Extent.” In Encyclopaedia of Soil Science, edited by R. 
Lal, 14–19. Marcel Dekker, Inc.

Asmala, E., J. Carstensen, D. J. Conley, C. P. Slomp, J. Stadmark, and M. 
Voss. 2017. “Efficiency of the Coastal Filter: Nitrogen and Phosphorus 
Removal in the Baltic Sea.” Limnology and Oceanography 62, no. S1: 
S222–S238. https://​doi.​org/​10.​1002/​lno.​10644​.

Asmala, E., J. Carstensen, and A. Räike. 2019. “Multiple Anthropogenic 
Drivers Behind Upward Trends in Organic Carbon Concentrations 
in Boreal Rivers.” Environmental Research Letters 14, no. 12: 124018. 
https://​doi.​org/​10.​1088/​1748-​9326/​ab4fa9.

Åström, M., and N. Corin. 2000. “Abundance, Sources and Speciation 
of Trace Elements in Humus-Rich Streams Affected by Acid Sulphate 
Soils.” Aquatic Geochemistry 6: 367–383. https://​doi.​org/​10.​1023/A:​
10096​58231768.

Åström, M., and K. Rönnback. 2005. “Concentration Levels and 
Spatial Distribution of Sulphur and Metals in Fine-Grained Sediments 
in Western Finland.” Agricultural and Food Science 14, no. 1: 14–23. 
https://​doi.​org/​10.​2137/​14596​06054​224093.

Åström, M., R. Sundström, M. Holmberg, and K. E. Storberg. 2005. “pH 
of Streams in Western Finland—A Perspective From the Middle Ages 
Into the Mid 21st Century.” Agricultural and Food Science 14, no. 1: 
5–13. https://​doi.​org/​10.​2137/​14596​06054​224183.

Battarbee, R. W., V. J. Jones, R. J. Flower, et  al. 2001. “Diatoms.” In 
Tracking Environmental Change Using Lake Sediments. 3: Terrestrial, 
Algal and Siliceous Indicators, edited by J. P. Smol, H. J. B. Birks, and 
W. M. Last, 155–202. Kluwer Academic Publisher. https://​doi.​org/​10.​
1046/j.​1529-​8817.​2000.​00049.​x.

Boman, A., M. Åström, and S. Fröjdö. 2008. “Sulfur Dynamics in 
Boreal Acid Sulfate Soils Rich in Metastable Iron Sulfide—The Role of 

 13652389, 2025, 2, D
ow

nloaded from
 https://bsssjournals.onlinelibrary.w

iley.com
/doi/10.1111/ejss.70075 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [08/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1191/095968399676523977
https://doi.org/10.1191/095968399676523977
https://doi.org/10.1016/j.ecss.2016.07.015
https://doi.org/10.1002/lno.10644
https://doi.org/10.1088/1748-9326/ab4fa9
https://doi.org/10.1023/A:1009658231768
https://doi.org/10.1023/A:1009658231768
https://doi.org/10.2137/1459606054224093
https://doi.org/10.2137/1459606054224183
https://doi.org/10.1046/j.1529-8817.2000.00049.x
https://doi.org/10.1046/j.1529-8817.2000.00049.x


14 of 16 European Journal of Soil Science, 2025

Artificial Drainage.” Chemical Geology 255, no. 1–2: 68–77. https://​doi.​
org/​10.​1016/j.​chemg​eo.​2008.​06.​006.

Boman, A., S. Fröjdö, K. Backlund, and M. E. Åström. 2010. “Impact of 
Isostatic Land Uplift and Artificial Drainage on Oxidation of Brackish-Water 
Sediments Rich in Metastable Iron Sulfide.” Geochimica et Cosmochimica 
Acta 74, no. 4: 1268–1281. https://​doi.​org/​10.​1016/j.​gca.​2009.​11.​026.

Boman, A., S. Mattbäck, M. Becher, et al. 2023. “Classification of Acid 
Sulfate Soils and Soil Materials in Finland and Sweden: Re-Introduction 
of Para-Acid Sulfate Soils.” Bulletin of the Geological Society of Finland 
95, no. 2: 161–186. https://​doi.​org/​10.​17741/​​bgsf/​95.2.​004.

