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A B S T R A C T   

In Finland, acid sulfate (AS) soils are regarded as a serious environmental threat towards the Baltic Sea and 
watersheds situated in land areas that have emerged from the sea since the last glaciation due to glacial isostasy. 
The aim of this study is to compare the behavior of coarse-grained AS soil materials to the behavior of fine- 
grained AS soils and coarse-grained non-AS soils in order to (1) assess the potential environmental threat of 
coarse-grained AS soils and (2) to assess the need to distinguish coarse-grained AS soils from fine-grained AS soils 
in future risk assessment of AS soils. The hypotheses are that (1) a coarser grain size enhances the rate of 
oxidation and pH decrease due to larger inherited pore size, enabling better initial aeration and less efficient 
buffering processes due to lower particle surface areas and different mineralogy (more weathering resistant 
quartz and feldspars), and that (2) the leaching of acid generating materials and elements from coarse grained AS 
soils is significantly lower as compared to fine-grained AS soils but significantly higher as compared to coarse 
grained non-AS soils. 

The study used an incubation based “let the soil speak for itself”-approach, which means that parameters such 
as pH, acidity, amount of elements leached, and the electric conductivity of the leachates were measured on 
arrays of sample aliquots before, during, and after a 16 week incubation (oxidation) period. Even though the 
coarse-grained AS soil materials contained one order of magnitude less sulfide than the fine-grained AS soil 
materials, a S mass fraction as low as 0.01%, the pH dropped well below 4.0 upon oxidation, thus being classified 
as AS soils. The amount of acid generating materials and elements leached from coarse-grained AS soil materials 
were at least one order of magnitude less, as compared to the fine-grained AS soil materials, except for Fe, which 
leached in similar or greater quantities from coarse-grained AS soil materials. The differences in the leaching of 
acid generating materials and elements suggest it would be beneficial to divide coarse-grained and fine-grained 
AS soils into separate subgroups for risk management purposes.   

1. Introduction 

Acid sulfate (AS) soils are considered the nastiest soils in the world 
(Dent and Pons, 1995). Internationally, the total extent of known AS 
soils is considered to be around 17 million ha (Andriesse and van 
Meensvoort, 2006). This estimate does not include post-active AS soils. 
In Finland the estimations are around 3000 km2 or more, using data 
from previous surveys (Palko, 1994; Puustinen et al., 1994; Yli-Halla 
et al., 1999; Beucher et al., 2015; Geological Survey of Finland, 2020a). 
However, the estimated extent will likely increase once the ongoing 
national AS soil occurrence mapping is completed (estimated 2021). 
This is so far the largest AS soil occurrence in northern Europe 

(Andriesse and van Meensvoort, 2006). Regionally, most AS soils in 
Finland occur in the midwestern part of the country (Fig. 1a, b, c, d and 
e) where the AS soils generally contain gyttja (strongly humified organic 
matter) and comprising mainly of fine-grained soil materials such as clay 
and fine silt; these AS soils are considered “traditional” AS soils as this 
type was thought to be the only AS soil type in Finland for a long time. 
The risks associated with AS soils are the deterioration of surface water 
(e.g. Åström and Björklund, 1995; Åström and Björklund, 1997; Edén 
et al., 1999; Österholm and Åström, 2002; Österholm et al., 2005; Roos 
and Åström, 2005; Boman et al., 2010; Toivonen and Österholm, 2011; 
Nystrand and Österholm, 2013; Mosley et al., 2014; Mattbäck et al., 
2017), groundwater (Hyyppä and Penttinen, 1992; Piispanen and 
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Nykyri, 1997), metal contamination of sediments (Nordmyr et al., 2008; 
Job et al., 2018), serious damage to aquatic life (e.g. Hudd, 2000), and a 
negative impact on plant growth (e.g. Palko, 1994). This is caused by 
iron sulfide oxidation (reactions 1 and 2; e.g. Boman et al., 2010). 

FeS+ 2.25 O2 + 2.5 H2O→Fe(OH)3 +H2SO4 (1)  

FeS2 + 3.75 O2 + 3.5 H2O→Fe(OH)3 + 2H2SO4 (2)  

where FeS represents both mackinawite and greigite, which are common 
metastable iron sulfide minerals in Finnish potential AS soil materials 
and FeS2 represents pyrite. The international diagnostic criteria for AS 
soils are: (1) a field-pH < 4.0 in the oxidized soil material (i.e. actual AS 
soil material) caused by sulfide oxidation and/or (2) a drop in soil-pH to 
<4.0 and more than 0.5 pH-units compared with field-pH (potential AS 
soil material) when the sample has been incubated (oxidized) for 9–19 
weeks under moist conditions at room temperature (Sullivan et al., 
2010; Creeper et al., 2012). Generally, fine-grained (<63 μm) AS soils 
have been regarded as the most important type of AS soils in Finland, but 
it has become clear that other AS soil types, such as coarse-grained (≥63 
μm) AS soils, exist and may locally be of large importance. Recent 
findings by Mattbäck et al. (2017) showed that coarse-grained low-S 
(mass fraction of S in the range 0.01–0.1%) AS soil materials acidify 
considerably (pH < 4) during oxidation experiments, which means that 
they certainly meet the criterion of AS soils following the proposed in-
ternational classification guidelines (Sullivan et al., 2010; Soil Survey 
Staff, 2014; IUSS Working Group WRB, 2015). These materials have 
been shown to locally cause severe acidification and pH-values close to 
three have been observed in sand pit lakes created by sand mining op-
erations (Marques et al., 2008; Mattbäck et al., 2017). Elevated metal 
concentrations in groundwater near coarse-grained AS soil materials 
have also been observed (Piispanen and Nykyri, 1997; Mattbäck et al., 
2017). In Western Australia, coarse-grained soils with mass fraction of S 

≥ 0.03% have been shown to release arsenic and acidify the municipal 
groundwater supply (Appleyard and Cook, 2008; Western Australian 
Government, 2010). In the past, coarse-grained AS soils in Finland have 
mainly been overlooked because (1) they often lack an actual AS soil 
(thionic in WRB, 2015 and sulfuric in Soil Taxonomy, 2014) horizon 
(pH < 4.0) in the oxidized zone, possibly due to intense and rapid 
leaching of acid generating materials (Mattbäck et al., 2017), and (2) 
they contain low amounts of sulfides (S2–), often with mass fraction of S 
< 0.05% (Mattbäck et al., 2017) as compared to fine-grained potential 
AS soil materials, commonly total S mass fraction >0.2% (Åström and 
Björklund, 1997; Österholm and Åström, 2002; Boman et al., 2014). 
However, the leaching of acid generating materials and metals, and the 
leaching rate, has not been studied in detail and is crucial in order to 
improve risk assessment, mitigation, rehabilitation and decision-making 
regarding land use on coarse-grained AS soils. In this study we aim to 
compare the behavior of coarse-grained AS soil materials to the behavior 
of fine-grained AS soils and coarse-grained non-AS soils in order to (1) 
assess the potential environmental threat of coarse-grained AS soils and 
(2) to assess the need to distinguish coarse-grained AS soils from fine- 
grained AS soils in future risk assessment of AS soils. 

