
 

 

 

 

Sulphur Dynamics in Boreal Potential and Actual Acid 
Sulphate Soils Rich in Metastable Iron Sulphide 

 

 

 

Anton Boman 

 

 

 

ACADEMIC DISSERTATION 

 

 

 

 

 

 

 

Department of Geology and Mineralogy 
Åbo Akademi University 

Åbo 2008 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ISBN 978-952-12-2214-6 
UNIPRINT, Åbo 2008 



 

Supervisor:  Professor Mats Åström 
 School of Pure and Applied Natural Sciences 
 Kalmar University 
 Barlastgatan 11 
 39182 Kalmar 
 Sweden 
 
Reviewers: Professor Markku Yli-Halla 
 Department of Applied Chemistry and Microbiology 
 Environmental Soil Science 
 University of Helsinki 
 P.O. Box 27 (Latokartanonkaari 11) 
 00014 University of Helsinki 
 Finland 
  
 Professor Richard Bush 
 Southern Cross Geoscience 
 Southern Cross University 
 P.O. Box 157 
 Lismore NSW 2480 
 Australia 
 
Opponent: Dr Gustav Sohlenius 
 Swedish Geological Survey (SGU) 
 P.O. Box 670 (Villavägen 18) 
 75128 Uppsala 
 Sweden 
 
Front cover: Photo from the estuary at Vassor, western Finland  
 (Photo by Anton Boman) 

 
 
 
 
 
 



 

SAMMANFATTNING 

I den här studien undersöktes svaveldynamiken samt förekomsten och uppträdandet av 
spårelement (As, Co, Fe, Mo, Ni, Ti och Zn) i sulfidrika brackvattensediment, som utsätts 
för oxidation pga postglacial landhöjning och dränering (ex. dikning) i samband med 
jordbruk. Dessa sediment har ofta en karakteristisk svart färg pga förekomsten av 
metastabila järnsulfider. Oxidation (antropogen påverkan) av dessa sediment (potentiella 
sura sulfatjordar), resulterar i uppkomst av kraftigt sura horisonter (pH <4) och bildning av 
sura sulfatjordar, vilka har en omfattande negativ påverkan på vattendrag. 26 profiler från 
sura sulfatjordar och sulfidrika sediment, samt brackvatten (n = 4) och dikesvatten (n = 5), 
provtogs från studieområdena i Österbotten, västra Finland. Den huvudsakliga 
målsättningen med avhandlingen var att öka kunskapen om geokemin för olika 
svavelspecies (metastabila järnsulfider, pyrit, elementärt S, sulfat och organiskt S) som 
vanligen förekommer i finländska sura sulfatjordar och sulfidrika sediment. 

Svavelspecieringsmetoden (samt svavelisotopdata) som utvecklades i den här studien 
visade sig användbar för: (1) identifiering av bildningsmekanismerna för metastabila 
järnsulfider och pyrit i sulfidrika sediment, och (2) undersökning av hur dessa järnsulfider 
omvandlas (oxideras) till andra svavelformer och slutligen urlakas från sura sulfatjordar. 
Järnsulfidmineralogin undersöktes (n = 4) med SEM-EDXA och den genomsnittliga 
elementsammansättningen för metastabila järnsulfider bestämdes till FeS1.1, vilket antyder 
på en blandning mellan mackinavit (FeS1.0) och greigit (FeS1.34). Detta är första gången 
som förekomsten av metastabila järnsulfider har påvisats i finländska sediment. 
Framboidal pyrit observerades också med SEM-EDXA. 

Svavelbudgeten i sedimenten dominerades av järnsulfider (>95%), med endast låga 
koncentrationer av elementärt S, organiskt S och sulfat. Som en följd av sulfidoxidationen 
dominerade sulfat i det oxiderade skiktet i sura sulfatjordar. Metastabila järnsulfider och 
pyrit förekom vanligen i nästan lika stora delar i sulfidrika sediment nära dagens kustlinje, 
medan pyrit dominerade i sulfidrika sediment längre bort från kusten. De föreslagna 
orsakerna till bildandet och bevarandet av metastabila järnsulfider i de sulfidrika 
sedimenten är: (1) otillräckliga sulfatkoncentrationer i brackvattnet, (2) hög 
sedimentationshastighet, (3) hög koncentration av Fe2+, och (4) starkt reducerade 
förhållanden. När de sulfidrika sedimenten lyfts ovanför vattenytan, och slutligen 
uppodlas, kan de metastabila järnsulfiderna (och pyrit) bevaras under den sura horisonten 
så länge som vattenmättnad råder. Det sker ingen urlakning av As, Co, Fe, Mo, Ni, Ti och 
Zn pga naturlig dränering (landhöjning) av sulfidrika sediment, och endast liten urlakning 
av S. Däremot, då dessa sediment dräneras artificiellt (ex. dikning) är oxidationen mycket 
snabb och omfattande och leder till bildning av sura sulfatjordar och en kraftig urlakning av 
syra och metaller (ex. Co, Ni och Zn). 



 

ABSTRACT 

This study examined the dynamics of sulphur and trace elements (As, Co, Fe, Mo, Ni, Ti 
and Zn) in brackish-water sediments rich in metastable iron sulphide, here referred as 
potential acid sulphate (PAS) soils, which are brought into the oxidation zone by 
postglacial isostatic land uplift and farmland drainage. Extensive oxidation 
(anthropogenically induced) of these sediments, results in formation of very acidic 
horizons and the development of actual acid sulphate (AS) soils, which have a huge 
impact on stream water chemistry. Altogether 26 cores (100-300 cm) from AS and PAS 
soil materials, as well as brackish-water (n = 4) and drain water (n = 5) samples, were 
collected from the study sites in Ostrobothnia, western Finland. The main objective with 
this thesis was to increase the knowledge about the geochemistry of a range of sulphur 
species (metastable iron sulphide, pyrite, elemental S, sulphate and organic S) that are 
commonly present in Finnish AS and PAS soil materials. 

The sulphur speciation method developed in this study, together with sulphur isotopic 
data, proved to be useful for: (1) identifying the mechanisms by which metastable iron 
sulphide and pyrite are formed in PAS soil materials, and (2) identifying the pathways by 
which these sulphides are transformed (oxidized) into other sulphur forms and ultimately 
flushed from AS soils. The iron sulphide mineralogy was investigated (n = 4) using 
scanning electron microscopy (SEM) and an energy dispersive X-ray analyser (EDXA). 
The average elemental composition of FeS1.1 for metastable iron sulphide, here observed 
for the first time in Finnish PAS soil materials, suggests that it is a mixture of mackinawite 
(FeS1.0) and greigite (FeS1.34). Framboidal pyrite was also observed with this technique.  