Breilin, O., A. Kotilainen, K. Nenonen, and M. Räsänen. 2005. “The 
Unique Moraine Morphology, Stratotypes and Ongoing Geological 
Processes at the Kvarken Archipelago on the Land Uplift Area in the 
Western Coast of Finland.” Geological Survey of Finland Special Paper 
40: 97–111.

Chen, L., B. Wei, and X. Xu. 2021. “Effect of Sulfate-Reducing Bacteria 
(SRB) on the Corrosion of Buried Pipe Steel in Acidic Soil Solution.” 
Coatings 11, no. 6: 625. https://​doi.​org/​10.​3390/​coati​ngs11​060625.

Cook, F. J., W. Hicks, E. A. Gardner, G. D. Carlin, and D. W. Froggatt. 
2000. “Export of Acidity in Drainage Water From Acid Sulphate Soils.” 
Marine Pollution Bulletin 41, no. 7–12: 319–326. https://​doi.​org/​10.​1016/​
S0025​-​326X(00)​00138​-​7.

Creeper, N., R. Fitzpatrick, and P. Shand. 2012. “A Simplified Incubation 
Method Using Chip-Trays as Incubation Vessels to Identify Sulphidic 
Materials in Acid Sulphate Soils.” Soil Use and Management 28, no. 3: 
401–408. https://​doi.​org/​10.​1111/j.​1475-​2743.​2012.​00422.​x.

Dalhem, K., S. Engblom, P. Stén, and P. Österholm. 2019. “Subsurface 
Hydrochemical Precision Treatment of a Coastal Acid Sulfate Soil.” 
Applied Geochemistry 100: 352–362. https://​doi.​org/​10.​1016/j.​apgeo​
chem.​2018.​12.​005.

Dalhem, K., S. Mattbäck, A. Boman, and P. Österholm. 2021. “A 
Simplified Distillation-Based Sulfur Speciation Method for Sulfidic Soil 
Materials.” Bulletin of the Geological Society of Finland 93, no. 1: 19–30. 
https://​doi.​org/​10.​17741/​​bgsf/​93.1.​002.

Van Dam,H., A.Mertens, and J. Sinkeldam. 1994. “A Coded Checklist 
and Ecological Indicator Values of Freshwater Diatoms From The 
Netherlands.” Netherlands Journal of Aquatic Ecology 28, no. 1: 117–133.

Dent, D. L., and L. J.Pons. 1995. “A World Perspective on Acid Sulphate 
Soils.” Geoderma 67, no. 3–4: 263–276. https://​doi.​org/​10.​1016/​0016-​
7061(95)​00013​-​E.

Edén, P. 2012. “The Söderfjärden Impact Crater.” In 7th International 
Acid Sulfate Soil Conference in Vaasa, Finland 2012, 15. Geological 
Survey of Finland.

Edén, P., A. Boman, S. Mattbäck, J. Auri, M. Yli-Halla, and P. Österholm. 
2023. “Mapping, Impacts, Characterization and Extent of Acid Sulfate 
Soils in Finland.” Bulletin of the Geological Society in Finland 95: 135–
160. https://​doi.​org/​10.​17741/​​bgsf/​95.2.​003.

Ekman, M. 1996. “A Consistent Map of the Postglacial Uplift of 
Fennoscandia.” Terra Nova 8, no. 2: 158–165. https://​doi.​org/​10.​1111/j.​
1365-​3121.​1996.​tb007​39.​x.

Fanning, D. S., M. C. Rabenhorst, and R. W. Fitzpatrick. 2017. “Historical 
Developments in the Understanding of Acid Sulfate Soils.” Geoderma 
308: 191–206. https://​doi.​org/​10.​1016/j.​geode​rma.​2017.​07.​006.

Finnish Meteorological Institute. 2024. “Temperature and Precipitation 
Statistics From 1961 Onwards.” http://​en.​ilmat​ietee​nlait​os.​fi/​stati​stics​
-​from-​1961-​onwards.

Geological Survey of Finland. 2023. “Acid Sulfate Soils—Map Services. 
Happamat Sulfaattimaat.” https://​gtkda​ta.​gtk.​fi/​hasu/​.

Hadzic, M., H. Postila, P. Österholm, et al. 2014. “Sulfaattimailla syntyvän 
happaman kuormituksen ennakointi- ja hallintamenetelmät—​SuHE- ​

hankkeen loppuraportti (Management of Sulfide Induced Acidity in Peat 
Harvesting—Final Report of the SuHE Project).” Reports of the Finnish 
Environment Institute 17/2014: 88.