The hypotheses are that (1) a coarser grain size enhances the rate of 
oxidation and pH decrease due to larger inherited pore size, enabling 
better initial aeration and less efficient buffering processes due to lower 
particle surface areas and different mineralogy (more weathering 
resistant quartz and feldspars), and that (2) the leaching of acid gener-
ating materials and elements from coarse grained AS soils is significantly 
lower as compared to fine-grained AS soils but significantly higher as 
compared to coarse grained non-AS soils, which suggests it would be 
beneficial to divide coarse-grained and fine-grained AS soils into sepa-
rate subgroups for risk management purposes. 

Fig. 1. Locations of terrestrial and subaquatic soil profiles sampled in Ostrobothnia (sampling regions e and partially d), Central- (partially sampling region d) and 
Northern Ostrobothnia (sampling regions a and b) within the Littorina sea maximal extent. 
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2. Study area 

The study area is situated on the western coast of Finland by the Gulf 
of Bothnia. The geological basement in the northern part study area 
(Fig. 1a) consists mainly of paleoproterozoic carbonate poor granitoids, 
paragneisses and schists, and some mesoproterozoic (jotnian) sand- and 
claystone that may be carbonate-bearing. The middle and southern part 
of the study area (Fig. 1b, c, d and e) mainly consist of paleoproterozoic 
carbonate poor granitoids, paragneisses and schists (Lehtinen et al., 
1998; Geological Survey of Finland, 2020b). The basement is covered by 
glacial till and alluvial deposits (Haavisto-Hyvärinen and Kutvonen, 
2007). Glacial till is the most common soil parent material in all prov-
inces and because the basement is poor in carbonates, so is the glacial 
till. The whole study area is subjected to post-glacial rebound; at a rate 
of 8–9 mm per year (Johansson et al., 2004; Eronen, 2005) and was once 
covered by the Littorina Sea (7500–2500 B⋅P; Fig. 1), in which most of 
the sulfide containing sediments are considered to have formed (Kivi-
nen, 1950; Purokoski, 1959; Erviö, 1975; Palko, 1994; Puustinen et al., 
1994; Yli-Halla et al., 1999) even though the formation of iron sulfides 
continues at present day in the Baltic Sea (Jokinen et al., 2018). In 
Central- and Northern Ostrobothnia several eskers, running in a north-
west to southeast direction, occur frequently throughout the landscape 
and coarse-grained soils (some of them presently classified as AS soils) 
are common in the reworked sandy littoral deposits related to the eskers. 
Peatlands occur frequently in Northern Ostrobothnia and coarse-grained 
soil materials are common (Fig. 1a and b). The study area is part of the 
boreal ecosystem and the subarctic climate zone with an annual mean 
rainfall of 500–600 mm and an annual mean temperature of 2–5 ◦C 
(Pirinen et al., 2012). 

The study area is divided into five regions (Fig. 1a, b, c, d, and e). 
Region a) is mostly characterized by end-moraines whereas regions b), 
c), and d) contain vast areas of coarse-grained littoral deposits and beach 
ridges. Region e) lacks large areas of coarse-grained littoral deposits and 
is dominated by marine muds and glacial till. Land use consists pre-
dominantly of forestry, agricultural lands and urban areas. Additionally, 
important groundwater areas are situated near (<4 km) profiles a-CN-1, 
a-CN-2, a-CN-3, c-CA-7, c-CA-8, d-CA-9, and d-CA-10 and sand mining 
occurs near (<4 km) profiles a-CN-1, d-CA-9, and d-CA-10 (Figs. 1 and 
2). Fine-grained e-FA-12 and e-FA-16 (Figs. 1a and 2) are situated on 
reclaimed farmlands below the current sea-level, where the water table 
is regulated by levies and pumping, and fine-grained profile d-FA-12 is 
situated in an agricultural field. Subaqueous fine-grained profiles e-SFA- 
13, e-SFA-14 and e-SFA-15 (Figs. 1a and 2) were sampled in an estuary 
heavily impacted by AS soil drainage. Sampling was restricted to the 
Littorina Sea maximal extent because most of the Finnish AS soils are 
considered to occur here (Palko, 1994; Yli-Halla et al., 1999; Geological 
Survey of Finland, 2020a). The sampled geomorphological units were 
beach ridges (profiles a-CA-5, b-CA-6, c-CA-7, c-CA-8, d-CA-9 and d-CA- 
10; Figs. 1 and 2), estuaries (e-FA-12; Figs. 1 and 2) and subaquatic- 
sediments (e-SFA-13, e-SFA-14 and e-SFA-15; Figs. 1 and 2 i.e. future 
AS soils), glacial end-moraines (profiles a-CN-1, a-CN-2, a-CN-3 and a- 
CN-4; Figs. 1 and 2), a former lagoon (e-FA-16 at the Söderfjärden 
meteorite crater; Figs. 1e and 2), and a river delta and/or former estuary 
(d-FA-11; Figs. 1d and 2). 

3. Materials and methods 

3.1. Sampling and general field characteristics 

Samples were collected from 13 soil profiles and three aquatic 
sediment profiles (i.e. subaqueous fine-grained soil materials) using a 
gouge auger and a Livingstone piston corer, respectively. During sam-
pling, the soil profiles were characterized and divided into 20 cm (10 cm 
for the subaqueous profiles) individual vertical sample sections. Each 
sample section was homogenized in the field; and the field-pH was 
measured by inserting a Hamilton Flatrode pH-electrode directly in the 
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soil. If the soil was dry, the sample was moistened with deionized water 
(~1:1 soil/water) to allow better contact with the electrode. To prevent 
oxidation prior to sulfide and incubation analyzes, the samples were 
freezer stored in plastic bags and analyzed as quickly as possible. The 
grain size was crudely assessed in the field and later confirmed by 
sieving (sieve separation 63–6300 μm) selected samples (the coarse- 
grained profiles). The uppermost organic materials (O horizon) were 
not considered in this study and were excluded from sampling. The 
transition horizon (BC), i.e. boundary between the oxidized and reduced 
soil material, was determined according to the color change, from 
brownish orange to dark gray (apparent redox boundary), combined 
with a sharp increase in pH. From each terrestrial soil profile, one 
sample representative of the oxidized soil material was sampled from 
the deepest 20 cm of the B horizon. The representative sample for the 
reduced soil material (C horizon) was sampled 1.0 m below the oxidized 
B horizon sample. Because the subaqueous profiles were lacking, or had 
a very thin oxidized horizon, two sample portions were collected from 
the reduced soil materials in e-SFA-15 and e-SFA-14, and one sample 
from e-SFA-13. 

