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A B S T R A C T   

Extensive red/brown precipitates of unknown origin and composition have caused ecological degradation of a 
wetland nature reserve (the Water Kingdom Biosphere Reserve) in the hemiboreal zone in south Sweden. 
Chemical analyses of samples containing the precipitates showed strong dominates of Fe and elevated levels of 
rare earth elements (REEs), Be, and U. In addition, synchrotron-based analyses indicated that the Fe in these 
precipitates was bound largely in akageneite and/or schwertmannite. Under nearby farmlands, acid sulfate soils, 
developing on sulfide-bearing sediments and notorious for abundant export of metals, were identified and found 
to be widespread, deep (down to the sampling depth of 180 cm or deeper), and very acidic (minimum pH range 
for soil profiles: 2.8–3.5). In-between the farmland and wetland was a central drain that can act as both a 
transporter and sink of elements leached from the acid sulfate soils. In the drain had accumulated sediments that 
had strongly elevated concentrations of Al (15%), 

∑
REE (2725 mg/kg), Be (15 mg/kg), and U (37 mg/kg). Based 

on these data and features, a conceptual model for the areas was proposed. The acid sulfate soil releases several 
major and trace elements, including Fe2+, which are transported in acidic waters via drainpipes to the central 
drain where pH increases, causing extensive precipitation of Al, REEs, Be, and U as well as Fe2+ oxidation and 
formation of Fe oxyhydroxides and oxyhydroxysulfates. A substantial part of the Fe2+ in the drain water, 
however, remains in solution, so when this water is ultimately pumped to the wetland, large amounts of Fe2+

together with significant amounts of Al, REEs, Be, and U and transported to the wetland where Fe2+ is finally 
oxidized, precipitated and retained. Yet several other metals, leached abundantly from the acid sulfate soils (Mn, 
Zn, Ni, Co, and Cd), were not found in elevated levels in any of the recipients and therefore most likely have been 
transported beyond our sampling sites and has thus reached further out in the ecologically sensitive wetland.   

1. Introduction 

On the plains of the Baltic Sea coast in the hemiboreal zone (southern 
Sweden), a wetland nature reserve (the Water Kingdom Biosphere 
Reserve in the Kristianstad municipality), hereafter referred to as 
wetland, has experienced substantial degradation caused by abundant 
red/brown precipitates in both surface and subsurface soil layers. The 
origin of these precipitates has been unknown. In many cases, pre-
cipitates like this can be linked to the dispersion of iron and other metal 
contaminants from industry (Adesuyi et al., 2015; Kashem and Singh, 
1999), mining (Boularbah et al., 2006; Gleekia, 2016), or other activities 
(Heller et al., 1998). However, this is not the case for the wetland as no 

activities of such kind are found in the area. Therefore, it was hypoth-
esized that the source of the precipitates in the wetland is linked to 
metals (e.g., Fe) dispersed from adjacent acid sulfate (AS) soils. The 
rational is that AS soils (i) may exist under nearby farmlands as observed 
elsewhere in coastal areas of Sweden and Finland (Sohlenius and Öborn, 
2004; Yli-Halla, 1997), (ii) typically export large quantities of iron and 
other metals to the surrounding environment (Åström and Corin, 2000; 
Gröger et al., 2011; Johnston et al., 2010), and (iii) have been linked to 
similar precipitates in warmer climates elsewhere (Fitzpatrick et al., 
2017). 

AS soils are an acidic soil type (pH < 4.0) formed as a result of 
oxidation of metal sulfides (pyrite and metastable iron sulfides) in 
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carbonate-poor fine-grained sediments (Attanandana and Vachar-
otayan, 1986; Dost and Breemen, 1981). The oxidation can occur due to 
natural processes such as extended drought or isostatic land uplift, but 
more commonly as a result of artificial drainage to extend agricultural 
land (Åström, 2001). A characteristic feature of AS soils is that they 
deliver acidic waters enriched in a number of metals to adjacent wa-
terways (Boman et al., 2008; Fitzpatrick et al., 2017; Johnston et al., 
2010; Keene et al., 2011; Sohlenius and Öborn, 2004; Stone et al., 1998). 
Consequently, precipitates in downstream areas could be composed of 
Fe but also Al and trace metals abundantly leached from these soils 
(Fitzpatrick et al., 2017; Johnston et al., 2010; Keene et al., 2011). 
Therefore, this study focuses not only on Fe, but also on several other 
metals typically associated with AS soil drainage that may have 
contributed to the recognized environmental degradation in the study 
area. 

This study aimed to determine the dispersion patterns of Fe, as well 
as of other metals typically abundantly leached (Al, Mn, Co, Ni, Zn, Cd, 
U, Be, and REEs) and generally not leached in elevated levels (Cr, Nb, Bi, 
Th, and Ti) from boreal AS soils. The studied system comprised the 
farmland hypothesized to be underlain with AS soils, the adjacent 
wetland with the red/brown precipitates, and a central drain in-between 
the farmland and wetland and which therefore can potentially act as 
both a transporter and sink of metals leached from AS soils. The 
analytical work included analyses of solid-phase materials for total 
metal and S concentrations as well as Fe speciation by synchrotron- 
based X-ray absorption spectroscopy (XAS). 