Hammer, Ø., D. A. T. Harper, and P. D. Ryan. 2001. “PAST: 
Paleontological Statistics Software Package for Education and Data 
Analysis.” Palaeontologia Electronica 4, no. 1: 1–9. http://​palae​o-​elect​
ronica.​org/​2001_1/​past/​issue1_​01.​htm.

Häusler, K., M. Moros, L. Wacker, et  al. 2017. “Mid-to Late Holocene 
Environmental Separation of the Northern and Central Baltic Sea 
Basins in Response to Differential Land Uplift.” Boreas 46, no. 1: 111–
128. https://​doi.​org/​10.​1111/​bor.​12198​.

Heikkilä, R. 1991. “The Influence of Land Use on the Sedimentation 
of the River Delta in the Kyrönjoki Drainage Basin.” In Environmental 
History and Palaeolimnology: Proceedings of the Vth International 
Symposium on Palaeolimnology, Held in Cumbria, UK, 143–147. Springer 
Netherlands.

Heikkilä, R. 1999. “Human Influence on the Sedimentation in the Delta 
of the River Kyrönjoki, Western Finland.” Monographs of the Boreal 
Environment Research 4, no. 15: 1–64.

Heiri, O., A. F. Lotter, and G. Lemcke. 2001. “Loss on Ignition 
as a Method for Estimating Organic and Carbonate Content in 
Sediments: Reproducibility and Comparability of Results.” Journal of 
Paleolimnology 25: 101–110. https://​doi.​org/​10.​1023/A:​10081​19611481.

Högfors-Rönnholm, E., S. Christel, K. Dalhem, et al. 2018. “Chemical 
and Microbiological Evaluation of Novel Chemical Treatment Methods 
for Acid Sulfate Soils.” Science of the Total Environment 625: 39–49. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2017.​12.​287.

Hudd, R. 2000. “Springtime Episodic Acidification as a Regulatory 
Factor of Estuary Spawning Fish Recruitment.” Doctoral diss., 
Helsingin Yliopisto, 42pp.

Johnson, A., E. Högfors-Rönnholm, S. Engblom, P. Österholm, M. 
Åström, and M. Dopson. 2022. “Dredging and Deposition of Metal 
Sulfide Rich River Sediments Results in Rapid Conversion to Acid 
Sulfate Soil Materials.” Science of the Total Environment 813: 151864. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​151864.

Joukainen, S., and M. Yli-Halla. 2003. “Environmental Impacts and 
Acid Loads From Deep Sulfidic Layers of Two Well-Drained Acid Sulfate 
Soils in Western Finland.” Agriculture, Ecosystems & Environment 95, 
no. 1: 297–309. https://​doi.​org/​10.​1016/​S0167​-​8809(02)​00094​-​4.

Jowsey, P. C. 1966. “An Improved Peat Sampler.” New Phytologist 65, no. 
2: 245–248. https://​doi.​org/​10.​1111/j.​1469-​8137.​1966.​tb063​56.​x.

Juggins, S. 2007. C2 Version 1.5 User Guide. Software for Ecological and 
Palaeoecological Data Analysis and Visualisation, 1–73. University 
of Newcastle. https://​www.​staff.​ncl.​ac.​uk/​steph​en.​juggi​ns/​softw​are/​
C2Home.​htm.

Kautsky, H. 1995. “Quantitative Distribution of Sublittoral Plant and 
Animal Communities Along the Baltic Sea Gradient.” In Biology and 
Ecology of Shallow Coastal Waters: Proceedings of the 28th European 
Marine Biology Symposium, Institute of Marine Biology of Crete, Iraklio, 
Crete, 1993, edited by A. Eleftheriou, A. D. Ansell, and C. J. Smith, vol. 
28, 391. Olsen & Olsen.

Kohonen, T. 1974. “Suomen Rannikon Läheisten Merialueiden 
Tila Vuosina 1966–1970.” Vesientutkimuslaitoksen Julkaisuja 8, 
Vesihallitus, 124pp.

Kottek, M., J. Grieser, C. Beck, B. Rudolf, and F.Rubel. 2006. “World Map 
of the Köppen-Geiger Climate Classification Updated.” Meteorologische 
Zeitschrift 15, no. 3: 259–263. https://​doi.​org/​10.​1127/​0941-​2948/​
2006/​0130.