The sulphur budget of PAS soil materials were generally dominated by iron sulphides 
(>95%), with minor concentrations of elemental S, organic S and sulphate. In the acidic 
horizons, sulphate was by far the dominant sulphur species. Metastable iron sulphide and 
pyrite were generally present in near equal amounts in the PAS soil materials located 
close to the present coastline, while pyrite was the main sulphide species in the PAS soil 
materials located further inland. The formation and preservation of metastable iron 
sulphide in the PAS soil materials here studied is suggested to be the overall result of: (1) 
sulphur starvation, (2) a high sedimentation rate, (3) abundance of Fe2+, and (4) strongly 
reducing conditions. When the sulphide-rich sediments are lifted above the sea level, and 
ultimately reclaimed as farmland, the metastable iron sulphide is preserved as long as the 
conditions remain waterlogged. During natural drainage of sulphidic sediments (caused by 
isostatic uplift), there is no loss of As, Co, Fe, Mo, Ni, Ti and Zn, and only some loss of S. 
In contrast, when these sediments are artificially drained for farming purposes, the 
oxidation is exceptionally fast and extensive, causing the development of AS soils within a 
few decades, and substantial leaching of acidity and metals (e.g. Co, Ni and Zn). 
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1. INTRODUCTION 

1.1. Definition of potential and actual acid sulphate soils 

Finnish potential acid sulphate (PAS) soils are sulphide-rich brackish-water sediments, 
formed mainly during the Holocene, that remain un-oxidized under waterlogging 
conditions. These sediments have the potential to turn into actual acid sulphate (AS) soils 
upon oxidation. In this thesis, the term “PAS soil material” is used for describing all types 
of sulphide-bearing material (excluding the transition zone between the acidic horizon and 
the parent sediment; see below), whether lifted above the sea level by postglacial isostatic 
rebound (e.g. the waterlogged and un-oxidized parent sediment of an AS soil) or 
permanently submerged (e.g. brackish-water bottom sediments, lake sediments etc.). 
Finnish PAS soil materials are generally characterized by: (1) a black colour indicating the 
presence of metastable iron sulphide (FeS1+x), (2) a total iron sulphide concentration 
(including pyrite also; FeS2) of c. 1% (dry weight) and comprising >95% of the total S, (3) 
a high amount of organic matter (>6% of the dry weight), and (4) a fine-grained texture, 
dominated by silts (c. 2/3) made up primarily of quartz and feldspars and clay particles (c. 
1/3) enriched in phyllosilicates (Åström and Björklund 1997). When the PAS soil materials 
are brought into the oxidation zone, either by natural processes (i.e. isostatic land uplift) or 
by anthropogenic activities (e.g. dredging, reclamation, ditching and pipe drainage), 
sulphuric acid (H2SO4) is formed from oxidation of the iron sulphides. If the inherent 
neutralizing capacity (e.g. calcium carbonate, exchangeable cations and weatherable 
silica minerals; van Breemen and Buurman 2002) is lower than the potential acidity, there 
will be an extensive drop in pH (<4) and the formation of a very acidic soil horizon, i.e. a 
diagnostic criterion of an AS soil. 

In Soil Taxonomy (Soil Survey Staff 2006), FAO/UNESCO (FAO 1988) and the first edition 
of the World Reference Base for Soil Resources (WRB; FAO 1998) systems, the 
occurrence of a sulphuric horizon and sulphidic materials are used as diagnostic 
characteristics for AS soils. The sulphuric horizon has a pH of less than 3.5 and shows 
evidence that the low pH is caused by sulphuric acid (e.g. occurrences of jarosite and 
schwertmannite, or more than 0.05% water-soluble sulphate, or superposition on sulphidic 
material) and has thickness of at least 15 cm. In the most recent version of WRB (IUSS 
Working Group WRB 2006), a thionic horizon is introduced instead of the sulphuric 
horizon. It has the same characteristics as the sulphuric horizon except that the upper pH 
limit has been raised to 4.0. The required characteristics for sulphidic materials are also 
defined somewhat differently in these classification systems. According to Soil Taxonomy 
(Soil Survey Staff 2006), sulphidic materials contain oxidizable sulphur compounds that 
have a pH value of more than 3.5 and that, if incubated at room temperature under moist 
conditions, show a drop in pH of at least 0.5 pH units to a value of 4.0 or less within 8 
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weeks. According to FAO/UNESCO (FAO 1988) and the first edition of WRB (FAO 1998), 
sulphidic materials have a pH of 3.5 or more and contain 0.75% or more sulphur by dry 
mass and only moderate amounts of calcium carbonate. In the most recent version of 
WRB (IUSS Working Group WRB 2006), sulphidic materials have a pH of 4.0 or more and 
contain 0.75% or more sulphur by dry mass and less than three times as much calcium 
carbonate equivalent as sulphur. In Finland, however, many of the soils that are nationally 
considered AS soils are not recognised by the international systems, because the 
sulphuric horizon and sulphidic materials are too deep to be diagnostic (Joukainen and 
Yli-Halla 2003). Therefore, the designation “AS soils” is here defined in a somewhat 
broader sense: soils that have an acidic horizon of pH ≤4.0 caused by sulphur oxidation. 
In Finland, these horizons are commonly c. 1 m thick and located between a cultivated 
limed topsoil (plough layer; c. 0-40 cm and pH >5) and waterlogged sulphide-rich parent 
sediment (i.e. PAS soil material) (Figure 1). The transition zone between the acidic 
horizon and the parent sediment is typically characterized by a steep pH gradient from 
acidic to near neutral pH values (Figure 1). In this thesis, the term “AS soil material” 
includes all the above-mentioned horizons and materials (i.e. plough layer, acidic horizon, 
transition zone and parent sediment). The pale yellow iron sulphate mineral jarosite 
[KFe3(SO4)2(OH)6] and iron oxyhydroxides [e.g. Fe(OH)3 and FeOOH] are also frequently 
encountered in Finnish AS soils.  

1.2. Background 

1.2.1. The AS soil problem 

AS soils are due to their heavy negative impact on the aquatic environment considered to 
be among the nastiest soil types in the world. The AS soils in Finland, and elsewhere in 
the world, are notorious for very acidic runoff that commonly holds elevated 
concentrations of many harmful elements (e.g. Co, Ni and Zn) (Willett et al. 1993; Åström 
and Björklund 1995, 1996; Åström and Åström 1997; Åström and Spiro 2000; Joukainen 
and Yli-Halla 2003; Roos and Åström 2005a, 2005b, 2006). For example, it has recently 
been shown that several metals (e.g. Al, Co, Cd, Mn, Ni and Zn) are today leached more 
extensively from Finnish AS soils than from the entire Finnish industry (Sundström et al. 
2002). This toxic effluent often causes serious damage to aquatic life and results in 
frequent fish kills (Willett et al. 1993; Hudd 2000; Urho 2002). In Finland, the most 
vulnerable areas are located in Ostrobothnia (western Finland) where about half of the 
actual AS soils (Purokoski 1959; Palko 1994) and the most severely affected stream 
waters are located (Roos and Åström 2005b, 2006). Plant growth is also severely affected 
by the low soil pH and the concomitant increased mobilization and plant uptake of toxic 
mineral elements such as Al, Fe and Mn (Palko 1994). Cultivation problems, associated 
with an acidic topsoil were already reported in the early 20th century during agrogeological 
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soil mapping in Ostrobothnia, western Finland (Aarnio 1928). Kivinen (1944) was among 
the first to connect acidic runoff from AS soils with subsequent fish kills. It is however very 
likely that acidic and metal-rich runoff from AS soils has been affecting coastal and 
riverine fish stocks in the coastal areas of the Gulf of Bothnia for more than a hundred 
years, as exemplified by the large number of fish kills previously reported (Urho 2002). 
The first recorded problems with acidity in stream waters in Finland occurred in 1834 
when the normally dark brown water in the river Kyrönjoki turned clear for a few days and 
all the fish died (National Board of Waters 1973). Since then, numerous reports on 
massive fish kills have been reported throughout the coastal areas of Finland (National 
Board of Waters 1973), with the most recent one occurring in the autumn of 2006. 