3.2. Pre-incubation soil chemistry (sulfur, metals and acidity) 

Before the incubation and leaching experiments were performed, 
pre-incubation characteristics (t = 0 weeks) were determined for the 
unoxidized (and oxidized) soil materials in order to get the initial values 
for aqua regia extractable elements (near total concentration), sulfide, 
pH, actual acidity and organic matter (Fig. 3). Near total concentrations 
of (Ag), Al, (As), (B), Ba, (Be), Ca, (Cd), Co, Cr, Cu, Fe, K, La, Li, Mg, Mn, 
(Mo), Na, Ni, P, (Pb), S, (Sb), (Sc), Sr, (Th), Ti, V, Y, Zn and Zr for the 
terrestrial soil profiles was determined from aqua regia digestion of the 
unground (grains not crushed) soil samples, by ICP-OES (at Labtium Oy, 
Finland) and for the subaqueous (unground) soil samples ICP-MS and 
ICP-OES (at ActLabs, Canada). Elements within brackets were mostly 
below the detection limit and were omitted. The analytical precision was 
within 10% for all elements, as determined by duplicate samples. 

Total reduced S (TRS), in the form of acid volatile sulfide (AVS; 
approx. limit of detection mass fraction of AVS 0.003%) and hot chro-
mium reducible S (HCrS; approx. limit of detection mass fraction of 
HCrS 0.003%) was quantified using a miniaturized S speciation 
analytical setup (Dalhem et al., 2021). The AVS fraction is considered to 
comprise mainly metastable iron sulfides such as mackinawite, greigite, 

and dissolved porewater sulfide (Cornwell and Morse, 1987; Morse 
et al., 1987; Morse and Rickard, 2004; Rickard and Morse, 2005) 
whereas HCrS is considered to comprise mainly pyrite, some greigite, 
and elemental S (Fossing and Jørgensen, 1989; Allen and Parkes, 2005; 
Duan et al., 1997; Canfield et al., 1998). All sulfide analyzes were done 
in duplicates and the analytical precision for AVS and HCrS was within 
13% and 8%, respectively. 

Actual acidity was determined by mixing 1.5 g (dry-weight) of soil 
material with 60 ml 1 mol⋅dm-3 KCl after which the sample was agitated 
on an orbital shaker for 4 h and was let to stand for 10–14 h. The sample 
was then titrated during magnetic stirring with NaOH to a pH of 5.5 and 
6.5 which are reference values used in Finland (Palko and Myllymaa, 
1987; Sutela et al., 2012) and Australia (de Caritat et al., 2011; Dear 
et al., 2014) respectively and correspond to the natural pH found in soils 
in these countries. All analyzes were done in duplicates with a precision 
within 10%. 

The organic matter content was estimated by loss on ignition (LOI) 
performed by combustion of the sample at 500 ◦C for 4 h (e.g. Boyle, 
2004). The analytical precision was within 6%, based on 25 duplicates. 

3.3. Soil incubation, leaching experiments and analyses 

Soil incubation is a pragmatic approach to study soil acidifying 
processes as it lets the soil ‘speak for itself’ (Dent, 1986). This study 
followed the procedures in Creeper et al. (2012) in which the soil is 
incubated in room temperature for up to 19 weeks and was kept moist 
(~1:1 soil/water) by adding deionized water. During the soil incuba-
tion, acid-generating oxidation will occur due to reactions with atmo-
spheric oxygen; and if the amount of acid produced during soil oxidation 
exceeds its acid-neutralizing capacity, the soil will acidify which results 
in a pH-drop and mobilization of various elements. To investigate the 
temporal acidity generated, as well as mobilized elements, sample ali-
quots were prepared to incubate for different time intervals (t = 1 weeks, 
2 w, 4 w, 8 w, 12 w and 16 w) in 15 ml plastic beakers (approx. 5–10 mm 
sample thickness for acidity measurements); and in 50 ml centrifuge 
tubes (approx. 4 g dry-weight for leaching experiments). It is worth 
noting that oxidation rates in room temperature might be accelerated to 
an unknown extent compared to oxidation in nature. All samples ali-
quots were prepared and analyzed in duplicates. 

For each incubation time interval, the pH, actual acidity and titrat-
able incubation acidity (TIA) was determined in one of the sample sets, 

Fig. 3. Soil incubation setup and analyses.  
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leaving the others undisturbed. Before each measurement, the sample 
was stirred with a glass rod in order to even out heterogeneities formed 
during oxidation. The pH was then measured by inserting a Hamilton 
Flatrode pH-electrode directly into the moistened sample. The acidity 
developed during incubation was determined using the TIA-procedure 
(Österholm and Nystrand, 2016; Mattbäck et al., 2017) in a similar 
manner as the actual acidity (TIA at t = 0 w). 

The leachate method used resembles the methods presented by 
Åström and Björklund (1997) and Fang and Wong (1999) as it was 
modified from the EN 12457-2 one-step 10:1 liquid-solid leaching 
method. In the modified method approx. 4 g of material (dry-weight) 
was used instead of the 90 g (dry-weight), used in the EN 12457-2 norm, 
and was leached with deionized water in a one-step 10:1 liquid-solid 
extraction. Filters with 0.2 μm pore size were used instead of 0.45 μm 
pore size filters in order to minimize potential clay colloids passing 
through the filter, causing an overestimation of metal concentrations (c. 
f. Nystrand & Österholm, 2012). From each leachate, two aliquots were 
prepared. From one leachate aliquot, the pH and electrical conductivity 
(EC) was measured by inserting separate pH and EC electrodes into the 
solution, and the acidity determined by titration up to a pH of 8.3 with 
NaOH during magnetic stirring. The other leachate aliquot was acidified 
with ultrapure HNO3 and (Ag), Al, (As), B, (Ba), Be, (Bi), Ca, (Cd), Co, 
Cu, Fe, K, Li, Mg, Mn, Na, Ni, (P), (Pb), S, (Sb), (Se), Si, Sr, (Tl), (V) and 
Zn total concentrations were determined by ICP-OES at the laboratory 
for Analytical Chemistry at Åbo Akademi University (Åbo, Finland). 
Elements within brackets were mostly below the detection limit and 
were omitted. The analytical precision, based on 13 duplicates, was 
within 10%. Sulfate was calculated from total dissolved S measured by 
ICP-OES. 

3.4. Statistical analysis 

Statistical analysis was done in R v3.6.2 using non-parametric 
Spearman rank correlations (rs) and Mann-Whitney U-values in the 
‘stats’ package. Confidence level for the Spearman rank correlations and 
Mann-Whitney tests were set to ≥95% unless otherwise stated. 