Linnamaa, J. 2023. “Hydrologins, Markegenskapernas och 
Sulfatjordsförekomstens Inverkan på Vattenkvaliteten i Toby å och 
dess Delavrinningsområden.” MSc thesis, Åbo Akademi University (in 
Swedish), 48pp.

 13652389, 2025, 2, D
ow

nloaded from
 https://bsssjournals.onlinelibrary.w

iley.com
/doi/10.1111/ejss.70075 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [08/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.chemgeo.2008.06.006
https://doi.org/10.1016/j.chemgeo.2008.06.006
https://doi.org/10.1016/j.gca.2009.11.026
https://doi.org/10.17741/bgsf/95.2.004
https://doi.org/10.3390/coatings11060625
https://doi.org/10.1016/S0025-326X(00)00138-7
https://doi.org/10.1016/S0025-326X(00)00138-7
https://doi.org/10.1111/j.1475-2743.2012.00422.x
https://doi.org/10.1016/j.apgeochem.2018.12.005
https://doi.org/10.1016/j.apgeochem.2018.12.005
https://doi.org/10.17741/bgsf/93.1.002
https://doi.org/10.1016/0016-7061(95)00013-E
https://doi.org/10.1016/0016-7061(95)00013-E
https://doi.org/10.17741/bgsf/95.2.003
https://doi.org/10.1111/j.1365-3121.1996.tb00739.x
https://doi.org/10.1111/j.1365-3121.1996.tb00739.x
https://doi.org/10.1016/j.geoderma.2017.07.006
http://en.ilmatieteenlaitos.fi/statistics-from-1961-onwards
http://en.ilmatieteenlaitos.fi/statistics-from-1961-onwards
https://gtkdata.gtk.fi/hasu/
http://palaeo-electronica.org/2001_1/past/issue1_01.htm
http://palaeo-electronica.org/2001_1/past/issue1_01.htm
https://doi.org/10.1111/bor.12198
https://doi.org/10.1023/A:1008119611481
https://doi.org/10.1016/j.scitotenv.2017.12.287
https://doi.org/10.1016/j.scitotenv.2021.151864
https://doi.org/10.1016/S0167-8809(02)00094-4
https://doi.org/10.1111/j.1469-8137.1966.tb06356.x
https://www.staff.ncl.ac.uk/stephen.juggins/software/C2Home.htm
https://www.staff.ncl.ac.uk/stephen.juggins/software/C2Home.htm
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1127/0941-2948/2006/0130


15 of 16

Mäkinen, J., and V. Saaranen. 1998. “Determination of Post-Glacial 
Land Uplift From the Three Precise Levellings in Finland.” Journal of 
Geodesy 72: 516–529. https://​doi.​org/​10.​1007/​s0019​00050191.

Meier, H. M., B. Broman, and E. Kjellström. 2004. “Simulated Sea Level 
in Past and Future Climates of the Baltic Sea.” Climate Research 27, no. 
1: 59–75. https://​doi.​org/​10.​3354/​cr027059.

Michael, P. S. 2013. “Ecological Impacts and Management of Acid 
Sulphate Soil: A Review.” Asian Journal of Water, Environment and 
Pollution 10, no. 4: 13–24.

Ning, W., A. B. Nielsen, L. N. Ivarsson, et al. 2018. “Anthropogenic and 
Climatic Impacts on a Coastal Environment in the Baltic Sea Over the 
Last 1000 Years.” Anthropocene 21: 66–79. https://​doi.​org/​10.​1016/j.​an-
cene.​2018.​02.​003.

Norbäck Ivarsson, L., T. Andrén, M. Moros, T. J. Andersen, M. Lönn, 
and E. Andrén. 2019. “Baltic Sea Coastal Eutrophication in a Thousand 
Year Perspective.” Frontiers in Environmental Science 7, no. 88: 1–15. 
https://​doi.​org/​10.​3389/​fenvs.​2019.​00088​.

Nordmyr, L., M. Åström, and P. Peltola. 2008. “Metal Pollution of 
Estuarine Sediments Caused by Leaching of Acid Sulphate Soils.” 
Estuarine, Coastal and Shelf Science 76, no. 1: 141–152. https://​doi.​org/​
10.​1016/j.​ecss.​2007.​07.​002.