A comprehensive body of work exists on the environmental impact of boreal AS soils, but 
despite the fact that the presence of these soils has been known since the beginning of 
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the 20th century, surprisingly little work has been done on the sulphur geochemistry of 
these soils. Most often only the total S concentration has been determined and very little 
focus has been on the actual distribution and transformation of various sulphur fractions in 
AS soil materials. Furthermore, the mechanisms responsible for the initial formation of iron 
sulphides in brackish-water sediments (PAS soil materials) of the boreal environment 
have not been thoroughly investigated. Only a few studies (Wiklander and Hallgren 1949; 
Wiklander et al. 1950; Purokoski 1958; Georgala 1980) have so far focused on 
determining the occurrence of various sulphur species and oxidation mechanisms in 
boreal AS soil materials. In a global perspective, the PAS soil materials of boreal Europe 
are unique because it is commonly considered that pyrite is by far the major iron sulphide 
and that occurrences of metastable iron sulphide is generally very low in this type of 
materials (van Breemen 1973). Consequently, the oxidation of pyrite has received much 
attention (e.g. Harmsen et al. 1954; Hart 1959, 1962, 1963; Bloomfield 1972; van 
Breemen 1973; Arkesteyn 1980; Nordstrom 1982; Evangelou and Zhang 1995; Ward et 
al. 2002, 2004) whereas oxidation of metastable iron sulphide in AS soil materials has not 
been adequately investigated. However, the occurrence of metastable iron sulphide in 
boreal PAS soil materials has previously been based solely on phenomenological data, 
and actual observations of this mineral group in these settings have not been reported 
previously to the best of my knowledge. Generally the black colour of the sediments are 
considered to be due to metastable iron sulphide, and the present figures on the 
abundance of this mineral group has been determined by analysing the concentration of 
acid volatile sulphide (AVS) (Georgala 1980; Sohlenius et al. 1996; Sternbeck and 
Sohlenius 1997; Sohlenius and Öborn 2004). The AVS fraction is generally believed to 
mainly comprise solid metastable iron sulphide minerals such as mackinawite 
(stoichiometric FeS) and greigite (FeS1.34) (e.g. Cornwell and Morse 1987; Morse et al. 
1987). The maximum concentration of metastable iron sulphide reported in boreal PAS 
soil materials is 1.8% (dry weight) representing >60% of the total S (Georgala 1980).  

1.2.2.  Distribution of AS soils 

The worldwide distribution of AS soils is c. 17 million ha (170 000 km2) and they are 
commonly located in coastal lowlands of Southeast Asia, West Africa, eastern Australia, 
Latin America and Europe (Andriesse and van Mensvoort 2006). In Europe, the largest 
occurrences are found in Finland, where these soils cover an area of at least c. 380 km2 
(Purokoski 1959) and up to 3360 km2 (Palko 1994) of agricultural land on the western 
coastal plains (Figure 2a). They are commonly found at elevations less than 40 m above 
the sea level (Palko 1994). The acidic horizons in Finland are overlying iron sulphide-rich 
parent sediments (PAS soil materials) that were formed under anoxic conditions in the 
bottom sediments of the brackish Litorina Sea during the Holocene, where H2S (derived  
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from bacterial sulphate reduction) reacted with iron minerals and formed a range of iron 
sulphides. Sulphide-rich sediments (PAS soil materials) are also continuously forming 
along the coastal areas of the Gulf of Bothnia and due to the post-glacial land uplift, they 
are today emerging with a speed of c. 7.5 mm/year in this region (Johansson et al. 2004). 
Consequently, most of the AS soils are today located in flat, fine textured soil areas below 
the past Litorina Sea level line (Palko 1994) (Figure 2a). 

The occurrence of black iron sulphide-rich sediments and sulphur-rich soils in Finland was 
first recorded by Aarnio (1928), who noticed such soils during agrogeological soil 
mappings in Ostrobothnia. Since then more detailed mapping of AS soils has been done 
by e.g. Purokoski (1959), Erviö (1975), Palko (1994) and Yli-Halla et al. (1999). About half 
of the AS soils are located in the surroundings of Vasa whereas the highest sulphur 
concentrations per hectare are found in the vicinity of Oulu (Purokoski 1959; Palko 1994). 
The total area underlain by AS soils is not precisely known and the large discrepancy for 
the estimated area in agricultural use (380-3360 km2) is due to the usage of different 
criteria for the definition of AS soils. For example, Purokoski (1959) classified AS soils by 
their sulphur content per hectare and estimated the area to c. 380 km2. Erviö (1975), on 
the other hand, estimated, using as criteria >100 mg/L sulphate and pH <5 in the subsoil, 
that AS soils in the drainage basin of the river Kyrönjoki (western Finland) were spread out 
over an area of c. 260 km2. Later on, Palko (1994) identified AS soils as having a pH 
horizon below 5 in the transition layer, and estimated the area to c. 3360 km2, which is 
about 16% of the total cultivated field area in Finland. According to Yli-Halla et al. (1999) 
the criteria used by Palko (1994) (subsoil of pH <5) gives higher estimations than 
internationally recognized classification systems. According to Soil Taxonomy and by 
using the same material as Palko (1994), Yli-Halla et al. (1999) concluded that 670-1300 
km2 of cultivated soils would receive names where the AS soil characteristics would be 
expressed in the soil name, where Typic Sulphaquepts or Sulphic Cryaquepts were most 
common. In the FAO/UNESCO system (FAO 1988), the corresponding area of AS soils 
(Thionic Gleysols) was estimated to only 430-780 km2 (Yli-Halla et al. 1999). Names 
where the AS soil characteristics are expressed outline soils where agricultural and/or 
environmental problems may occur. Depending on the criteria used, the problems may 
appear small or large if soil names are used to estimate their extent. 

1.2.3. Brief literature overview of sulphur speciation methods 

This chapter provides a brief literature overview of various techniques that have been 
used for the separation and quantification of a range of sulphur species, such as 
metastable iron sulphide, pyrite, elemental S, sulphate, organic S, total reducible S and 
total S, in AS and PAS soil materials (e.g. Wiklander and Hallgren 1949; Purokoski 1958; 
Zhabina and Volkov 1978; Georgala 1980; Nriagu and Soon 1985; Canfield et al. 1986; 
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Tuttle et al. 1986; Cornwell and Morse 1987; Hall et al. 1988; Fossing and Jørgensen 
1989; Hsieh and Yang 1989; Mossmann et al. 1991; Bates et al. 1993; Rice et al. 1993; 
Allen and Parkes 1995; Duan et al. 1997; Hsieh and Shieh 1997; Popa and Kinkle 2000; 
Sullivan et al. 2000; Backlund and Boman 2002; Hsieh et al. 2002; Kallmeyer et al. 2004; 
Burton et al. 2008). 

Wiklander and Hallgren (1949) were probably the first to perform sulphur speciation on 
PAS soil materials from the Baltic region (Kungsängen, Sweden). They analysed three 
different forms of sulphur; sulphide, inorganic sulphate and organic S (+ elemental S). 
Close to a decade later, Purokoski (1958) determined the occurrence of several different 
forms of sulphur, such as sulphide, elemental S, thiosulphate, polythionate, sulphite, 
dithionite S, sulphate and organic S in PAS soil materials from Liminka, Finland. Detailed 
descriptions of the sulphur speciation methods used by these researchers are found in the 
respective papers. Both of these sulphur speciation methods have, however, one major 
limitation; the total sulphide concentration was analysed by adding HCl to the sample, 
which means that only the concentration of metastable iron sulphide was determined. 
Today it is clear that pyrite, which is often a major sulphide constituent in Finnish and 
Swedish PAS soil materials, does not dissolve in HCl only (see discussion below). In 
Wiklander and Hallgren (1949) and Purokoski (1958), pyrite most likely ended up together 
with organic S, which thus means that the total sulphide concentration was 
underestimated and the organic S concentration overestimated. Georgala (1980) 
determined the concentration of metastable iron sulphide in PAS soil materials from north-
eastern Sweden by adding 1 M HCl to the samples and precipitation of the evolved H2S 
as CdS (in CdCl2). Pyrite was subsequently determined as the difference between total S 
(determined by LECO) and metastable iron sulphide. It should also be mentioned that a 
brief review of methods suitable for analysing sulphur species in anoxic marine sulphide-
rich sediments (i.e. PAS soil materials) within the Baltic region has been carried out by 
Spehar and Leivuori (1999). Furthermore, Backlund and Boman (2002) presented in their 
MSc thesis a sulphur speciation method for sequential determination of metastable iron 
sulphide, pyrite, elemental S, sulphate and organic S in boreal AS and PAS soil materials. 