4. Results 

4.1. Soil profiles 

The coarse-grained profiles (Figs. 1 and 2) mainly consisted of fine- 
and medium sand with the fine (< 63 μm) grain-size mass fraction 
generally below 10% with the exception of profile d-CA-9 (mass fraction 
15% and 27% in the oxidized and reduced materials respectively). The 
fine-grained d-FA-11 profile was dominated by silt and profiles e-FA-12, 
e-FA-16, and all subaqueous fine-grained profiles were dominated by 
gyttja clay (Figs. 1 and 2). The colors of the reduced portion in the 
coarse-grained profiles and fine-grained profile d-FA-11 (Figs. 1 and 2) 
had a gray hue (gleyic). The reduced material in the fine-grained profiles 
e-FA-12 and e-FA-16 and all the subaqueous sediments had a black 
color; which might indicate (Rickard and Morse, 2005) the presence of 
metastable iron sulfides (Figs. 1 and 2). The oxidized materials in the 
coarse- and fine-grained profiles had mainly a pale brownish-orange hue 
and profile b-CA-6 had a slightly light red tint. The bulk mineralogy in 
the coarse-grained soil profiles was mainly quartz-feldspathic and mica- 
bearing. Six coarse-grained profiles, all fine-grained and subaqueous 
fine-grained profiles contained potential AS soil materials, hence these 
soil profiles were classified as AS soils (Figs. 1 and 2). Four of the coarse- 
grained profiles contained no potential AS soil materials nor actual AS 
soil materials; these soil profiles are non-AS soils (Figs. 1 and 2). The 
only soil profiles containing actual AS soil materials, i.e. actual AS soils 
with field pH < 4, were the fine-grained soil profiles. Five coarse-grained 
profiles had very shallow apparent redox boundaries within 0.6 and 1.0 
m while the rest of the coarse-grained profiles had apparent redox 
boundaries between 1.4 and 2.0 m, similar to the fine-grained profiles 

where the apparent redox boundaries were between 1.2 and 1.8 m. 
There was no clear pattern between the oxidation depth and the regional 
occurrence of AS soils. The oxic (oxidized) portions of the aquatic pro-
files were fairly thin (less than 10 cm) and were therefore omitted from 
further analysis. 

4.2. Element distribution and acidity 

The total S and TRS (Fig. 4) content of the reduced materials in the 
coarse-grained AS soil profiles (median of total S mass fraction =
0.032% and median of TRS mass fraction = 0.027%; n = 6) was one 
order of magnitude lower than in the fine-grained AS soil profiles (mass 
fraction of total S in the range 0.33–0.96% and of TRS in the range 
0.6–1.6%; U = 0; n = 3) and the subaqueous fine-grained AS soil profiles 
(median of total S mass fraction = 0.64%; U = 0; n = 6). As expected, the 
reduced materials in the non-AS soil profiles contained less S and TRS 
(median of total S mass fraction = 0.014%; U = 0; and median of TRS 
mass fraction <0.01%; U = 2.5; n = 4) than the coarse-grained AS 
profiles. Generally, TRS correlates with total S content (rS = 0.93) in the 
reduced parent materials (Fig. 4). In the oxidized horizons of the coarse- 
grained AS soils, total S was lower by at least one order of magnitude 
(median of the mass fraction of total S = 0.005% and of TRS < 0.01%; n 
= 6) when compared to the fine-grained AS soil profiles (mass fraction of 
total S in the range 0.28–0.47%; U = 0; n = 3; Fig. 4). In the coarse- 
grained non-AS soils the mass fractions of total S and TRS were even 
lower (0.002 % and <0.01%; respectively; n = 4). There was no dif-
ference between the amount of S (U = 8) or TRS (U = 12) in the oxidized 
material of the coarse-grained AS and non-AS materials. 

After 16 weeks of incubation the pH (Table 1 and Fig. 5) was 
somewhat higher for the reduced coarse-grained AS soil materials 
(median pH 3.5; n = 6) than for the fine-grained (pH range 2.2–3.3; U =
2; n = 3; at a 90% confidence level) and the subaqueous fine-grained AS 
soil materials (median pH 3.0; U = 4; n = 5; at a 90% confidence level). 
The incubation pH for the reduced coarse-grained non-AS soil materials 
were naturally higher (median pH 4.2; U = 0; n = 4) than for the coarse- 
grained AS soils. There is a negative correlation between the final pH of 
the incubation (measured after a 16 week incubation period) and total S 
(rS = − 0.86) and TRS (rS = − 0.83) for all of the reduced parent mate-
rials. In the oxidized soil materials, the pH after 16 weeks of incubation 
(Table 1 and Fig. 5) for the coarse-grained AS soils (median pH 4.4; n =
6) was considerably higher as compared to the pH of the oxidized 
portion of the fine-grained AS soils (pH range 2.4–3.9; U = 1; n = 3) and 
there was no difference when compared to the pH of the oxidized ma-
terials in the coarse-grained non-AS soils (median pH 4.8; U = 7.5; n =
4). There was a slight decrease in pH for all oxidized coarse-grained 
materials during the 16 week incubation period (Fig. 5). 

For the reduced materials, TIA (Table 1 and Fig. 5) was gradually 
elevated and correlated strongly with total S (rs = 0.98) and TRS (rs =

0.93) after 16 weeks of incubation. After 16 weeks, the TIA of the 
reduced materials in the coarse-grained AS soils was considerably lower 
(median TIA 8.3 mmol H+/kg; n = 6) than in the fine-grained AS soils 
(TIA range 121–368 mmol H+/kg; U = 0; n = 3; Table 1) and the sub-
aqueous fine-grained AS soils (TIA range 154–392 mmol H+/kg; U = 0; 
n = 3; Table 1); but higher than in the coarse-grained non-AS soil ma-
terials (median TIA 3.9 mmol H+/kg; U = 1; n = 4). After 16 weeks of 
incubation, the TIA for the oxidized materials (Table 1 and Fig. 5) was 
considerably higher (TIA range 67–144 mmol H+/kg; n = 3) in the fine- 
grained AS soil profiles, which all contained actual AS soil materials 
(field-pH < 4.0), as compared to the TIA after 16 weeks of incubation 
(median TIA 3.3 mmol H+/kg; U = 0; n = 6) in the oxidized portion of 
the coarse-grained AS soil profiles where actual AS soil materials were 
absent. There was no difference (U = 9) in the actual acidity (TIA at =
0 w) between the oxidized materials of the coarse-grained AS soils 
(median actual acidity 3.8 mmol H+/kg; n = 5; Fig. 5) and non-AS soils 
(median actual acidity 3.7 mmol H+/kg; n = 4; Fig. 5). 

Most of the aqua regia extractable elements in the coarse-grained 
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soils correlated with each other significantly. Similar to previous studies, 
this strongly implies that most of the studied elements are grain-size 
dependent, i.e. the proportion of metal bearing phyllosilicates 
compared to quartz increase with decreasing grain-size (e.g. Shilts, 
1995; Deng et al., 1997; Österholm and Åström, 2002; Mattbäck et al., 
2017). Thus, it is important to notice that the element concentrations in 
the soil materials were primarily controlled by variation in grain-size 
rather than soil forming processes. However, sulfur is a significant 
exception since it is not directly related to phyllosilicates and because it 
is highly mobile (Österholm and Åström, 2002). Consequently, S con-
centrations in the coarse-grained soils were significantly lower in the 
oxidized portion due to leaching, with no clear corresponding pattern 
for other elements. There was no difference (U = 11) in organic matter 
(LOI) between the reduced coarse-grained AS materials (median of LOI 
mass fraction = 0.2%; n = 6) and non-AS soil materials (median of LOI 
mass fraction = 0.2%; n = 4). In the reduced fine-grained and sub-
aqueous fine-grained AS soil materials LOI was considerably higher 
(mass fraction of LOI in the range 1.6–7.8%; n = 3 and 5.4–12%; n = 6 
respectively) as compared to the reduced coarse-grained AS soil mate-
rials (U = 0 and U = 0 respectively). There was a correlation (rs = 0.87) 
found between total (aqua regia) S and LOI in all reduced soil materials. 