Nordmyr, L., A. Boman, M. Åström, and P. Österholm. 2006. “Estimation 
of Leakage of Chemical Elements From Boreal Acid Sulphate Soils.” 
Boreal Environment Research 11: 261–273.

Nyberg, M. E., P. Österholm, and M. I. Nystrand. 2012. “Impact of Acid 
Sulfate Soils on the Geochemistry of Rivers in South-Western Finland.” 
Environmental Earth Sciences 66: 157–168. https://​doi.​org/​10.​1007/​
s1266​5-​011-​1216-​4.

Nystrand, M. I., and P. Österholm. 2013. “Metal Species in a Boreal 
River System Affected by Acid Sulfate Soils.” Applied Geochemistry 31: 
133–141. https://​doi.​org/​10.​1016/j.​apgeo​chem.​2012.​12.​015.

Nystrand, M. I., P. Österholm, C. Yu, and M. Åström. 2016. “Distribution 
and Speciation of Metals, Phosphorus, Sulfate and Organic Material 
in Brackish Estuary Water Affected by Acid Sulfate Soils.” Applied 
Geochemistry 66: 264–274. https://​doi.​org/​10.​1016/j.​apgeo​chem.​2016.​
01.​003.

Österholm, P., and M. Åström. 2004. “Quantification of Current and 
Future Leaching of Sulfur and Metals From Boreal Acid Sulfate Soils, 
Western Finland.” Soil Research 42, no. 6: 547–551. https://​doi.​org/​10.​
1071/​SR03088.

Österholm, P., and M. Nystrand. 2016. “Titratable Incubation Acidity for 
Acid Sulfate Soil Materials.” In Acid Sulfate Soils: Pathways to Exposure 
and Remediation. Proceedings of the 8th International Acid Sulfate Soils 
Conference, 17–23 July 2016, College Park, Maryland, USA. 75–76. 
Natural Resources Conservation Service (USDA).

Österholm, P., S. Virtanen, R. Rosendahl, et  al. 2015. “Groundwater 
Management of Acid Sulfate Soils Using Controlled Drainage, By-Pass 
Flow Prevention, and Subsurface Irrigation on a Boreal Farmland.” 
Acta Agriculturae Scandinavica Section B Soil and Plant Science 65, no. 
sup1: 110–120. https://​doi.​org/​10.​1080/​09064​710.​2014.​997787.

Peltomaa, R. 2007. “Drainage of Forests in Finland.” Irrigation and 
Drainage: The Journal of the International Commission on Irrigation and 
Drainage 56, no. S1: 151–159. https://​doi.​org/​10.​1002/​ird.​334.

Puustinen, M., S. Tattari, J. Koskiaho, and J. Linjama. 2007. “Influence 
of Seasonal and Annual Hydrological Variations on Erosion and 
Phosphorus Transport From Arable Areas in Finland.” Soil and Tillage 
Research 93, no. 1: 44–55. https://​doi.​org/​10.​1016/j.​still.​2006.​03.​011.

Räike, A., A. Taskinen, L. H. Härkönen, P. Kortelainen, and A. Lepistö. 
2024. “Browning From Headwaters to Coastal Areas in the Boreal 
Region: Trends and Drivers.” Science of the Total Environment 927: 
171959. https://​doi.​org/​10.​1016/j.​scito​tenv.​2024.​171959.

Rickard, D. 2012. “Sulfidic Sediments and Sedimentary Rocks.” In 
Developments in Sedimentology, vol. 65, 801. Elsevier.

Roos, M., and M. Åström. 2005. “Hydrochemistry of Rivers in an Acid 
Sulphate Soil Hotspot Area in Western Finland.” Agricultural and Food 
Science 14, no. 1: 24–33. https://​doi.​org/​10.​2137/​14596​06054​224075.

Salo, H., S. Virtanen, H. Laine-Kaulio, H. Koivusalo, D. Jacques, and 
T. Kokkonen. 2023. “Evolution of pH, Redox Potential and Solute 
Concentrations in Soil and Drainage Water at a Cultivated Acid Sulfate 
Soil Profile.” Geoderma 436: 116559. https://​doi.​org/​10.​1016/j.​geode​
rma.​2023.​116559.

SCALGO. 2023. “Home.” https://​scalgo.​com/​live.

Smol, J. P. 1985. “The Ratio of Diatom Frustules to Chrysophycean 
Statospores: A Useful Paleolimnological Index.” Hydrobiologia 123, no. 
3: 199–208.