The sulphur speciation methods commonly presented in the scientific literature are 
operationally defined, which means that the separation and definition of various sulphur 
species is dependent on the reagents and procedures used. At present, the main part of 
the sulphur speciation methods is largely based on the sequential extraction methods of 
Zhabina and Volkov (1978) who introduced the hot acidic CrCl2 distillation procedure for 
separating metastable iron sulphide, pyrite, elemental S, sulphate and organic S. Since 
Zhabina and Volkov (1978) presented their methods, a number of studies, some of which 
are presented in Table 1, have modified this technique according to their needs.  
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The common denominator for these methods is the general use of HCl and acidic CrCl2 
solution (of various strengths and under a variety of temperatures) for the determination of 
metastable iron sulphide and pyrite, respectively. The sulphur fraction dissolved in HCl is 
generally termed “acid volatile sulphide” (AVS) whereas the fraction obtained by acidic Cr-
reduction is generally termed “chromium reducible sulphur” (CRS). Elemental S is 
commonly separated and quantified prior to AVS by dissolution with an organic solvent 
followed by a Cr-reduction (e.g. Fossing and Jørgensen 1989; Duan et al. 1997) or 
analysed after pyrite dissolution (at room temperature) by heating the Cr2+ solution (e.g. 
Allen and Parkes 1995). The analysis of reduced S (i.e. AVS, CRS and elemental S) is 
performed under anoxic conditions, which can be obtained by using e.g. N2, CO2 and/or Ar 
(Zhabina and Volkov 1978). The evolved H2S from the dissolution of reduced S-species is 
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collected in a gas trap (containing e.g. AgNO3, NaOH, Cd-acetate or Zn-acetate) and the 
S concentration can subsequently be determined in a number of ways: e.g. gravimetrically 
by precipitating the sulphide as Ag2S, ZnS or CdS (e.g. Zhabina and Volkov 1978; Tuttle 
et al. 1986; Di Toro et al. 1990; Bates et al. 1993), or e.g. by EDTA titration (e.g. Newton 
et al. 1995; Duan et al. 1997), iodometrically, spectrophotometrically, polarographically, by 
ICP-MS (e.g. Zhabina and Volkov 1978; Allen and Parkes 1995), or by direct 
measurement with an sulphide electrode (Boman, A., unpublished). Sulphate and organic 
S are commonly determined by precipitation as BaSO4 after removal of reduced S (see 
Table 1). 

The addition of SnCl2, TiCl3 (e.g. Cornwell and Morse 1987) and ascorbic acid (Hsieh et 
al. 2002) to reaction flasks, prior to AVS analysis (see Table 1), have been used to limit 
the interference of sedimentary Fe3+ with H2S, and the subsequent formation of excess 
elemental S (Pruden and Bloomfield 1968). Furthermore, Zn-acetate has been mixed with 
the sediment prior to analysis in order to fix easily oxidizable sulphides as ZnS and 
thereby limit oxidation of AVS into excess elemental S (Duan et al. 1997). The effects of 
these reagents (i.e. SnCl2, TiCl3, ascorbic acid and Zn-acetate), as well as the effects of 
HCl and acidic CrCl2 solution of various strengths and under a variety of temperatures, on 
the recovery of various sulphur species are discussed below (see chapter 3.2.). 

1.3. Objectives and scope 

The overall objective of this thesis was to increase knowledge about the geochemistry of a 
range of sulphur species (i.e. metastable iron sulphide, pyrite, elemental S, sulphate and 
organic S) that are commonly present in Finnish AS and PAS soil materials. In order to 
meet this goal, four separate studies (Papers I-IV) were carried out. The specific aims for 
each paper were: (Paper I) to revise and improve existing sulphur speciation methods 
used for boreal AS and PAS soil materials, i.e. those of Wiklander and Hallgren (1949), 
Purokoski (1958), Georgala (1980) and Backlund and Boman (2002), (Paper II) to 
determine the distribution of total reducible S, organic S and sulphate in profiles from two 
typical AS soil areas near Vasa (western Finland), (Paper III) to identify the mechanisms 
by which metastable iron sulphide and pyrite are transformed (oxidized) into other sulphur 
forms and how this sulphur is ultimately flushed from AS soils into drains, and (Paper IV) 
to identify the formation mechanisms for metastable iron sulphide and pyrite in brackish-
water sediments (PAS soil materials) and to compare the effects of natural drainage (i.e. 
due isostatic land uplift) and artificial drainage (e.g. ditching and pipe drainage) on the rate 
of AS soil development. 
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2. MATERIAL AND METHODS 

2.1. Study areas and sampling 

The study areas are located in Ostrobothnia, western Finland (Figure 2a). Detailed site 
descriptions are found in the corresponding papers (Papers I-IV) and an overview of the 
materials and methods is presented in Table 2. The study areas comprise both young 
(<200 years) and old areas (c. 4000 years), considering the time they have been above 
the sea level. The young areas comprise the sulphide-rich bottom sediment (PAS soil 
material) of the freshwater Larsmo Lake (Paper I) and agricultural fields (AS soil materials) 
in Korsholm (Papers II, III), Söderfjärden (Paper II) and Vassor (comprising also part of an 
estuary; Paper IV). The old areas comprise agricultural fields (AS soil materials) in 
Överpurmo (Paper I) and Rintala (Paper III). The agricultural fields in this study were 
artificially drained with either deep open ditches or subsurface drainpipes. The main crops 
grown on these fields were different types of grains.  

For Paper I, a sample of PAS soil material from the agricultural field in Överpurmo (parent 
sediment) and from Larsmo Lake (freshwater lake sediment) was collected in 2002. For 
papers II-IV, altogether 26 cores (100-300 cm) from AS and PAS soil materials were 
collected during 2002-2005 from the above-mentioned areas. For Paper II, 10 cores (200-
250 cm) were collected from Korsholm and 9 cores (200-300 cm) from Söderfjärden. The 
cores extend from the upper oxidized layer (plough layer and acidic horizon) into the 
underlying iron sulphide-bearing parent sediment (PAS soil material). For Paper III, a 300 
cm long core, extending from the upper oxidized layer (plough layer and acidic horizon) 
into the underlying iron sulphide-bearing parent sediment (PAS soil material), was 
collected from both Korsholm and Rintala. For Paper IV, three cores (180 cm; sites A-C) 
were collected from the estuary (PAS soil site) at Vassor, comprising subaqueous 
sediment (PAS soil material) located c. 50 cm below the average sea level (site A), 
shoreline sediment (PAS soil material) a few cm below the average sea level (site B) and 
emerged peat covered sediment (PAS soil material) c. 30 cm above the average sea level 
(site C) (Figures 2b,c). These sites represent a sequence of sediments increasingly 
affected by natural drainage and oxidation by the work of isostatic uplift. Two cores (300 
cm and 100 cm; sites D and E, respectively) were collected from a polder adjacent to the 
estuary, comprising AS soil material (site D) and drain bottom sediment (PAS soil 
material; site E) (Figures 2b,c). Field observations and stratigraphy of sites A-E are 
presented in Figure 3. The cores from the AS soils in Papers II-IV were collected with an 
auger (Ø 20 mm), while the cores from the estuary (sites A-C) and the drain bottom 
sediment (site E) were collected with a Russian sampler (Ø 80 mm). In the field, soil and 
sediment samples were placed in plastic bags and covered with dry ice to avoid oxidation 
during transportation to the laboratory, where the samples were stored in a freezer. 
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Four brackish-water samples, from an area close to the Bay of Vassor, were collected in 
2004. Temporal sampling (5 samples) was done during the autumn of 2007 from a ditch 
(site E) draining an AS soil (site D) at Vassor (Paper IV). The water samples were 
collected in polyethylene bottles, filtered (0.45 µm) and acidified (pH <2) with HNO3 and 
stored in a refrigerator prior to analysis.  