4.3. Leaching 

As expected, the leachate pH for the reduced soil materials decreased 
during the incubation. The pH drop was not substantial in the oxidized 
soil materials in the coarse-grained AS and non-AS soils. The leachate 
acidity (Fig. 5) for the reduced materials at 16 weeks correlated strongly 
(rS = 0.90) with the amount of S leached. As the incubation proceeded, 
there was an increase in the leachate acidity of the reduced parent 
materials for all grain sizes (Fig. 5). For all the oxidized coarse-grained 
materials there was no clear increase of the acidity in the leachate. For 
the oxidized fine-grained actual AS soil materials (i.e. field-pH < 4), the 
acidity increased slightly during incubation. 

The amount of S leached (Table 1 and Fig. 4) from the reduced 
coarse-grained AS soil materials after the 16 week incubation period 
(median leached S 158 mg/kg; n = 6) was one order of magnitude lower 
than the amount leached from the fine-grained AS soil materials (range 
leached S 1987–7556 mg/kg; U = 0; n = 3) and the subaqueous fine- 
grained AS soil materials (range leached S 2906–7246 mg/kg; U = 0; 
n = 5), and roughly only twice the amount leached from the coarse- 
grained non-AS soil materials (median leached S 73 mg/kg; U = 1; n 
= 4). The oxidized portions of the coarse-grained AS soils leached 
considerably less S (median leached S 11 mg/kg; n = 6) than the fine- 
grained AS soil materials (range leached S 268–609 mg/kg; U = 0; n 
= 3) and seemed to leach only slightly more than the oxidized non-AS 
soil materials (median leached S 2.9 mg/kg; n = 4), but the difference 
was not significant (U = 9). The amount of leached S from all the 
reduced soil materials at 16 weeks displayed a strong dependance on the 
total S (rS = 0.97; Fig. 4) and TRS (rS = 0.97; Fig. 4) in the soils. There 
was also a strong correlation between leached S and TIA (pH 5.5 and 
6.5) at 16 weeks (rS = 0.98), showing that the acidity is strongly 
dependent on the amount of sulfides that have been oxidized (mobi-
lizing sulfur as sulfate as in reactions 1 and 2). Leachate S increased for 
all reduced soil materials as the incubation progressed (Fig. 6), no sig-
nificant increase in leached S was found for the oxidized coarse-grained 
soil materials although some increase was noticeable. From all soil 
materials, roughly half of the total S was leached after 16 weeks of in-
cubation (Table 1 and Fig. 4) and there was no difference in the leach-
ability of S between the coarse-grained (AS and non-AS) and fine- 
grained (terrestrial and subaqueous) soil materials. 

The increase in the amount of Al, Ca, Co, Fe, Li, Mg, Mn, Ni, Si, Sr, 
and Zn leached out of the reduced coarse-grained (AS and non-AS) soil 
materials, followed similar temporal patterns as the amount of S leached 
out during the 16 week incubation period (Fig. 6). After the 16 week 
leaching period was completed, the amount of S leached out correlated Fi
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Table 1 
Median levels of selected variables (pH, TIA, ∆EC and Sleaching) and the quantity of the elements leached based on the dry mass of the soil material (mg/kg) from coarse-grained acid sulfate soils (ASS) compared to other soil 
materials after 16 weeks of incubation. A significant difference as determined by the Mann-Whitney U test is denoted by > (significantly higher median in coarse-grained ASS) and < (significantly lower median in coarse- 
grained ASS). Sulfur leaching (Sleaching) calculated by comparing total aqua regia sulfur to the amount of sulfur leached from the soil materials. A confidence level of 95% is used unless otherwise stated. B.D. = below 
detection.   

Coarse-grained oxidized ASS Coarse-grained oxidized non-ASS Fine-grained oxidized ASS 

Median Lowest Highest n Median Lowest Highest n Median Lowest Highest n 

pH  4.4 3.7 5.3  6 4.8 4.1 5.3  4 >3.4 2.4  3.9  3 
TIA mmol H+/kg 3.3 2.8 6.4  6 3.3 1.5 7.0  4 <118 67  144  3 
∆EC μS/cm 26 4.6 94  6 18 6.6 47  4 <640 260  1280  3 
Sleaching mass fraction % 20 9.9 53  6 16 9.7 65  4 17 5.7  22  3 
Al mg/kg 0.6 0.1 2.7  6 1.3 0.3 11  4 <76 1.7  151  2 
B mg/kg 0.05 B.D. 0.2  6 0.07 B.D. 0.2  4 <1.2 0.1  1.4  3 
Be mg/kg B.D. B.D. B.D.  6 B.D. B.D. B.D.  4 – B.D.  0.03  3 
Ca mg/kg 3.8 0.9 23  6 2.9 1.4 7.7  4 <115 67  172  3 
Co mg/kg B.D. B.D. 0.1  6 B.D. B.D. B.D.  4 <0.4 B.D.  0.4  3 
Cu mg/kg B.D. B.D. B.D.  6 B.D. B.D. B.D.  4 <0.2 B.D.  1.3  3 
Fe mg/kg 0.6 B.D. 1.2  6 0.7 0.5 1.3  4 0.8 0.05  13  3 
K mg/kg 3.1 0.7 97  6 4.9 0.5 19  4 31 0.2  50  3 
Li mg/kg B.D. B.D. 0.03  6 B.D. B.D. B.D.  4 <0.4 0.2  0.8  3 
Mg mg/kg 1.0 0.2 4.9  6 0.9 0.5 2.3  4 <57 37  115  3 
Mn mg/kg 0.3 0.05 1.1  6 0.09 0.04 0.2  4 <10 3.5  10  
Na mg/kg 3.0 2.4 5.1  6 > at 90% 2.2 2.0 2.8  4 29 0.3  107  3 
Ni mg/kg B.D. B.D. 0.2  6 B.D. B.D. 0.5  4 <0.9 B.D.  1.2  3 
S mg/kg 11 1.8 36  6 2.9 1.2 39  4 <546 268  609  3 
Si mg/kg 4.4 3.6 8.2  6 2.6 2.1 6.5  4 <62 42  95  3 
Sr mg/kg 0.04 0.009 0.2  6 0.01 0.008 0.1  4 0.5 0.02  0.8  3 
Zn mg/kg 0.06 B.D. 0.3  6 0.06 0.05 0.7  4 <1.7 0.5  1.7  3     

Coarse-grained reduced ASS Coarse-grained reduced non-ASS Fine-grained reduced ASS Subaqueous ASS   