Soininen, J., R. Paavola, and T. Muotka. 2004. “Benthic Diatom 
Communities in Boreal Streams: Community Structure in Relation to 
Environmental and Spatial Gradients.” Ecography 27, no. 3: 330–342. 
https://​doi.​org/​10.​1111/j.​0906-​7590.​2004.​03749.​x.

Sullivan, L. A., R. W. Fitzpatrick, R. T. Bush, E. D. Burton, P. Shand, 
and N. J. Ward. 2010. “The Classification of Acid Sulfate Soil Materials: 
Further Modifications.” Southern Cross GeoScience Technical Report. 
(Southern Cross University: Lismore, NSW, Australia). 12pp.

Sundström, R., M. Åström, and P. Österholm. 2002. “Comparison of the 
Metal Content in Acid Sulfate Soil Runoff and Industrial Effluents in 
Finland.” Environmental Science & Technology 36, no. 20: 4269–4272. 
https://​doi.​org/​10.​1021/​es020​022g.

Taffs, K. H., K. M. Saunders, K. Weckström, P. A. Gell, and C. G. 
Skilbeck. 2017. “Introduction to the Application of Paleoecological 
Techniques in Estuaries.” In Applications of Paleoenvironmental 
Techniques in Estuarine Studies. Developments in Paleoenvironmental 
Research, edited by K. Weckström, K. Saunders, P. Gell, and C. Skilbeck, 
vol. 20, 1–6. Springer. https://​doi.​org/​10.​1007/​978-​94-​024-​0990-​1_​1.

Teppo, A., A. Bonde, A.-M. Koivisto, et  al. 2022. Vesienhoidon 
Toimenpideohjelma 2022–2027 (Programme for Implementation 
of River Basin Management Plans 2022–2027, in Finnish). Etelä-
Pohjanmaan elinkeino-, liikenne- ja ympäristökeskus, 41/2022: 338 pp.

Tikkanen, M., and J. Oksanen. 2002. “Late Weichselian and Holocene 
Shore Displacement History of the Baltic Sea in Finland.” Fennia-
International Journal of Geography 180, no. 1–2: 9–20.

Trenberth, K. E. 2011. “Changes in Precipitation With Climate Change.” 
Climate Research 47, no. 1–2: 123–138. https://​doi.​org/​10.​3354/​cr00953.

Tuovinen, N., K. Weckström, and J. J. Virtasalo. 2010. “Assessment of 
Recent Eutrophication in the Archipelago Sea Based on the Subfossil 
Diatom Record.” Journal of Paleolimnology 44: 95–108. https://​doi.​org/​
10.​1007/​s1093​3-​009-​9390-​z.

Virtasalo, J. J., A. T. Kotilainen, M. E. Räsänen, and A. E. Ojala. 2007. 
“Late-Glacial and Post-Glacial Deposition in a Large, Low Relief, 
Epicontinental Basin: The Northern Baltic Sea.” Sedimentology 54, no. 
6: 1323–1344. https://​doi.​org/​10.​1111/j.​1365-​3091.​2007.​00883.​x.

Virtasalo, J. J., P. Österholm, and E. Asmala. 2023. “Estuarine 
Flocculation Dynamics of Organic Carbon and Metals From Boreal 
Acid Sulfate Soils.” Biogeosciences 20, no. 14: 2883–2901. https://​doi.​org/​
10.​5194/​bg-​20-​2883-​2023.

Virtasalo, J. J., P. Österholm, A. T. Kotilainen, and M. E. Åström. 
2020. “Enrichment of Trace Metals From Acid Sulfate Soils in 
Sediments of the Kvarken Archipelago, Eastern Gulf of Bothnia, Baltic 
Sea.” Biogeosciences 17, no. 23: 6097–6113. https://​doi.​org/​10.​5194/​
bg-​17-​6097-​2020.

Weckström, K. 2006. “Assessing Recent Eutrophication in Coastal 
Waters of the Gulf of Finland (Baltic Sea) Using Subfossil Diatoms.” 