2. Study area 

The study area, comprising the wetland, farmland, forest patches, 
and waterways, is located in the northern part of the Water Kingdom 
Biosphere Reserve, situated in the Kristianstad municipality in the 
hemiboreal zone of southern Sweden (Fig. 1). Since 1951, approxi-
mately 1 million m3/km2 of water drains annually from the farmland 
through a drainage system (subsurface drainpipes) installed 1–2.5 m 
below the soil surface (11-KLS-1585, 1950). This drainage has poten-
tially caused the oxidation of the sediments and developed young AS 
soils in the area. The hydrology of the study area allows precipitation 
(rain and snow melt water) to infiltrate the soil and reach the drainpipes 
under the farmland from which the water is discharged into a central 
drain system (approximately 2.1 km long). From there, the water is ul-
timately discharged onto the wetland via a pump system operating with 
a floating switch that is activated at a drain-water depth of 60 cm 
(11-KLS-1585, 1950). The bedrock in the area consists mainly of 
quartz/feldspar-rich sedimentary rocks (primarily sandstone) and acidic 
intrusive rocks, primarily granite and granodiorite (Fig. S1). Above the 
bedrock, there are commonly 5–10 m of Quaternary deposits (Fig. S2) 
with clay-silt sediments, glacial clay, sandy till and postglacial fine sand 
in the farmland and forest areas, and clay-silt sediments and sandy till 
under the wetland (Fig. S3). 

Fig. 1. Study area located in the hemiboreal zone (southern Sweden; bottom left image) consisting of 3 main systems; farmland soil (sampling sites: S1-7), drain 
sediment (D1 and D2) and wetland (W1-7). The final recipient (wetland), in the south of the study area has faced environmental degradation (Images a and b). 
Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community. 
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3. Methods 

3.1. Sampling 

The farmland soil, drain sediment, and wetland material were 
sampled in September–November 2018. During sampling, abundant 
cracks (horizontal opening up to 4 cm) were observed on the farmland’s 
surface, probably due to summer droughts in the area in 2017 (Campana 
et al., 2018) and 2018 (Rinne et al., 2020). Profiles of the farmland soil, 
consisting of fine-grained (clay-silt) material, were collected from points 
S1–S7 (Table S1; Fig. 1) with a 180 cm long soft soil auger Ø7 cm 
(Eikelkamp Royal Company). Due to restrictions set by landowners, a 
wider area could not be sampled. However, we consider seven profiles 
within the study area to be enough to reliably assess the overall occur-
rence and geochemical status of AS soils in the area. Samples were taken 
at every 20 cm intervals from the surface down to a depth of 180 cm. 
Cores of the fine-grained drain sediments were collected from points D1 
and D2 (Table S1; Fig. 1) which were representative of the drain system. 
They were taken with a 100 cm long PVC tube (Ø 57 mm, Eikelkamp 
Royal Company), from the bottom of the drain to the sediment top, and 
sliced into 2.5 cm segments on a cutting board. The drain was cleaned (i. 
e., the sediments were excavated) in 5–10 year intervals to maintain its 
drainage capacity. The latest excavation was in 2012, that is, 6 years 
before the sampling, which means that in a short time period a thick 
sediment (approximately 0.5 m) had built up. From the wetland area 
with red/brown precipitates, surface samples (0–5 cm) were collected at 
sites W1–W7, and a profile (100 cm, with 20 cm segments) at site W3 
(Table S1; Fig. 1) using the 180 cm long soft soil auger Ø7 cm (Eikel-
kamp Royal Company). The reason for focusing on the surface is that this 
was considered the most contaminated part of the wetland, while the 
profile was taken in order determine to what extent the contaminants 
had reached deeper layers. The pH values of all samples (Tables S2–S4) 
were recorded in the field using a FlaTrode probe instrument (Hamilton 
Company). 

3.2. Determination of metal concentrations and organic matter 

Four of the soil profiles (S3, S4, S6, and S7, Fig. 1), the two drain 
sediment cores and the wetland samples were analyzed for near-total 
concentrations of Ti, Nb, Cr, Bi, Th, S, Al, Mn, Zn, Ni, Co, Cd, REEs 
(La, Ce, Pr, Nd, Sm, Er, Ho, Eu, Gd, Tb, Dy, Tm, Yb, and Lu), Be, U, and 
Fe. Before the analysis, the samples were air-dried (30 ◦C), grounded, 
and homogenized in a mortar and pestle. All samples were subjected to 
near-total digestion, i.e., each dried and homogenized sample (0.25 g) 
was digested by stepwise addition of hydrofluoric acid, nitric acid, and 
perchloric acid. The obtained solution was dried, and subsequently, the 
solution phase was retained by adding nitric and hydrochloric acids 
(Shahabi-Ghahfarokhi et al., 2021). The elemental concentrations were 
determined by Inductively Coupled Plasma Mass Spectrometry at Acti-
vation Laboratories Ltd (ActLabs), Canada, (http://www.actlabs.com/). 
The analytical precision was controlled with the coefficient of variation 
(CV) using anonymously randomized duplicates (Gill, 2014). Based on 
the interpretation of the CV% results (Faria Filho et al., 2010), data were 
good (10–20%) to very good (<10%) for the determined elements 
(Tables S11–S15). The samples were additionally analyzed with the loss 
of ignition (LOI) method (Heiri et al., 2001) by burning 1 g of the 
air-dried samples in crucibles for 4.5 h at 550 ◦C. Each sample’s calcu-
lated difference (loss weight) before and after burning was considered 
an approximation of the organic matter concentrations. 

3.3. Qualitative assessment of leaching losses 

Leaching losses from the soil was assessed by the “depletion 
method”, which refers to decreased concentrations of metals and sulfur 
in the upper part of the profiles as compared to the deepest (parent 
material) parts. Therefore, it is crucial that the soil was inherently 

geochemically homogenous, that is, had no or only minor vertical var-
iations in element concentrations prior to weathering and leaching 
(Casetou-Gustafson et al., 2020; Starr et al., 2014). Five metals consid-
ered immobile in this soil (Ti, Nb, Cr, Bi, and Th) were used to assess the 
geochemical homogeneity of the soil profiles. Due to uncertainties 
associated with this method, only qualitative assessments were made. 