Median Lowest Highest n Median Lowest Highest n Median Lowest Highest n Median Lowest Highest n 

pH   3.5 3.1  3.9  6 <4.2 4  5.3  4 > at 90% 2.4 2.2  3.3  3 > at 90% 3.0 2.6 3.3 5 
TIA mmol H+/kg  8.3 4.3  33  6 >3.9 0.8  4.4  4 <151 121  368  3 <224 154 392 5 
∆EC μS/cm  140 84  675  6 >74 4.6  92  4 <2640 1690  4810  3 <3020 1400 4945 5 
Sleaching mass fraction %  37 27  59  6 48 13  65  4 61 50  79  3 55 49 87 4 
Al mg/kg  31 4.13  77  6 12 B.D.  28  4 <505 70  1891  3 <211 107 1652 5 
B mg/kg  0.04 B.D.  0.08  6 0.06 B.D.  0.1  4 <4.8 0.7  9.3  3 <6.5 4.8 8.4 5 
Be mg/kg  0.004 B.D.  0.009  6 0.004 B.D.  0.006  4 <0.06 B.D.  0.2  3 <0.08 B.D. 0.1 5 
Ca mg/kg  32 13  126  6 7.8 0.9  41  4 <646 281  1194  3 <772 592 1369 5 
Co mg/kg  0.3 0.1  1.1  6 0.2 B.D.  0.3  4 <2.0 1.4  4.4  3 <4.4 2.9 9.1 5 
Cu mg/kg  0.07 B.D.  0.3  6 B.D. B.D.  0.09  4 <0.5 0.4  2.9  3 <0.4 0.2 1.8 5 
Fe mg/kg  19 0.7  910  6 > at 90% 0.8 0.5  10  4 13 2.6  177  3 5.1 1.4 66 5 
K mg/kg  4.4 2.7  22  6 3.5 1.8  6.8  4 0.8 0.1  260  3 397 0.7 483 5 
Li mg/kg  0.08 0.03  0.1  6 > at 90% B.D. B.D.  0.06  4 <2.8 2.3  6.7  3 <4.3 3.5 7.3 5 
Mg mg/kg  12 4.1  55  6 >3.6 0.2  9.5  4 <605 449  1285  3 <813 696 1341 5 
Mn mg/kg  1.9 1.0  8.8  6 0.4 0.07  3.3  4 <173 65  216  3 <198 183 271 5 
Na mg/kg  3.7 2.8  6.4  6 3.6 3.2  4.9  4 74 0.7  147  2 – – – – 
Ni mg/kg  0.3 B.D.  1.2  6 0.2 B.D.  0.4  4 <3.5 2.6  7.2  3 <4.8 2.9 8.2 5 
S mg/kg  158 84  1027  6 >73 1.3  86  4 <2938 1987  7556  3 <3246 2906 7246 5 
Si mg/kg  7.8 5.4  15  6 6.2 3.9  11  4 <72 42  154  3 <126 118 153 5 
Sr mg/kg  0.2 B.D.  0.7  6 0.06 0.009  0.5  4 <2.9 0.4  8.3  3 <10 4.9 14 5 
Zn mg/kg  0.7 0.4  2.2  6 0.4 0.04  0.9  4 <4.8 4.2  21  3 <15 8.4 26 5  
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with the amount of Al, Fe and Zn (Fig. 6) leached out of the reduced 
coarse-grained (AS and non-AS) materials. The amount of S leached 
correlated with the amount of Ca, Li, Mg, Ni, Si, and Zn leached out of 
the reduced fine-grained materials (terrestrial and subaqueous). Iron 
was the only element that seemed to be leached in larger quantities from 
coarse-grained AS soils (median leached Fe 19 mg/kg; n = 6) than from 
fine-grained (median leached Fe 13 mg/kg; n = 3) and subaqueous fine- 
grained AS soils (median leached Fe 5.1 mg/kg; n = 5) but a difference 
could not be statistically justified with the limited number of samples 
(Table 1 and Fig. 6). In the reduced coarse-grained soil materials (AS and 
non-AS soil materials after 16 weeks of incubation; n = 10) there was a 
correlation found between leached Fe, leached S (rS = 0.64), total S (rS 
= 0.79) and leachate acidity (rS = 0.59), but not between leached Fe, 
TRS (rS = 0.51) and leachate pH (rS = − 0.40). In the reduced fine- 
grained soil materials (terrestrial and subaqueous, after 16 weeks of 

incubation; n = 8) leached Fe correlated with leachate acidity (rS = 0.74) 
and leachate pH (rS = − 0.96), but not with leached S (rS = 0.55), total S 
(rS = 0.57), or TRS (limited number of samples; rS = 0.8; n = 4). 
Calculated stoichiometrically (using FeS for AVS and FeS2 for HCrS) 
after 16 weeks of incubation, the amount of Fe leached from the reduced 
soil materials was less than the Fe contained within the sulfides (about a 
10% mass fraction of the Fe contained within sulfides in the coarse- 
grained AS soil materials and less than a 1% mass fraction of the Fe 
contained within sulfides in the coarse-grained non-AS soil materials 
and the fine-grained soil materials). The amount of leached S, Fe (at 90% 
confidence level), Li (at 90% confidence level), and Mg was greater for 
the coarse-grained AS soils than the amount leached from the coarse- 
grained non-AS soils (Table 1). The leaching of Al, B, Be, Ca, Co, Cu, 
Li, Mg, Ni, S, Si, Sr, and Zn was considerably higher from the reduced 
fine-grained and subaqueous fine-grained AS soil materials (after 16 

Fig. 5. Incubation pH, titratable incubation acidity (TIA; mmol H+/kg at titration endpoint pH 6.5), acidity of the leachate solutions (mmol H+/l), and the electric 
conductivity (μS/cm) of the leachate solutions measured after different soil incubation time intervals. Incubation pH threshold (pH 4) for actual acid sulfate soil and 
potential acid sulfate soil materials denoted by black line (in incubation pH plot). Outliers shown as unfilled circles. 
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weeks of incubation) as compared to the coarse-grained AS soil mate-
rials (Table 1). This was generally true for the oxidized soil materials as 
well (except for Be and Sr). In the oxidized portion of the coarse-grained 
AS and non-AS soil materials, there was very little increase as the in-
cubation proceeded. 

The change in conductivity (∆EC0→16w; Table 1 and Fig. 5) from field 
conditions (EC at t = 0 w) to after 16 weeks of incubation (EC at t = 16 
w) has a significant correlation with leached S (as SO4

2− ; Figs. 6 and 7), 
the major cations, acidity and all metals (except Fe) in the leachate. For 
all the reduced materials, the EC increased over time whereas in the 
oxidized portion of the coarse-grained soil profiles, the EC did not 
considerably rise over time (Fig. 5). For the oxidized portion of the fine- 
grained AS soil profiles, there was a slight increase of EC as the incu-
bation time progressed. The ∆EC0→16w at 16 weeks was significantly 
higher in the coarse-grained AS soils as compared to the coarse-grained 
non-AS soils and lower as compared to the fine-grained AS soil materials 

and subaqueous fine-grained AS soil materials (Table 1 and Fig. 5). 