2.2. Soil classification 

In the 26 soil profiles studied, only 7 soils had a sulphuric horizon (FAO 1988; FAO 1998; 
Soil Survey Staff 2006) and most of these soils (5) were located in Söderfjärden (Paper II). 
It is noteworthy that none of the soils in Korsholm (Papers II, III) had a sulphuric horizon. 
Three soils at Vassor (sites A, B and E), were practically saturated with water and 
contained sulphidic materials (i.e. PAS soil materials) close to the soil surface (Paper IV). 
One soil at Vassor (site C; Paper IV) had a histic epipedon/horizon above the sulphidic 
material and was only oxidized to a depth of c. 30 cm. The remaining 15 soils were 
oxidized to a considerable depth and their minimum pH was between 3.5 and 4.0, 
indicative of thionic horizons (IUSS Working Group WRB 2006). Altogether 22 soils (the 
cultivated soils) had a thionic horizon according to the most recent version of WRB (IUSS 
Working Group WRB 2006), which is in contrast to the low number (7) of sulphuric 
horizons diagnosed in the other classification systems (FAO 1988; FAO 1998; Soil Survey 
Staff 2006). In Korsholm, sulphidic materials were commonly closer (c. 100 cm) to the soil 
surface than at Söderfjärden (c. 130-150 cm), Rintala (c. 200 cm) and at site D at Vassor 
(c. 200 cm). This is probably due to deeper ditching at the latter three sites and attempts 
to maintain (by controlled drainage) an elevated groundwater table at the first site. 

The soils were classified according to Soil Taxonomy (Soil Survey Staff 2006), 
FAO/UNESCO (FAO 1988) and the two versions of WRB (FAO 1998; IUSS Working 
Group WRB 2006) (Table 3). Because not all analyses required for a definite classification 
were carried out in each soil profile or each horizon, assumptions about some soil 
characteristics (total S and sulphate) were made on the basis of soil pH and soil 
morphology. From a Finnish perspective, all soils in agricultural use were rather strong AS 
soils as compared to the soils studied by Yli-Halla et al. (1999). 

In Soil Taxonomy (Soil Survey Staff 2006), every soil profile received a name where the 
AS soil characteristics were indicated. This implies that the acidic horizon (pH ≤4.0) and/or 
sulphidic materials occur within 150 cm of soil surface. It is likely that acid leachates can 
be exported from all of them upon drainage. The soils of this study had an aquic moisture 
regime and according to other studies (Yli-Halla and Mokma 1998) a cryic soil 
temperature regime. The main part (22) of the profiles was classified as Sulphic 
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Cryaquepts (found at every study site), three profiles (sites A, B and E at Vassor) as Typic 
Sulphaquents and one profile as a Histic Sulphaquent (site C at Vassor) (Table 3). 

According to FAO/UNESCO (FAO 1988) and WRB (FAO 1998; IUSS Working Group 
WRB 2006), the soils were classified as either Thionic Gleysols or Dystric Gleysols; 
distribution between these classes varying from system to system, on the basis of criteria 
used in them. In the soil profiles termed Dystric Gleysols, the sulphidic materials and/or 
sulphuric/thionic horizon were too deep (below 125 cm or 100 cm in the FAO/UNESCO 
and WRB systems, respectively) to meet the criteria of Thionic Gleysols. There was, 
however, uncertainty in the distribution between Thionic Gleysols and Dystric Gleysols at 
Korsholm (Table 3), because the depth of sulphidic materials was not accurately 
determined. It is noteworthy that in FAO/UNESCO (FAO 1988) and, owing to introduction 
of the thionic horizon, also in the most recent version of WRB (IUSS Working Group WRB 
2006), most soils were classified as Thionic Gleysols in contrast to Dystric Gleysols in the 
first edition of WRB (FAO 1998) (Table 3). This observation demonstrates that only a 
slight modification of the criteria for the diagnostic depth and pH can substantially change 
the distribution of soils among soil classes, and thus, the impression of the essential soil 
characteristics expressed by the soil name. 

In Finland, cultivated AS soils are typically classified as Typic Sulphaquepts or Sulphic 
Cryaquepts according to Soil Taxonomy and Thionic Gleysols according to the 
FAO/UNESCO system (Yli-Halla 1997; Yli-Halla et al. 1999). This shows that the soil 
profiles of this study are representative of Finnish AS soils. 
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2.3. Analyses 

The analytical methods used in this thesis are briefly reviewed in the following chapters 
(2.3.1.1.-2.3.1.5. and 2.3.2.1.) whereas detailed descriptions are found in the 
corresponding papers (Papers I-IV) and in the Appendix (Guidelines for sulphur 
speciation). The methods and parameters determined in each paper are summarized in 
Table 2. For multielement analyses in commercial laboratories (Papers II-IV), a chosen 
number of samples were selected randomly, prepared in duplicate and analysed 
anonymously. The coefficient of variation was calculated, for each element, on these 
samples according to the method by Gill (1997) and the results are presented in the 
corresponding papers. 

2.3.1. AS and PAS soil materials 

2.3.1.1. pH, water content and chemical elements 

The pH was determined in the field on the collected cores (Papers II-IV) by inserting an 
electrode (Mettler Toledo inlab 426®) directly into the fresh sample at various intervals (5-
10 cm depending on study). In the laboratory, the samples were thawed and homogenized 
under N2 and divided into separate subsamples. The water content was determined by 
drying the subsamples for at least 24 hours in 50 oC (Paper IV) or 105 oC (Papers I-III) 
before weighing to 0.001 g accuracy. Arsenic, Co, Mo, Ti, Zn (Papers II, IV), Fe, Ni and S 
(Papers II-IV) were analysed with ICP-MS (Papers III, IV) or ICP-ES & MS (Paper II) in an 
accredited laboratory (Acme analytical laboratories LtD., Vancouver Canada) after partial 
dissolution of dry sample (0.5-1.0 g) in aqua regia for one hour at 95 oC and dilution to 10 
mL (Papers III, IV) or 20 mL (Paper II).  

2.3.1.2. Organic matter and organic C 

Organic matter was estimated as loss on ignition (LOI) by subsequent combustion of c. 1 
g of the dry subsamples for 4 hours in 500 oC (Radojević and Bashkin 1999) and 
subtraction of aqua regia obtained S% from LOI% (Papers I, II, IV). The sulphur 
concentration was taken into consideration because it is a major constituent in the 
investigated samples and experiments have shown that the S concentration diminishes 
between c. 50% and 90% during combustion for 4 hours in 500 oC (Boman, A., 
unpublished results). Organic C was determined on the profiles from Korsholm and 
Rintala (Paper III) in an accredited laboratory (Acme analytical laboratories Ltd., 
Vancouver, Canada) by subtraction of carbonate and graphite from total carbon (both 
determined by LECO). 



16 

2.3.1.3. Sulphur speciation 

In Paper I, different analytical procedures for sulphur speciation were tested (see below) in 
order to develop the most suitable method for Finnish AS and PAS soil materials. This 
work continued throughout the studies, and the “final” method, slightly modified from the 
one suggested in Paper I, is presented in detail in the Appendix (Guidelines for sulphur 
speciation). In Paper II, the sulphur speciation was performed by following the procedures 
suggested in Paper I (without addition of Zn-acetate to the sediment) whereas the 
procedures described in the Appendix were followed in Papers III and IV. The sulphur 
speciation method is operationally defined and specific for acid volatile sulphide (AVS), 
cold chromium reducible sulphur (CCrS), hot chromium reducible sulphur (HCrS), 
elemental sulphur (ES), total reducible sulphur (TRS), sulphate (SO4

2-), organic sulphur 
(OrgS) and total sulphur (TotS). On selected samples from Överpurmo, Larsmo Lake, 
Korsholm, Rintala and Vassor, metastable iron sulphide was analysed as AVS, pyrite as 
CCrS, elemental S as HCrS (Papers I, III, IV) and/or as ES (Paper I). TRS (= AVS, CCrS 
and HCrS/ES) was analysed on the samples from Överpurmo and Larsmo Lake (Paper I), 
and on selected samples from Korsholm and Söderfjärden (Paper II). TotS was analysed 
on the samples from Överpurmo and Larsmo Lake (Paper I). SO4

2- and OrgS were 
analysed on selected samples in every study (Papers I-IV). 