3.4. X-ray absorption spectroscopy (XAS) 

Iron K-edge XAS spectra were collected in transmission mode at the 
Balder beamline at the MAX-IV laboratory (Lund, Sweden). The storage 
ring was operated at 3.0 GeV and ~250 mA. The incident X-ray beam, 
tuned by a pair of Si (111) crystals, has a transmitted flux of 10− 12-10− 13 

photons/s (Klementev, 2001). Prior to the measurement, the X-ray beam 
was focused into a 150 μm (v) × 150 μm (h) spot, and the energy of the 
X-ray beam was calibrated by assigning the first inflection point of a Fe 
foil at 7112 eV. Selected soil, drain sediment, and wetland samples were 
pulverized, homogenized, and analyzed as pellets. The XAS data were 
recorded from − 200 to +570 eV relative to the Fe K-edge using a fly scan 
mode (ΔT = 0.5). To achieve satisfactory signal-to-noise ratios, 10–15 
scans of each reference and 15–20 scans of each sample were recorded. 
No significant radiation-induced damage occurred during data collec-
tion, as multiple scans gave almost identical extended X-ray absorption 
fine structure (EXAFS) spectra. The scans for each sample and reference 
were aligned, summed, background-subtracted, and normalized using 
the Viper software (Klementev, 2001). Details of normalization and 
background removal are found in the supplementary material 
(Description S1). To get quantitative information on the Fe mineralogy 
in the natural samples, linear combination fitting (LCF) was performed 
using the ATHENA software package (Ravel and Newville, 2005). The 
analysis was started with two references giving the lowest R-factor, and 
additional reference spectra were included in the fit stepwise if the 
R-factor decreased >10%. Each fitted fraction was constrained between 
0 and 1, but the sum of all fractions was not constrained to 1 
(Tables S16–S18). In addition, to validate the LCF EXAFS results for 
samples with one dominant Fe specie, the local coordinate environment 
of Fe was evaluated (Ravel and Newville, 2005) using EXAFS 
shell-fitting (Table S19 and Description S2). 

Iron reference materials include purchased magnetite (Sigma- 
Aldrich), goethite (Sigma-Aldrich) and pyrite (originated from Peru, 
http://www.kristallrummet.se/), and prepared ferrihydrite (Schwert-
mann and Cornell, 2000), lepidocrosite (Schwertmann and Cornell, 
2000), schwertmannite (Regenspurg et al., 2004), Fe(III)-loaded humic 
acid (HA) (Karlsson and Persson, 2010), FeS (Cooper and Morse, 1999), 
akaganeite (Ståhl et al., 2003) and jarosite (Baron and Palmer, 1996). In 
addition, available EXAFS spectra of three common Fe-bearing phyllo-
silicates (illite, biotite, and chlorite) were included (Yu et al., 2020). The 
soil, drain, and wetland samples for the XAS study were in the field 
stored in falcon tubes (filled to avoid headspace), and the lids were 
sealed. Samples were immediately dried in a glove box (O2 < 1 ppm, 
MBraun Labstar Glovebox) (Description S3). The reference, soil, drain 
sediment, and wetland samples were pressed into 13 mm Ø pellets that 
were analyzed on the beamline. 

3.5. Data processing and images 

The data processing and graph generations were done in R Studio 
(RStudio 2018), and illustrations were made in Affinity Designer Soft-
ware, version 1.7.3.481. The map (Fig. 1) was developed in ArcGIS Pro® 
software by Esri (Copyright © Esri. All rights reserved, www.esri.com), 
and site images were added by Affinity Designer. 
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4. Results 

4.1. pH 

Six of the farmland soil profiles (S2–S7) had pH patterns character-
ized by relatively high values (pH 5.6–6.8) in the topmost sample at 
0–20 cm (except S3 with pH 4.5) and below that depth strongly 
decreasing values accompanied with some very low values (minimum 
range for the profiles: 2.8–3.5) (Fig. 2). In all six of these farmland soil 
profiles, pH was <4.0 in the second deepest sample at 140–160 cm. In 
addition, in three profiles (S2, S4, and S6), the pH was <4.0 in the 
deepest sample at 160–180 cm (Fig. 2). As boreal AS soils are classified 
as soils with pH values < 4.0 (Yli-Halla, 1997), all these six profiles 
represent deep AS soils. The farmland soil profile S1 had a pH between 
5.7 and 7.0 and was thus not an AS soil. The pH of the drain sediments 
was high and stable throughout in D1 (pH 6.3–6.6) and slightly 
increased with depth in D2 (pH 6.0–6.8). The wetland material had a pH 
of 4.5–6.1 (Fig. 2). 

4.2. Organic matter 

The organic matter concentrations, determined through the LOI 
analyses, varied extensively in soil profiles S4 and S5 (from <10% to 
>40%), but in the other five profiles were less variable with depth, 
however, with large between-profile variability, ranging from 

approximately 5% to approximately 20–25% (Fig. 2). The peak con-
centrations (>40%) in the middle parts of S4 and S5 indicated interca-
lated layers of peat (Loisel et al., 2014). However, this layer did not 
cause any significant change in pH (Fig. 2). In the drain sediment, the 
organic matter concentrations were high throughout, with an overall 
decrease with depth in D1 (23–39%) and consistently high values in D2 
(27–34%). Also, in the wetland material, the concentrations were high 
(25–46%). 