5. Discussion 

5.1. Sulfur, pH, acidity and EC 

While it is well known that the sulfides within the fine-grained ma-
terials are formed during hypoxia in waterlogged or subaqueous con-
ditions, the origin of the sulfides within the coarse-grained deposits are 
less known. We suggest that the sulfides are formed in-situ in littoral 
deposits after weathering, transport, and redeposition of the coarse- 
grained materials together with a sufficient amount of organic mate-
rial to promote sulfate reduction. Although it is possible that crystalline 
sulfides from weathered bedrock could be mixed in, it is unlikely that 
they would survive the weathering and transport during formation of 
the coarse-grained littoral deposits. In accordance with previous studies 

Fig. 6. The quantity of elements leached based on the dry mass of the soil materials (mg/kg) at different time intervals during soil incubation. Outliers shown as 
unfilled circles. 
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(Boman et al., 2014; Mattbäck et al., 2017), the coarse-grained AS soil 
materials had very low total S and TRS-concentrations, in the order of 
one magnitude lower than in the fine-grained “traditional” AS soil ma-
terials (Fig. 4). This is thought to be due to less favorable conditions for 
the formation of iron sulfides within the coarse-grained AS soil mate-
rials, e.g. low concentrations of organic matter and/or low SO4

2− con-
centrations and/or low Fe concentrations. 

Because iron sulfides are the primary source of acidity, the acidifying 
potential in coarse-grained AS soils is relatively low compared to fine- 
grained AS soils. In the study by Mattbäck et al. (2017), the titratable 
incubation acidity (TIA; indicates the amount of acid generated during 
oxidation) correlated with total sulfide and was generally lower than 10 
mmol H+/kg for coarse-grained AS soil materials. Corresponding acidity 
for fine-grained AS soils in Ostrobothnia is in the order of 100 mmol H+/ 
kg (titration endpoint pH 5.5) and even up to 1400 mmol H+/kg 
(titration endpoint pH 5.5) for fine-grained AS soil materials in peat-
lands in northern Finland (Grindgärds, 2013; Hadzic et al., 2014). In this 
study, low TRS with mass fraction in the order of 0.01% in the coarse- 
grained materials was enough to lower the incubation-pH just below 
4.0. This must be due to a very low buffering capacity. Thus, even 
though sandy and clayey soil materials may have similar sulfide con-
centrations, the incubation-pH is generally lower in the prior material. 
Similar results have been obtained in studies from Denmark (Madsen 
et al., 1985) and Poland (Urbanska et al., 2012) where low total S 
concentrations (mass fraction of S < 0.1%) in sandy AS soil materials 
were enough to lower the pH to 3–4 during incubation. This is also in 
line with Sullivan et al. (2010) and Dear et al. (2014) who concluded 
that TRS with a mass fraction of 0.01% and an acidity higher than 6 
mmol H+/kg would be enough to produce an actual AS soil horizon in 
coarse-grained materials of Australia. In Finland, a S mass fraction 
(presumably as sulfide) of >0.2% in clayey soil materials is generally 
considered to be required to lower the incubation-pH below 4.0 (cf. 
Åström and Björklund, 1997; Österholm and Åström, 2002). Compared 
to results in a previous study by Mattbäck et al. (2017) where a higher 
TRS content was reported, the rate of the pH-drop and acidification 
during incubation was not considerably faster in coarse-grained soils 
(Fig. 5). Thus, it seems that the rate of acidification is more dependent 
on the sulfide content than grain size or associated buffering processes. 
As expected, leaching of S increased as the incubation progressed and a 
large portion of the total S was able to be leached out (Table 1 and 
Fig. 4). Although the acidity of the leachates from coarse-grained AS 
soils was shown to be low (Table 1 and Fig. 5), the impact on small 
recipient water bodies with low buffering capacity may locally be sig-
nificant as has been indicated by Mattbäck et al. (2017). The acidity of 
the leachates was strongly dependent on the S content in both coarse- 
and fine-grained AS soils. Arguably, at low sulfide levels, acidity induced 
by other elements, such as Fe due to oxidation of Fe(II) to Fe(III) and 

subsequent formation of Fe(III) hydroxides and/or Fe(III) hydroxide 
oxides (reactions 3 and 4; Kirby and Cravotta, 2005), would play a larger 
role contributing to the net acidity (Clark et al., 1996) and the Fe(II) 
itself would originate from the iron sulfides (reactions 1 and 2; e.g. 
Boman et al., 2010). 

Fe2+(aq)+ 0.25 O2(g)+H+(aq)→Fe3+(aq)+ 0.5 H2O (l) (3)  

Fe3+(aq)+ 3H2O (l)→Fe(OH)3 (s)+ 3H+(aq) (4) 

The ∆EC0→16w can mostly be explained by the sulfide oxidation, 
which increases the release of SO4

2− , H+ and mobilized other ions from 
acid soluble phases. Therefore, ∆EC0→16w is a measure of the sulfide 
oxidation and associated weathering driven by the generation of acid. In 
most cases the dominant cations are aluminum, iron, manganese, zinc 
(Fig. 6) and the major cations (calcium, magnesium, sodium, and po-
tassium). However, for some the coarse-grained materials there was an 
abnormal increase of K+ that together with SO4

2− controlled the EC 
(Figs. 5 and 7). Thus, for a quick assessment, EC can be used as a proxy 
for determining the extent of generation of acid and ions related to 
sulfide oxidation, but one must be aware of other ions that might 
contribute to the EC. There is a possibility that jarosite formation 
occurred when the pH dropped below 3.7 (Welch et al., 2008; Madden 
et al., 2012; Virtanen et al., 2014), this would in theory bind up some K+, 
Fe3+, SO4

2- and lower the EC, causing low precision in the determination 
of leachable K+, Fe3+, SO4

2- and EC. However, natural variation and 
heterogeneities within the samples cannot be ruled out based on the 
limited number of samples. 

5.2. Mobilization of chemical elements 

Except for S (as SO4
2− ) and Li+, it could not be statistically confirmed 

that the typical array of elements leached from fine-grained AS soils (B, 
Be, Ca, Cd, Co, Cu, K, Li, Mg, Mn, Na, Ni, Si, Sr, Tl and Zn; Åström and 
Björklund, 1995, 1996; Åström and Åström, 1997; Åström and Spiro, 
2005; Österholm and Åström, 2002) would have been leached in larger 
quantities from coarse-grained AS soils than from coarse-grained non-AS 
soils. Nonetheless, Al leaching was still considerable from the coarse- 
grained AS soil materials (Table 1 and Fig. 6) and might become a 
problem in recipient waters with low pH values as shown in Mattbäck 
et al. (2017). Moreover, the amount of Fe leached from the coarse- 
grained AS soil materials were similar, or even larger than from fine- 
grained AS soil materials; and larger than the amount leached from 
coarse-grained non-AS soil materials. In fine-grained sediments the 
majority of Fe released during sulfide oxidation is trapped in the soil as 
Fe-oxyhydroxide coatings on soil aggregates where the pH often is above 
3.5 (van Breemen, 1973; Österholm and Åström, 2002; Nordmyr et al., 
2006) and where redox processes rather than pH dominates. This is also 

Fig. 7. The change in leachate electric conductivity (EC; μS/cm) compared to the concentration of SO4
2- (left) and SO4