 13652389, 2025, 2, D
ow

nloaded from
 https://bsssjournals.onlinelibrary.w

iley.com
/doi/10.1111/ejss.70075 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [08/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s001900050191
https://doi.org/10.3354/cr027059
https://doi.org/10.1016/j.ancene.2018.02.003
https://doi.org/10.1016/j.ancene.2018.02.003
https://doi.org/10.3389/fenvs.2019.00088
https://doi.org/10.1016/j.ecss.2007.07.002
https://doi.org/10.1016/j.ecss.2007.07.002
https://doi.org/10.1007/s12665-011-1216-4
https://doi.org/10.1007/s12665-011-1216-4
https://doi.org/10.1016/j.apgeochem.2012.12.015
https://doi.org/10.1016/j.apgeochem.2016.01.003
https://doi.org/10.1016/j.apgeochem.2016.01.003
https://doi.org/10.1071/SR03088
https://doi.org/10.1071/SR03088
https://doi.org/10.1080/09064710.2014.997787
https://doi.org/10.1002/ird.334
https://doi.org/10.1016/j.still.2006.03.011
https://doi.org/10.1016/j.scitotenv.2024.171959
https://doi.org/10.2137/1459606054224075
https://doi.org/10.1016/j.geoderma.2023.116559
https://doi.org/10.1016/j.geoderma.2023.116559
https://scalgo.com/live
https://doi.org/10.1111/j.0906-7590.2004.03749.x
https://doi.org/10.1021/es020022g
https://doi.org/10.1007/978-94-024-0990-1_1
https://doi.org/10.3354/cr00953
https://doi.org/10.1007/s10933-009-9390-z
https://doi.org/10.1007/s10933-009-9390-z
https://doi.org/10.1111/j.1365-3091.2007.00883.x
https://doi.org/10.5194/bg-20-2883-2023
https://doi.org/10.5194/bg-20-2883-2023
https://doi.org/10.5194/bg-17-6097-2020
https://doi.org/10.5194/bg-17-6097-2020


16 of 16 European Journal of Soil Science, 2025

Journal of Paleolimnology 35: 571–592. https://​doi.​org/​10.​1007/​s1093​
3-​005-​5264-​1.

Weckström, K., and S. Juggins. 2005. “Coastal Diatom-Environment 
Relationships From the Gulf of Finland, Baltic Sea.” Journal of Phycology 
42: 21–35. https://​doi.​org/​10.​1111/j.​1529-​8817.​2006.​00166.​x.

Weckström, K., J. P. Lewis, E. Andrén, et al. 2017. “Palaeoenvironmental 
History of the Baltic Sea: One of the Largest Brackish-Water Ecosystems 
in the World.” In Applications of Paleoenvironmental Techniques in 
Estuarine Studies. Developments in Paleoenvironmental Research, ed-
ited by K. Weckström, K. Saunders, P. Gell, and C. Skilbeck, vol. 20, 
615–662. Springer. https://​doi.​org/​10.​1007/​978-​94-​024-​0990-1_​24.

Yu, C., J. J. Virtasalo, T. Karlsson, and M. E. Åström. 2015. “Iron 
Behavior in a Northern Estuary: Large Pools of Non-sulfidized Fe (II) 
Associated With Organic Matter.” Chemical Geology 413: 73–85. https://​
doi.​org/​10.​1016/j.​chemg​eo.​2015.​08.​013.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

 13652389, 2025, 2, D
ow

nloaded from
 https://bsssjournals.onlinelibrary.w

iley.com
/doi/10.1111/ejss.70075 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [08/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s10933-005-5264-1
https://doi.org/10.1007/s10933-005-5264-1
https://doi.org/10.1111/j.1529-8817.2006.00166.x
https://doi.org/10.1007/978-94-024-0990-1_24
https://doi.org/10.1016/j.chemgeo.2015.08.013
https://doi.org/10.1016/j.chemgeo.2015.08.013

	The Impacts of Loading From Acid Sulfate Soils on Boreal Estuarine Sediments
	ABSTRACT
	1   |   Introduction
	2   |   Material and Methods
	2.1   |   Description of the Study Area
	2.2   |   Sediment Sampling
	2.3   |   Analysis
	2.4   |   Estimation of Estuarine Element Enrichment

	3   |   Results
	3.1   |   General Sediment Properties
	3.2   |   137Cs Dating
	3.3   |   Diatoms
	3.4   |   Element Patterns
	3.5   |   Sulfur and Acidity

	4   |   Discussion
	4.1   |   Depositional Setting and Element Accumulation and Transport
	4.2   |   Future AS Soils and Consequences of Sediment Uplift and Redeposition

	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