4.3. Titanium, Nb, Cr, Bi, and Th 

Previous studies focusing on AS soils in the boreal zone have shown 
that Ti, Nb, Cr, Bi, and Th are generally not leached in higher concen-
trations from these acidic soils than from other near-neutral (or weakly 
acidic) soils (Åström and Corin, 2000; Åström and Deng, 2003; 
Österholm and Åström, 2002). This observations, combined with the 
young AS soils in the study area (artificial drainage from early 1950s), 
should have prevented significant leaching of these metals from the 
soils. In line with this assumption, the concentrations of Ti, Nb, Cr, Bi, 
and Th in the recipients (drain sediment and wetland material) were 
similar to, or lower than in the AS soils, supporting minimal leaching of 
these metals from the AS soils (Fig. 3 and Table 1). This behavior of Cr, 
Th, Ti, and Nb is explained by their occurrence in relatively resistant 
minerals and low mobility of any released fractions (Åström and Deng, 
2003; Österholm and Åström, 2002). For Bi, no such previous data for 

Fig. 2. pH and concentrations of organic matter (OM) of farmland soil profiles (S1– S7), drain sediment profiles (D1 and D2), and wetland material (W1– W7).  
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AS soils exists. 
Taking Ti and Nb as examples, it is evident that there was substantial 

vertical variability in the concentrations of these metals in soil profiles 
S4 and S6 (Fig. 3 and A.4), which is strong evidence of inherent 
geochemical heterogeneity. However, in the other two soil profiles (S3, 
S7), the variations in the concentration of these metals were much 
smaller. Therefore, soil profiles S3 and S7 were chosen to assess sulfur 
and metal distribution within and losses from the soils, bearing in mind 
that these two profiles are not developed on a sediment sequence that is 
strictly homogeneous geochemically. Hence, only a qualitative assess-
ment of leaching losses was made. 

4.4. Iron 

The average Fe concentrations were similar in the upper soil (0–100 

cm: 7.5%) and deep soil (100–180 cm: 7.5%) sections and the drain 
sediments (7.2%), but approximately three times higher in the wetland 
material (Table 1). In the latter, the maximum Fe concentration was as 
high as 32.8% (Fig. 4). 

In the soil (S7 only studied), there were substantial changes in Fe 
speciation along the profile (Figs. 5 and 6). In the deepest sample 
(160–180 cm), the Fe budget was dominated by pyrite and FeS, as ex-
pected for reduced materials in the C-horizon of AS soils. In the two 
samples above that depth (120–160 cm) pyrite strongly decreased, FeS 
disappeared, and goethite became important. In the three uppermost 
samples, Fe-sulfide minerals were absent, and the Fe(III) phases were 
dominated by jarosite and akaganeite/schwertmannite. The reason for 
not separating the latter two is that although LCF and shell fitting 
(Table S19) indicated akaganeite, the high similarity of the reference 
spectra of this mineral and schwertmannite makes them difficult to 

Fig. 3. Niobium and Ti concentrations (mg/kg) in farmland soil profile (S3, S4, S6 and S7), drain sediments profiles (D1 and D2), and surface (W1, W2, W4, W5, W6, 
W7) and the profile (W3) samples from the wetland. To separate the surface samples (0–20 cm) of soil and wetland and prevent visual overlap, we have illustrated the 
wetland surface sample and profile surfaces (0–20 cm) at 0 cm depth. 

Table 1 
The average (Ave.), 10th (p10), and 90th (p90) percentile values of S, Fe and Al (in percentage) and of 

∑
REE, Mn, Zn, Ni, Cd, Be, U, Ti, Nb, Co, Cr, Bi, and Th (in mg/ 

kg) from upper (0–100 cm) and deep soil (100–180 cm) sections, drain sediments, surface and profile (W3) of the wetland sample (Tables S5–10).   

%S %Fe %Al 
∑

REE mg/kg Co mg/kg Th mg/kg 

Ave.* p10** p90*** Ave. p10 p90 Ave. p10 p90 Ave. p10 p90 Ave. p10 p90 Ave. p10 p90 

Upper soils1 0.78 0.49 1.0 7.5 6.0 8.8 5.7 5.2 6.1 267 214 341 8.3 6 10 13 11 14 
Deep soils2 3.4 2.2 4.6 7.5 6.5 8.4 5.7 5.4 6 397 347 438 16 13 21 13 11 14 
Drain sediments 2.1 1.4 2.6 7.2 5.8 8.4 15 11.8 17 2725 1682 3825 8.8 2.6 13 8.9 6.4 11 
Wetland surface 1.6 1.4 2 18 11 26 8.3 6.3 11 587 491 730 9.2 1.7 16 9.5 7.3 10 
Wetland profile3 2.6 1.9 3.1 24 12 31 6 4.1 8.7 284 176 485 15 4.4 35 8.8 5.6 11   

Mn mg/kg Zn mg/kg Ni mg/kg Cd mg/kg Cr mg/kg 

Ave. p10 p90 Ave. p10 p90 Ave. p10 p90 Ave. p10 p90 Ave. p10 p90 

Upper soilsa 371 319 406 65 48 90 13 11 15 0.15 0.10 0.22 83 60 97 
Deep soilsb 677 453 983 93 75 109 18 16 21 0.35 0.24 0.49 94 68 125 
Drain sediments 199 81 298 164 72 256 13 5.6 18 0.45 0.20 0.60 33 26 39 
Wetland surface 227 89 466 80 28 121 9.7 5.7 13 0.28 0.15 0.45 40 36 44 
Wetland profilec 170 118 213 76 43 109 7.2 4.9 9.8 0.15 0.10 0.26 42 28 54  

Be mg/kg U mg/kg Ti mg/kg Nb mg/kg Bi mg/kgs 
Ave. p10 p90 Ave. p10 p90 Ave. p10 p90 Ave. p10 p90 Ave. p10 p90 