2− + K+ (right) expressed as milliequivalents 
(meq) in leachates extracted after a soil material incubation period of 0 to 16 weeks. 
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obvious from the leachate data in this study where the molar ratios of Fe: 
S in the leachates after 16 weeks of incubation were very low 
(0.0003–0.013) in the fine-grained AS soil materials (should be 0.5 if all 
sulfides were in the form of FeS2 and all Fe was mobilized and higher 
than 0.5 if sulfides are in the form of FeS and/or other minerals 
contributing to Fe leaching). The higher Fe leached from coarse-grained 
AS soil materials with similar pH-values indicates that the processes 
retaining Fe in these materials are less effective. Nevertheless, even for 
coarse-grained soils the leachate Fe:S molar ratios were between 0.003 
and 0.51, still indicating strong immobilization of Fe. Based on obser-
vations of iron stained ground- and surface water, it is also obvious that 
at least some precipitation occurs in coarse-grained soils. Due to the 
lower surface area, ion exchange capacity and organic matter contents 
of coarse-grained soils, such Fe precipitates as well as Fe in solution are 
probably less prone to be retained in the soil. When filtering water 
samples and leachates, the smallest colloids (<0.2 μm) are likely to pass 
through the filter prior to analysis, i.e. some of the detected Fe in 
leachates were most likely in a micro-colloidal form. Large macropores 
found during sampling, such as cracks formed during soil ripening, are 
typical for ripened clay sediments (Pons and Zonneveld, 1965) may 
provide more oxic environments than the pores of coarse-grained soils 
(that lacked these features), acting as traps for Fe. However, the lack of 
structure in coarse-grained soils should be of less importance for the 
differences between the soil types in this study, where incubation was 
conducted from small samples portions where aeration through struc-
tural macropores plays a minor role. Iron is potentially hazardous for 
watersheds and problems related to Fe has been documented in e.g. 
Australia, Denmark, Finland and Germany (Madsen et al., 1985; Madsen 
and Jensen, 1988; Prange, 2005; Paetsch, 2009; Mattbäck et al., 2017; 
Sullivan et al., 2018). Trace metals (e.g. Mn) may also be involved in 
acid production but is generally found in too low concentrations to be of 
any real significance (Clark et al., 1996). 

6. Conclusions 

The aim was to compare the behavior of coarse-grained AS soil 
materials in relation to fine-grained AS soil and coarse-grained non-AS 
soil materials; in order to (1) assess the potential environmental threat of 
coarse-grained AS soils, and (2) to assess the need to distinguish coarse- 
grained AS soils from fine-grained AS soils in future risk assessment of 
AS soils.  

• In coarse-grained soil materials, a sulfide mass fraction in the order 
of 0.01% were required to lower the incubation-pH below 4.0 which 
is roughly one order of magnitude lower than the amount of sulfide 
required to lower the pH below 4.0 in fine-grained soil materials. For 
coarse-grained soil materials, the sulfide content determined the 
acidity and rate of pH decrease, but not the final incubation-pH.  

• The amount of hydrogen, sulfate, Al, B, Be, Co, Cu, Li, Mg, Ni, Sr, and 
Zn leached from coarse-grained AS soil materials is 1–2 orders of 
magnitude smaller than the amount leached from fine-grained AS 
soil materials and only slightly higher than the amounts leached from 
coarse-grained non-AS soil materials which confirms the hypotheses 
of this study. When oxidized, their leachability from coarse-grained 
AS soils is directly proportional to the initial sulfide content.  

• Iron was the only metal ion whose amount in the leachates from 
coarse-grained AS soil materials was of the same order of magnitude 
or higher than in the leachates from fine-grained AS soil materials.  

• Related to their overall lower sulfide content, coarse-grained AS soils 
are less environmentally hazardous in terms of acid generation and 
metal mobilization than fine-grained AS soils and should be 
considered as a separate subgroup apart from fine-grained AS soils in 
future risk assessment. 
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Stadsfjärd within the VIMLA-project. This research was founded by the 
K.H. Renlund Foundation. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.gexplo.2021.106880. 

References 

Allen, R.E., Parkes, R.J., 2005. Digestion procedures for determining reduced sulfur 
species in bacterial cultures and in ancient and recent sediments. In: 
Vairavamurthy, M.A., Schoonen, M.A.A. (Eds.), Geochemical Transformations of 
Sedimentary Sulfur. American Chemical Society, pp. 243–257. https://doi.org/ 
10.1021/bk-1995-0612.ch013. 

Andriesse, W., van Meensvoort, M.E.F., 2006. Acid sulfate soils: distribution and extent. 
In: Encyclopedia of Soil Science, pp. 14–19. https://doi.org/10.1081/E-ESS- 
120006641. 

Appleyard, S., Cook, T., 2008. Reassessing the management of groundwater use from 
sandy aquifers: acidification and base cation depletion exacerbated by drought and 
groundwater withdrawal on the Gnangara Mound, Western Australia. Hydrogeol. J. 
17, 579–588. https://doi.org/10.1007/s10040-008-0410-2. 

Åström, M., Björklund, A., 1995. Impact of acid sulfate soils on stream water 
geochemistry in western Finland. J. Geochem. Explor. 55, 163–170. https://doi.org/ 
10.1016/0375-6742(95)00018-6. 

Åström, M., Björklund, A., 1996. Hydrogeochemistry of a stream draining sulfide-bearing 
postglacial sediments in Finland. Water Air Soil Pollut. 89, 233–246. https://doi. 
org/10.1007/BF00171634. 

Åström, M., Björklund, A., 1997. Geochemistry and acidity of sulphide-bearing 
postglacial sediments of western Finland. Environ. Geochem. Health 19, 155–164. 
https://doi.org/10.1023/A:1018462824486. 

Åström, M., Spiro, B., 2005. Sources of acidity and metals in a stream draining acid 
sulphate soil, till and peat, western Finland, revealed by a hydrochemical and 
Sulphur isotope study. Agric. Food Sci. 14, 34–43. https://doi.org/10.2137/ 
1459606054224084. 
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11, 23–59. 

Piispanen, R., Nykyri, T., 1997. Acidification of groundwater in water-filled gravel pits - 
a new environmental and geomedical threat. Environ. Geochem. Health 19, 
111–126. 

Pirinen, P., Simola, H., Aalto, J., Kaukoranta, J.-P., Karlsson, P., Ruuhela, R., 2012. 
Climatological Statistics of Finland 1981–2010. Finnish Meteorological Institute 
Report, 2012. 96 pp.  

Pons, L.J., Zonneveld, I.S., 1965. Soil Ripening and Soil Classification – Initial Soil 
Formation in Alluvial Deposits and a Classification of the Resulting Soils. IILRI, 
Wageningen, 128 pp.  

Prange, H., 2005. Ochre Pollution as an Ecological Problem in the Aquatic Environment - 
Solution Attempts from Denmark (dissertation work). Hochschule Bremen - 
University of Applied Sciences, 94 pp.  

Purokoski, P., 1959. In: Rannikkoseudun rikkipitoisista maista. Referat: Über die 
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