The analysis of AVS, CCrS, HCrS/ES and TRS was performed under oxygen free 
conditions (N2), whereas analysis of SO4

2-, OrgS and TotS was performed under normal 
laboratory conditions. The frozen samples (c. 3-10 g) were either thawed and 
homogenized under N2 or crushed and homogenized when still frozen and weighed into 
the reaction vessel (or centrifuge tube for ES). For analysis of AVS, CCrS, HCrS and TRS, 
10 mL of ethanol, which facilitates reflux condensation during the distillation (Fossing and 
Jørgensen 1989), and 2 mL of 1 M ascorbic acid, which prevents excess formation of 
elemental S from oxidation of H2S in the presence of Fe3+ (Hsieh et al. 2002), was added. 
After that, under a N2 atmosphere, AVS, CCrS and HCrS were determined sequentially by 
first, addition of 25-50 mL of 6 M HCl at room temperature for AVS, second, addition of 
25-50 mL of 1 M CrCl2 (in 0.5 M of HCl) for CCrS, and third, heating of the remaining 
slurry for HCrS. TRS was analysed in a single step by following the procedures for HCrS. 
The ES fraction was removed with dichloromethane prior to the sequential extraction of 
AVS, CCrS and HCrS, and later treated in the same way as HCrS. The evolved H2S 
during each reaction step (i.e. AVS, CCrS, HCrS and TRS) was collected as Ag2S in a gas 
trap containing 0.1 M AgNO3. The remaining slurry in the reaction flask was filtered and 
the filtrate was used for determination of SO4

2- by precipitation as BaSO4. The dried 
residue (1 part) was fused with Eschka´s mixture (3 parts) at 800 oC, which oxidizes all 
remaining S (i.e. mainly organic S) to sulphate (Tuttle et al. 1986; Bates et al. 1993; Rice 
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et al. 1993), and the OrgS concentration was subsequently determined by precipitation as 
BaSO4. TotS was analysed on a dry sample by following the procedure for OrgS. The 
Ag2S and BaSO4 precipitates were saved for further sulphur isotopic analyses. The 
percentage of sulphur in the compounds was calculated gravimetrically from the 
precipitates (i.e. Ag2S and BaSO4) and the results are presented as percentage of dry 
weight (dw%).  

Gravimetric determination of the sulphur concentration was chosen because the Ag2S and 
BaSO4 precipitates could subsequently be used directly for sulphur isotopic analyses. It 
should, however, be mentioned that it is also possible to collect the evolved H2S in Zn-
acetate and measure the sulphide concentration spectrophotometrically and thereafter 
precipitate Ag2S by addition of excess AgNO3 (e.g. Wijsman et al. 2001). This was not 
tested in this thesis due to the lack of necessary instruments. 

2.3.1.4. Scanning electron microscopy 

The iron sulphide mineralogy was investigated on selected, freeze-dried, samples (n = 4) 
from PAS soil materials in Vassor (presented in Paper III) using scanning electron 
microscopy (SEM) and an energy dispersive X-ray analyser (EDXA). 

2.3.1.5. Sulphur isotopic measurements  

For isotopic analyses, recovered Ag2S or BaSO4 precipitates from the sulphur speciation 
on AS and PAS soil materials (Papers I, III, IV) were converted to SO2 by following the 
procedure outlined by Robinson and Kusakabe (1975) and Yanagisawa and Sakai (1983). 
When sufficient, about 20 mg of Ag2S and 10 mg of BaSO4 was used. International 
standards (IAEA S-1 and S-2, and NB-127) and in-house material (CdS+10.8 and PbS-
2.8) were used for calibration, and the total experimental error was estimated to be ±0.3‰ 
(Papers I, III, IV). The isotopic ratios were determined on a vintage dual-inlet gas source 
mass spectrometer (a modified Micromass MM602), and the measured 34S/32S are 
reported as δ34S values as parts per mil deviation of the sample relative to the 34S/32S ratio 
in the Canyon Diablo Troilite (CDT). 

2.3.2. Water samples 

2.3.2.1. SO4
2-, pH, elements and isotopes 

The brackish-water samples (Paper IV) were filtered (0.45 µm) and acidified with pure 
HNO3 (pH <2) before determination of the sulphate (SO4

2-) concentration by precipitation 
as BaSO4 (addition of excess 10% BaCl2) and weighing. On the drain water (Paper IV), 
the pH was measured in the field prior to filtration (0.45 µm) and acidification with pure 
HNO3 (pH <2). Thereafter one portion of the drain water was sent to an accredited 
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laboratory (Activation Laboratories LtD., Ontario, Canada) for determination of As, Co, Fe, 
Mo, Ni, Ti and Zn by ICP-MS (ICP-OES for overrange elements), while another portion 
was analysed in the laboratory for SO4

2- concentration by the same procedure as for the 
brackish-water sample. The isotopic composition (δ34S) of sulphate was analysed from the 
BaSO4 precipitates according to the method described in chapter 2.3.1.5.  

3. RESULTS AND DISCUSSION 

3.1. Occurrence of iron sulphides 

Occurrences of solid metastable iron sulphide in marine sediments and AS soil settings 
are sparsely reported in the literature. However, in Australia, mackinawite has recently 
been identified in acidified coastal lowlands (Burton et al. 2006c; Burton et al. 2007) and 
greigite in estuarine sediments (Bush and Sullivan 1997). It is generally considered that 
mackinawite and greigite are responsible for the black colour of sulphidic sediments 
(Rickard and Morse 2005), and this is why the occurrence of metastable iron sulphide in 
Finnish PAS soil materials was previously suggested solely on the basis of this feature. 
Aqueous FeS, on the other hand, does not contribute to the black colouration (Rickard 
and Morse 2005). The rapid change in colour (from black to gray), within hours upon 
exposure to air, in Finnish PAS soil materials further indicate oxidation of metastable iron 
sulphide. Pyrite has previously been identified microscopically (thin sections as well as 
SEM) and by XRD in sulphidic sediments in the boreal region (e.g. Papunen 1968; Öborn 
1994; Sternbeck and Sohlenius 1997). In Paper III, metastable iron sulphide and 
framboidal pyrite, with an average elemental composition of FeS1.1 and FeS2.2, 
respectively, was identified in PAS soil materials by SEM-EDXA (Figure 4). The average 
elemental composition for the metastable iron sulphide suggests that it is a mixture of 
mackinawite (FeS1.0) (Rickard et al. 2006) and greigite (FeS1.34) (Skinner et al. 1964). The 
presence of ferrimagnetic minerals, detected with a hand magnet, in oxidized Finnish PAS 
soil materials further indicates that mackinawite and greigite, which upon dry oxidation 
turn into magnetite (Fe3O4) (Boursiquot et al. 2001), may be present in these materials. 
However, given the mineralogy and provenance of these sediments, this is not conclusive 
evidence because magnetite can be present naturally in the un-oxidized PAS soil 
materials. 