Upper soilsa 1.7 1.5 2 5.2 4.2 6.3 0.33 0.3 0.35 11 9.2 13 0.16 0.14 0.18 
Deep soilsb 1.8 1.7 1.9 5.6 4 7.5 0.30 0.27 0.32 11 10 13 0.17 0.14 0.21 
Drain sediments 15 12 19 37 29 46 0.09 0.04 0.14 3.9 1.5 5.8 0.07 0.05 0.11 
Wetland surface 5.8 5.1 6.6 23 16 29 0.04 0.02 0.07 1.6 0.95 2.7 0.06 0.03 0.1 
Wetland profilec 4.7 3.3 6.7 15 9.8 22 0.02 0.01 0.03 1.0 0.60 1.4 0.04 0.03 0.05 

*Average of the data (Ave.)** The 10thpercentile of the data (p10) *** The 90th percentile of the data (p90). 
a Samples from S3 and S7 in the upper (0–100 cm) section. 
b Samples from S3 and S7 in the deep (100–180 cm) section. 
c Profile samples W3 obtained from the wetland. 
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Fig. 4. Concentrations of S, Al and Fe (%) and concentrations of 
∑

REE, Zn, Ni, U and Be (mg/kg) in farmland soil profile S3 and S7, drain sediments profiles (D1 and 
D2), surface (W1, W2, W4, W5, W6, W7) and the profile (W3) sample from the wetland. To separate the surface samples (0–20 cm) of soil and wetland and prevent 
overlap, we have illustrated the wetland surface sample and profile surface (0–20 cm) at 0 cm depth. 
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confidently separate. This has been observed also previously (Bigham 
and Nordstrom, 2000) and is related to similar structure (tunnel) and 
Fe-binding environment of the two minerals (Bishop et al., 2015; 
Regenspurg et al., 2004). Phyllosilicate-bound Fe occurred at all depths, 
except for the deepest sample, where in addition to the Fe-sulfide min-
erals Fe(III) bound to humic acid was relatively abundant. The result for 
the deepest sample is thus questionable as some phyllosilicate bound Fe 
would have also been expected here, and as an abundance of Fe(III) 

bound to humic acid in an environment with an abundance of sulfide 
seems unlikely. 

In the drain sediment, chlorite was the only identified Fe-bearing 
phyllosilicate and occurred at all depths (Fig. 6). In addition, jarosite, 
goethite, and akaganeite/schwertmannite occurred at most depths, 
whereas ferrihydrite was abundant in the upper part of the sediment 
(Fig. 6). In the wetland material, akaganeite/schwertmannite was the 
dominating phase (Fig. 6). 

Fig. 5. Fe K-edge X-ray absorption spectroscopy spectra of references (left) and samples (right). For the samples, the linear combination fitting (LCF) is presented as a 
dashed line, with S referring to soil samples, D to drain sediments and W to wetland samples. 

Fig. 6. The proportions of Fe species identified and quantified in soil, sediment, and wetland samples by linear combination fitting of EXAFS spectra. In addition, the 
Fe and OM concentrations are plotted. The proportion of species and errors of the linear combination fitting are found in Tables S16–18. 
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4.5. Sulfur 

At the bottom of soil profiles S3 and S7 (three deepest samples at 
depths of 120–180 cm), the S concentrations were very high, 2.3–3.2% 
and 4.2–5.5%, respectively (Fig. 4 and Table 1). In the deepest sample in 
S7 (160–180 cm), the S was bound in pyrite and FeS, whereas in the two 
samples above that depth (120–160 cm) pyrite strongly decreased, FeS 
disappeared, and no oxyhydroxysulfate minerals were detected (Fig. 6) 
indicating a substantial amount of S in other phases. Above the three 
deepest sampling points, the S concentrations decreased, were bound in 
oxyhydroxysulfates and reached at depths of <50 cm values well below 
1% (Figs. 3 and 6). These are typical concentration-variation patterns of 
S in AS soils explained by metal-sulfide oxidation followed by extensive 
leaching of sulfate in the oxidized layer above the ground-water table 
(Johnston et al., 2009; Sohlenius and Öborn, 2004). In the two 
drain-sediment profiles, the S concentrations were also high (2.1% on 
average), however, with contrasting depth-related trends at the two sites 
(Fig. 4, Table 1). The wetland material had S concentrations similar to 
those of the drain sediments (Fig. 4, Table 1). 

4.6. Manganese, Zn, Ni, Co, Cd, REE, Be, U and Al 

The data for these metals are presented in Fig. 4, Tables 1 and S6- 
S10. The average concentration was considerably lower in upper soil 
than in deep soil for Mn (377 mg/kg and 677 mg/kg, respectively), Co 
(8 mg/kg and 16 mg/kg), Ni (13 mg/kg and 18 mg/kg), Zn (65 mg/kg 
and 93 mg/kg), Cd (0.15 mg/kg and 0.35 mg/kg) and the 

∑
REEs (326 

mg/kg and 457 mg/kg), weakly but clearly lower for U (1.5 mg/kg and 
1.7 mg/kg) and Be (1.7 mg/kg and 1.8 mg/kg), whereas for Al the 
concentrations were similar at these two soil depths (5.7% and 5.6%). 
The drain sediments were, as compared to deep soil, not enriched in Mn, 
Co, and Ni, slightly enriched in Zn (164 mg/kg) and Cd (0.45 mg/kg), 
and strongly enriched in Al (15%), 

∑
REE (2725 mg/kg), Be (15 mg/kg) 

and U (37 mg/kg). The concentrations in the wetland material were 
variable. Aluminum, REE, Be, and U were higher than in deep soil but 
lower than in the drain sediments, and the others (Mn, Ni, Co, Zn, Cd) 
similar to/or lower than in deep soil. 