The observations of metastable iron sulphide in black sediment layers rich in AVS (Papers 
I, III, IV) thus support previous assumptions that the black colour (Wiklander and Hallgren 
1949; Purokoski 1958, 1959; Sohlenius et al. 2004) and occurrences of AVS (Georgala 
1980; Sohlenius and Öborn 2003, 2004) in PAS soil materials of boreal Europe is mainly 
due to occurrence of this mineral group. 



19 

3.2. Evaluation of the sulphur speciation method 

To date, a single sequential extraction method that can completely distinguish between 
metastable iron sulphide, pyrite, elemental S, sulphate and organic S in AS and PAS soil 
materials has not been published. The sulphur speciation methods previously used for 
studies of Scandinavian (Finnish and Swedish) AS soil materials (Wiklander and Hallgren 
1949; Purokoski 1958; Georgala 1980) have all some degree of limitations. For instance, 
Wiklander and Hallgren (1949) and Purokoski (1958) analysed the total sulphide 
concentration by the addition of HCl. Today it is known that pyrite is not dissolved by this 
treatment only and the sulphide fraction in these works therefore only represent 
metastable iron sulphide, which thus means that the total sulphide concentration was 
underestimated. It is not known how much pyrite that actually existed in the samples 
investigated by these researchers, but in this thesis, it is shown that the pyrite 
concentration is very high in this type of material (see below). Pyrite that was present in 
the samples studied by Wiklander and Hallgren (1949) and Purokoski (1958) most likely 
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ended up together with the organic S fraction. This could partly explain the high organic S 
concentrations (up to c. 1.1% and 0.18%, respectively) reported. Furthermore, Wiklander 
and Hallgren (1949), Purokoski (1958) and Georgala (1980) were probably not aware that 
excess elemental S would form upon oxidation of H2S (evolves during acidification of 
sulphides) by Fe3+ (see below) naturally present in the samples. This also leads to 
underestimation of the sulphide concentration and overestimation of the elemental S pool. 
Georgala (1980) determined the pyrite concentration by subtraction of AVS (i.e. 
metastable iron sulphide) from total S. However, the pyrite fraction most likely also 
contained some elemental S and organic S because these fractions were not determined 
separately. The above-mentioned analytical shortcomings are corrected in the sulphur 
speciation method presented in this thesis (see Appendix). 

The main concern with analytical schemes as the one presented in this thesis, and 
elsewhere, is that they are operationally defined, which means that the separation and 
definition of various sulphur species are dependent on the reagents and procedures used 
(see Table 1). Making a choice of the most appropriate technique involves several 
considerations because previous studies have demonstrated that the use of HCl and 
acidic CrCl2 solution under a variety of temperatures (i.e. hot and cold distillations), as well 
as addition of various reagents such as SnCl2, TiCl3, ascorbic acid and Zn-acetate, greatly 
affect the recovery of metastable iron sulphide, pyrite and elemental S. It has previously 
been shown that Cr-reduction (the most vigorous dissolution method) does not 
significantly reduce sulphate or organic S (Zhabina and Volkov 1978; Howarth and 
Jørgensen 1984; Canfield et al. 1986). In Paper I, and throughout the course of the work, 
the effects of 6 M HCl (±heat) and acidic CrCl2 solution (±heat) as well as the addition of 
ascorbic acid, SnCl2 and Zn-acetate have been tested on both natural samples (AS and 
PAS soil materials) and artificial samples (sulphur mineral, pyrite mineral, Na2S·9H2O and 
Na2SO4). The results of these experiments resulted in the method described in the 
Appendix and involve: (1) cold HCl + ascorbic acid for determination of metastable iron 
sulphide (AVS), (2) cold acidic Cr-reduction for determination of pyrite (CCrS), (3) hot 
acidic Cr-reduction for determination of elemental S (HCrS), (4) BaSO4 precipitation for 
determination of sulphate, and (5) Eschka´s mixture for determination of organic S. 

The addition of SnCl2 and TiCl3 reduces Fe3+ to Fe2+ and has been found to increase the 
recovery of sulphides by 20% and 38%, respectively (Fossing and Jørgensen 1989). 
Similar high increases have also been noted in other studies where hot HCl + SnCl2 and 
cold H2SO4 + TiCl3 recovered all metastable iron sulphide (including greigite and 
mackinawite), but also some pyrite (Cornwell and Morse 1987; Rice et al. 1993). In Paper 
I, the use of SnCl2 (+ hot HCl) recovered almost twice as much AVS than without this 
reagent (Table 4). This was most likely due to reduction of some pyrite by SnCl2.  
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Similar high recovery of AVS was reported by Duan et al. (1997). In the study by Cornwell 
and Morse (1987), amorphous FeS and mackinawite were completely recovered with 
either hot or cold HCl, while greigite showed incomplete recovery (c. 75%). The likely 
reason for the incomplete greigite recovery is that it decomposes partly to H2S and partly 
to elemental S in acid (Rickard and Morse 2005). This was indeed indicated by Cornwell 
and Morse (1987) upon filtration of the digestion residue and subsequent Cr-reduction, 
which resulted in recovery of the missing S (c. 25%), thus strongly suggesting the 
formation of excess elemental S. This is why a strong reducing agent (e.g. SnCl2 or TiCl3) 
is necessary for complete recovery of greigite. The use of a strong reducing agent leads, 
however (as shown above), to overestimation of the pool of metastable iron sulphide, 
because small amounts of pyrite are also reduced by such a treatment. On the other 
hand, without a strong reducing agent, the metastable iron sulphide pool is going to be 
slightly underestimated if Fe3+ is present and by the apparent incomplete dissolution of 
greigite. In a recent study, Hsieh et al. (2002) showed that the Fe3+ interference can be 
avoided by addition of 2 mL of 1 M ascorbic acid. In their study, AVS was completely 
recovered with this reagent and cold HCl extraction, whereas pyrite was not reduced. 
Unfortunately, Hsieh et al. (2002) failed to investigate the recovery of greigite. They further 
showed that the effects of SnCl2 was inconsistent with previous studies and did not 
prevent the Fe3+ interference. Thus, both the recovery of excess AVS and the suggested 
limitations in preventing Fe3+ interference suggests that SnCl2 should not be considered in 
further analytical protocols. In Paper I, the recovery of AVS did not show any major 
differences whether using cold 6 M HCl, cold 6 M HCl + ascorbic acid or hot 6 M HCl + 
ascorbic acid (Table 4). The reason why ascorbic acid did not have an effect was probably 
due to lack of reactive Fe3+ in the sediment. However, because it is impossible to know 
whether Fe3+ is present or not in the sediment without additional analyses, ascorbic acid is 
recommended in the analytical protocol.  

Duan et al. (1997) investigated the addition of Zn-acetate prior to the analysis of AVS and 
found that it effectively fixes easily oxidizable sulphides (i.e. free sulphide and iron 
monosulphides) as ZnS and thus minimizes formation of excess elemental S upon 
oxidation of AVS. Without addition of Zn-acetate most of the AVS was oxidized to 
elemental S and subsequently recovered by hot Cr-reduction (i.e. as HCrS). They 
recommended that Zn-acetate should be mixed with the sediment and further suggested 
that elemental S should be removed with dichloromethane prior to AVS analysis. In the 
samples (PAS soil materials) here studied, without removal of elemental S with 
dichloromethane and no addition of Zn-acetate (Papers I, III, IV), AVS did not significantly 
oxidize to elemental S during cold HCl distillation, i.e. in contrast to the results by Duan et 
al. (1997), as observed by the general low concentrations of HCrS even when the AVS 
concentrations remained high. Also the sulphur isotopic data (see below; Papers III, IV) 
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indicates that the HCrS fraction is not derived from AVS, except in layers where AVS is 
known to oxidize naturally to elemental S (e.g. in the pyrite forming zone in sediments; see 
e.g. Paper IV). This suggests that the admixing of Zn-acetate with boreal PAS soil 
materials is not necessary, and for this reason, the use of Zn-acetate in the analytical 
protocol was abandoned. The improved recovery of AVS (Table 4) on the sample (PAS 
soil material) from Larsmo Lake, treated with Zn-acetate, can be explained by formation of 
excess AVS during storage (cf. Lasorsa and Casas 1996).  