5. Discussion 

5.1. Occurrence and pH features of AS soils in the area 

Six out of the seven collected soil profiles were classified as AS soils, 
which shows that most of the soils under the farmland in the sampled 
area consist of these soils. Also under the farmland to the north (not 
allowed to be sampled), AS soils are likely to exist as here the topog-
raphy, and most likely the sediments, are similar as in the sampled area. 
Furthermore, the pH of the AS soils was very low, with minimum values 
for the six profiles ranging from 2.8 to 3.5. These pH values are some-
what lower than is typical for boreal AS soils (Åström, 2001; Joukainen 
and Yli-Halla, 2003; Sohlenius and Öborn, 2004; Toivonen and 
Österholm, 2010), and maybe related to the exceptionally high S con-
centrations in the parent material (up to 5.5%). Taken together, the 
widespread occurrence and very low minimum pH of the AS soils means 
they are a potentially massive supplier of acidity, sulfate, and metals to 
the surrounding environment, similarly to AS soils elsewhere (Boman 
et al., 2008; Fitzpatrick et al., 2017; Keene et al., 2011; Sohlenius and 
Öborn, 2004; Stone et al., 1998). 

An unexpected feature of the soil profiles was that the very high S 
concentrations at 120–160 cm (2.3–3.2% in S3 and 4.2–5.5% in S7) 
were accompanied by very low pH values (3.3–3.4 in S3 and 3.3–3.9 in 
S7) and even in the deepest sample (160–180 cm) that also had very 
high S concentrations (3.2% and 4.2%, respectively) pH had dropped to 
5.4 and 4.3, respectively (Figs. 2 and 4 and Tables 1 and S2). In the 
deepest sample (only S7 studied), pyrite and FeS were abundant (Fig. 6). 
Therefore the relatively minor drop in pH at this depth may have been 

caused by oxidation of a very minor part of the sulfides in combination 
with a poor buffering capacity of the soil material. In the two samples 
above this depth (120–160 cm), pyrite had strongly decreased, and FeS 
had disappeared, which is evidence that the low pH (<4.0) was a result 
of iron-sulfide oxidation. However, the S concentrations at these depths 
were still very high, indicating that sulfate formed by sulfide oxidation 
had mainly been retained in these deep soil layers. As no oxy-
hydroxysulfates were identified at these depths with the applied tech-
nique (LCF of Fe EXAFS spectra), further studies are required to 
determine the S speciation in this part of the soil profile. Because of these 
features, it is here not relevant to refer to the oxidized, transition, and 
reduced zones as is typically done in AS soils studies. Instead, the term 
“acidic S-depleted” is used to refer to the zone that had lost a consid-
erable part of its S content and was acidic, and thus coincides generally 
with what is defined as “upper soil” (0–100 cm). 

The summer droughts in the area in 2017 (Campana et al., 2018) and 
2018 (Rinne et al., 2020), that is, just prior to the soil sampling in 
autumn 2018, may have caused a substantial drop in the ground-water 
table on the farmland. Hence, the low pH deep into the soil caused by 
iron-sulfide oxidation may, to a significant extent, be a very recent 
phenomenon. This could also explain extensive retention of sulfate, that 
is, very limited leaching from lower parts of the profile under these 
weather conditions during the last couple of years. As the hydrology of 
northern climatic zones (hemiboreal and boreal) has changed and might 
cause an increase in seasonal variability (summer droughts and wet 
winters) in the ground-water levels (Jarsjö et al., 2020), deep soil 
oxidation and subsequent formation and flushing of acidity may become 
even more prominent in the future. 

5.2. Distribution and behavior of metals in the system 

Fig. 7 presents an overview of the relative dispersion of chemical 
elements in the studied setting. The concentrations in deep soil are taken 
as a baseline (Fig. 7). The size and direction of a triangle indicate the 
extent of depletion or enrichment in the recipients (drain and wetland) 
relative to the baseline. As outlined above, the metals Ti, Nb, Cr, Bi, and 
Th are poorly mobile in AS soils. Therefore, their concentrations in the 
recipients were generally either lower or much lower than the baseline 
values (Fig. 7). The behavior of the other metals, which are commonly 
mobilized in AS soil environments, are discussed below. 

5.2.1. Aluminum, REEs, Be, and U: extensively enriched in the drain 
sediment 

Compared to the baseline values, there was a strong enrichment of 
Al, REEs, Be, and U in most of the 50-cm-thick drain sediment (Fig. 4, 
Table 1), which show that the accumulation of these metals in the 
sediment has been very high during the sediment-depositional period in 
2012–2018 (i.e., the period between the last dredging of the drain 
sediments and the sampling). The 

∑
REE concentrations can be 

considered as exceptionally high (10th percentile 1682 ppm, average 
2725 ppm, 90th percentile 3825 ppm), i.e., more than an order of 
magnitude higher than the Mn concentrations (Table 1), and are 
therefore perhaps the highest ever recorded in sediments receiving 
drainage from geological materials not mineralized in the REEs. The 
strong enrichment of these metals in the drain sediment is certainly a 
result of an export from AS soils because: (i) AS soils elsewhere typically 
release and deliver strongly increased relative amounts of Al (Åström, 
1998), REEs (Astrom et al., 2020; Xu et al., 2018), Be (Åström et al., 
2018), and U (Nordmyr et al., 2008), (ii) there are no known other 
sources of these metals in the area and (iii) REEs, Be and U were depleted 
in the acidic S-depleted zone in the AS soils (Fig. 4) which is evidence of 
substantial leaching losses. However, there was no corresponding 
detectable loss of Al in this soil layer. The explanation is that Al is a 
major metal in AS soils (occurring in levels of 5–6%; Table 1), and 
therefore, due to the young age of the soil, its losses in relative terms has 
been negligible. This Al feature has also been reported for AS soils 
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further north in the boreal zone (Åström, 1998). 
The solubility of Al, REEs, and Be in natural environments is highly 

pH-dependent which to a large extent explains their typical strong 
enrichment in acidic waters discharged from AS soils. Their enrichment 
in the drain sediment is therefore conceptualized as follows. Aluminum, 
REEs, and Be are released from weatherable minerals under the highly 
acidic conditions in the AS soils and are thereafter transported in acidic 
waters discharged via drainpipes from these soils. This acidic water ul-
timately ends up in the central drain, where neutralization will occur 
(Table S20), resulting in coagulation and accumulation in the sediment. 
Aluminum is certainly precipitated as hydroxides, whereas the REEs and 
Be may have been scavenged by the Al-hydroxides, the abundantly 
occurring organic matter (Armiento et al., 2013) or by secondary Fe(III) 
phases such as ferrihydrite, goethite and akaganeite/schwertmannite 
identified in the drain sediment (Fig. 6). Due to their very high con-
centrations, the REEs may also have formed discrete REE-mineral pha-
ses, as identified in similar settings elsewhere (Xu et al., 2019). The 
sedimentary accumulation of U, which is a redox-sensitive metal, may 
be caused by uranyl being transported via the drainpipes to the central 
drain with subsequent formation within the drain/drain-sediment of 
insoluble UO2 and/or binding by organic matter (Duff et al., 2000). 

Another common feature of Al, REEs, Be, and U is that in the wetland 
material, their concentrations were considerably lower than in the drain 
sediment but generally higher than in deep soil (Fig. 4, Table 1). This 
indicated that the central drain was a particularly efficient trap for these 
metals but also that further transport to the wetland occurred to some 
extent. 

5.2.2. Iron: strongly enriched in the wetland material 
Iron losses were not detected in the upper soil (Fig. 4, Table 1), so 

there is no direct evidence that Fe has been leached from the acidic S- 
depleted soil layer. However, Fe mineral transformation in the soil was 

extensive as expected, with an abundance of pyrite and FeS in the 
deepest soil sample, and upwards transformation to and dominance of 
secondary oxyhydroxides and oxyhydroxysulfates (Fig. 6). Similar pat-
terns have frequently been observed in AS soils elsewhere (Ahern et al., 
2004; Bibi et al., 2011; Boland, 2009; Boman et al., 2008; Claff et al., 
2010; Keene et al., 2011; Mosley et al., 2014; Nordmyr et al., 2006). 

In the drain sediment, Fe occurred in similar concentrations as in the 
soil (Fig. 4, Table 1), and existed to a large extent in secondary Fe(III) 
minerals including a large contribution from phases forming under 
acidic conditions such as jarosite and akaganeite/schwertmannite. This 
strongly point to the transport of Fe in acidic sulfate-rich waters from the 
AS soils and subsequent precipitation and preservation as oxy-
hydroxysulfates and Fe(III) oxyhydroxides in the drain. The undetected 
losses from the upper soil can thus be explained in a manner similar to 
Al, that is, Fe is a major metal occurring in 6–9% in the soil. Therefore 
even relatively large losses can be masked, as shown for AS soils else-
where (Åström, 1998). 

The wetland samples, containing an abundance of red/brown pre-
cipitates (Fig. 1a), were very rich in Fe (Table 1, Fig. 4). According to the 
LCF of the EXAFS spectra, these samples (and thus the precipitates) were 
dominated by akaganeite/schwertmannite (Fig. 6). In warmer climates, 
similar precipitates originating from AS soil are dominated by 
schwertmannite (Fitzpatrick et al., 2017). Several features and facts are 
pointing to AS soils as the source of the Fe-dominated precipitates: (i) 
the physical location of the precipitates in the vicinity of the outlet of the 
central drain (Fig. 1) carrying sediments heavily impact by acid and 
metal leaching from the AS soils, (ii) transport of substantial amounts of 
Fe from the AS soils to the central drain as indicated by the abundance of 
Fe oxyhydroxysulfates in the drain sediments, (iii) elevated concentra-
tions in the wetland samples (red/brown precipitates) of Al, Be, and U, 
all certainly derived from the AS soils, and (iv) no other obvious Fe 
sources in the area that could have produced these extensive precipitates 

Fig. 7. Illustration of a conceptual model of the system. The deep acid sulfate soil under the farmland (Table 1, below 100 cm) represents the initial concentrations 
(a) and is taken as a baseline. The recipients consist of the drain (b) and the wetland (biosphere reserve) (c). The size and shape of the symbol indicate lower, much 
lower, higher, and much higher concentrations relative to the deep acid sulfate soil. 
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at this particular location. 
The most likely mechanism by which Fe was abundantly transported 

to and precipitated in the wetland, is as follows. Part of the Fe2+ released 
by the oxidation of pyrite and metastable iron sulfides in the AS soils was 
discharged via the drainpipes to the central drain where it to a relatively 
large extent remained in solution despite increasing pH that precipitated 
Al and several trace metals (REE, Be, U). Thus, when the drain water was 
ultimately pumped to the wetland, several metals had already been 
largely removed (by precipitation) and trapped in the drain sediment, 
including Fe3+. In contrast, substantial amounts of Fe2+ had escaped 
oxidation and thus was transported to the wetland, where it finally 
oxidized and precipitated. The high Fe concentrations deep into the 
wetland (Fig. 4 and Table 1) indicated either that this process has been 
going on for a relatively long time (since the farmland drainage in the 
early 1950′s) or that a substantial part of the Fe2+ penetrated the 
wetland material before oxidation and precipitation. The latter process 
is supported by the fact that the highest Fe concentrations (approxi-
mately 30%) all occurred below 40 cm (Fig. 4). 

5.2.3. Manganese, Co, Ni, Zn, and Cd: not (or only marginally) enriched in 
the recipients 

Manganese, Zn, Ni, Co, and Cd were substantially lost from the upper 
soil (Fig. 4, Table 1), that is, had been extensively leached from the 
acidic S-depleted soil layer. There was a slightly smaller depletion in the 
uppermost sample(s), like for REEs, Be and U, which can be explained by 
partial upward transport by capillary forces during dry periods (Gröger 
et al., 2011). The substantial losses of Mn, Zn, Ni, Co, and Cd were in line 
with other studies showing large losses of these metals from the oxidized 
and acidified layer of AS soils elsewhere (Gröger et al., 2011; Sohlenius 
and Öborn, 2004; Thomas et al., 2010), and typically strongly increased 
concentrations in streams draining AS soils (Åström and Corin, 2000; 
Johnston et al., 2016; Mosley et al., 2014; Roos and Åström, 2006; 
Thomas et al., 2010) Despite this, these metals were, unlike Al, REE, Be 
and U, not enriched in any of the recipients, except for some minor 
enrichment of Zn and Cd in the drain sediment (Table 1). This is in 
contrast to other corresponding AS soil settings where these metals have 
accumulated in increased concentrations in affected sediments (Keene 
et al., 2010; Morgan et al., 2012; Nordmyr et al., 2008; Van Ha et al., 
2011; Virtasalo et al., 2020). There are two possible explanations for the 
features seen here. First, as Mn, Zn, Ni, Co, and Cd have been extensively 
lost from the soils (Fig. 4, Table 1) and the sediment accumulated during 
2012–2018, it is possible that the soil prior to 2012 had lost a large part 
of its mobile pools of these metals and therefore did not deliver large 
amounts of the metals during the sediment-accumulation period. Sec-
ond, these metals have been mainly transported further down in the 
system, that is, beyond our wetland sampling sites located in the vicinity 
of the outlet of the central drain (Fig. 1). The second option is favored, 
because the AS soils still have very low pH and have recently 
(2012–2018) exported large amounts of Al, REE, Be, and U, and there-
fore a nearly complete depletion of acid-mobilizable Mn, Zn, Ni, Co, and 
Cd seems unlikely. Furthermore, in other studies of AS soil settings 
elsewhere, it was found that Mn, Zn, Ni, Co, and Cd tend to be trans-
ported long distances in the aquatic phase before coagulating and 
accumulating in sediments (Virtasalo et al., 2020). 

6. Conclusions 

Acid sulfate soils were found to be widespread, very acidic (mini-
mum pH range for the six profiles: 2.8–3.5), and very deep (down to the 
sampling depth of 180 cm or deeper) in the study area. An uncommon 
feature was the very low pH deep into the soil, where S concentrations 
were very high, indicating extensive retention of sulfate (formed by 
sulfide oxidation) in these deep layers. The deep oxidation may be a very 
recent phenomenon coupled with extensive droughts in the region just 
prior to the soil sampling. Depletion patterns in the soil profile were 
identified for many trace metals, which is evidence of leaching. In 

contrast, for the major metals Fe and Al, any leaching losses were 
masked by their high abundance and the soils’ young age (short leaching 
duration). Iron mineralogy was dominated by pyrite and FeS in the 
deepest soil sample (160–180 cm), and above that depth, various Fe 
oxyhydroxides and oxyhydroxysulfates occurred. 

The sediments in the central drain, which is the immediate recipient 
of drainage from the AS soils, were strongly enriched in Al (average: 
15%), REEs (2725 mg/kg), Be (15 mg/kg), and U (37 mg/kg) as 
compared to deep soil that was considered as a baseline for the area. This 
showed that these metals had been transported in acidic waters from the 
AS soil, then precipitated and accumulated in the drain that typically 
have waters with higher pH. The drain sediments are thus an efficient 
sink (“filter”) for these metals. As these sediments are excavated and 
removed frequently, metals are removed from the system and thus 
prevented from reaching the ecologically sensitive wetland. It is evident 
that the excavated drain sediments should be treated as contaminated 
sediment and not brought back onto the farmlands uncleaned. 

The wetland samples, containing the red/brown precipitates, were 
very rich in Fe (90th percentile: 26% in the surface and 31% in the 
profile) largely occurring, according to LCF of EXAFS spectra, as aka-
geneite and/or schwertmannite. These samples also had elevated Al, 
REE, Be, and U concentrations, all certainly originating from the AS 
soils. These geochemical characteristics together with other chemical 
and physical features strongly pointed to the AS soils as the source of the 
Fe strongly dominating the red/brown precipitates. The proposed 
mechanism is that Fe2+ was abundantly leached from the AS soils, 
transported vid drainpipes to the central drain where it to a substantial 
part escaped oxidation, and thus ultimately ended up in the wetland 
where it oxidized, precipitated, and was retained. 

Several trace metals (Ni, Co, Mn, Zn, and Cd) extensively lost from 
the AS soils were not occurring in elevated concentrations neither in the 
drain sediment nor the wetland material (except for some enrichment of 
the Zn and Cd in the drain sediment). The most likely explanation is that 
these metals have mainly been transported beyond the sampled re-
cipients (downstream of the wetland sampling sites) and thus may have 
contaminated areas further down in the wetland or adjacent water-
courses. These five metals, therefore, deserve further attention in 
forthcoming environmental studies of the wetland. 
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Toivonen, J., Österholm, P., 2010. Identifying the Impact of Acid Sulfate Soils on a 
Humic Boreal Lake 4. 

Van Ha, N.T., Takizawa, S., Oguma, K., Van Phuoc, N., 2011. Sources and leaching of 
manganese and iron in the saigon river basin, vietnam. Water Sci. Technol. 63, 
2231–2237. https://doi.org/10.2166/wst.2011.460. 
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