In the sample (PAS soil material) from Överpurmo, without addition of Zn-acetate, there 
was a decrease in AVS recovery when elemental S was removed with dichloromethane 
prior to this reaction step (Paper I; Table 4). This is similar to the results by Duan et al. 
(1997), but is here most likely the result of oxidation of AVS during the extraction with 
dichloromethane. The lack of major variations of the HCrS pools in the Överpurmo and 
Larsmo Lake samples (Table 4), whether elemental S was removed with dichloromethane 
or not, is contrary to the results by Duan et al. (1997) and indicates presence of very little 
elemental S in the sediment and that the quantified elemental S (ES) is most likely the 
result of oxidation of AVS during the extraction with dichloromethane. The use of 
dichloromethane for removal of elemental S was excluded from the analytical protocol 
because this method proved to be somewhat cumbersome due to the lack of appropriate 
laboratory equipment and for the fact that sulphur isotopic studies (see below; Paper IV) 
has shown that the CCrS and HCrS are two different pools of sulphur, presumably pyrite 
and elemental S, respectively, and the separation of elemental S prior to AVS and CCrS is 
therefore unnecessary. Furthermore, it was also shown in Paper I that a pyrite mineral 
was almost completely recovered by cold Cr-reduction, while a ground elemental S 
mineral required heating (Figure 5). Similar results have also been observed in previous 
studies (Fossing and Jørgensen 1989; Allen and Parkes 1995). 

The results from various distillation techniques (see Paper I) on mixtures of artificial 
samples (sulphur mineral (S0), pyrite mineral (FeS2), Na2S·9H2O and Na2SO4) are 
presented in Figure 5. Na2SO4, representing sulphate, was completely recovered in all 
types of mixtures. Na2S·9H2O, representing monosulphide, was recovered completely 
when separated individually and with sulphate. Together with FeS2, a fraction of 
Na2S·9H2O ended up in the FeS2 pool, explained by partial oxidation to elemental S, 
subsequently recovered with cold Cr-reduction. Similar results have been reported by 
Fossing and Jørgensen (1989). The grain size proved to be crucial for the recovery and 
elemental S and pyrite was completely dissolved only when the grain sizes were <75 µm 
and <62 µm, respectively (Figure 5). Similar results have also been reported by Rice et al. 
(1993).  



24 

The largest interference occurs if the reaction steps (AVS, CCrS and HCrS) are 
interrupted prematurely, which leads to overlapping of the sulphur pools and ultimately to 
alterations of the sulphur isotopic compositions of the sulphur species concerned (Paper I; 
Table 5). This can be avoided by observing the colour of the trapping solution (AgNO3), 
which changes from dark (due to precipitation of Ag2S) to clear (i.e. no more precipitation 
of Ag2S) when each reaction step is completed, i.e. all H2S has been collected. This was 
demonstrated in an experiment (Boman, A. unpublished results), where equal amounts of 
Na2S·9H2O were analysed simultaneously (under identical analytical conditions) on two 
separate analytical trains (see Appendix for setup). In one of the analytical trains, H2S was 
collected in 0.1 M AgNO3 solution, while in the other train it was collected in 10 M NaOH 
solution. The progress of the increasing sulphide concentration in the NaOH solution was 
monitored with a sulphide sensitive electrode connected (Labjack) to a computer. When 
the solution turned clear in the AgNO3 trap, the electrode in the NaOH trap showed a 
simultaneous ending of H2S emanation. 
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3.2.1. Definition of the operationally defined sulphur species 

The definition of AVS has recently been subject to major scrutiny and it is evident that this 
term (as well as CCrS and HCrS) should be used with caution because the result of AVS 
extractions varies slightly depending on analytical procedures (see above) and 
environmental settings (Rickard and Morse 2005). Generally, the solid AVS phases are 
considered to consist predominantly of metastable iron sulphides such as mackinawite 
and greigite (e.g. Cornwell and Morse 1987; Morse et al. 1987; Morse and Rickard 2004). 
Rickard and Morse (2005) argued, however, that the use of AVS as an equivalent to solid 
metastable iron sulphide should be abandoned, because the AVS fraction may also 
include a variety of dissolved sulphide species (e.g. H2S and aqueous FeS), some pyrite 
and other metal sulphides. In the studied PAS soil materials (Papers I-IV), the lack of H2S 
odour (cf. Rickard and Morse 2005) from fresh samples, and the occurrence of vivianite 
(cf. Berner et al. 1979; Berner 1980) indicate that insignificant concentrations of dissolved 
H2S are present in the porewaters. The presence of aqueous FeS is most likely also 
limited considering that this species does not contribute to the characteristic black 
colouration (Rickard and Morse 2005) commonly observed in these materials. 
Furthermore, iron is by far the most abundant transition metal available for metal sulphide 
formation in the studied materials (Åström and Björklund 1997; Papers II-IV), and 
elsewhere in similar settings (Morse and Rickard 2004). Hence, the actual observations of 
solid metastable iron sulphide (SEM-EDXA; Figure 4), abundance of Fe, ferrimagnetic 
properties and colouration of the PAS soil materials, limited concentrations of dissolved 
sulphide, and published literature (e.g. Cornwell and Morse 1987; Morse et al. 1987), 
strongly indicate that the AVS determined in this study, and also elsewhere in similar 
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settings, is mainly comprising solid metastable iron sulphide that is a mixture of 
mackinawite and greigite. 

According to the literature, CCrS comprises mainly pyrite (FeS2) but may also include 
minor amounts of greigite and organic polysulphides (cf. Duan et al. 1997; Canfield et al. 
1998b). As discussed above, pyrite has been identified in this study by SEM-EDXA 
(Figure 4) and elsewhere in similar settings by various techniques. HCrS comprises 
mainly elemental S (S0) and possibly minor amounts of pyrite (cf. Fossing and Jørgensen 
1989; Allen and Parkes 1995; Duan et al. 1997). The SO4

2- fraction comprises most likely 
adsorbed and dissolved sulphate, gypsum, and acid soluble sulphate (e.g. jarosite) (cf. 
Begheijn et al. 1978). The remaining pool of solid sulphur left after extraction of AVS, 
CCrS, HCrS and SO4

2-, is considered to comprise mainly organic S (cf. Tuttle et al. 1986). 
This is also indicated by the elevated concentrations of this fraction in the organic matter-
rich upper layers of sites A-C at Vassor (see below; Paper IV) and the relatively good 
correlation (rs = 0.57) between OrgS and organic matter at these sites. No excess CCrS or 
HCrS is expected from the SO4

2- or OrgS pools as it has previously been shown that Cr2+ 
does not reduce significant quantities of these sulphur fractions in sediments (Zhabina and 
Volkov 1978; Howarth and Jørgensen 1984; Canfield et al. 1986). Neither is solid 
elemental S (i.e. HCrS) significantly dissolved in acidic CrCl2 solution at room temperature 
(e.g. Allen and Parkes 1995; Paper I) due to the nature of the S molecule (which can be 
described as an S8 ring with two bonds per S atom), and heating is therefore required for 
elemental S to react with Cr2+ (Fossing and Jørgensen 1989). This was also indicated in 
Paper I where a ground elemental S mineral was not reduced in an acidic CrCl2 solution at 
room temperature but was so when heat was added (Figure 5). Pyrite, on the other hand, 
has only one S-S bond that has to be broken and the dissociation is therefore easier 
(Fossing and Jørgensen 1989). Furthermore, the large discrepancy between the δ34S 
values for pyrite (-2.8‰) and elemental S (+6.1‰) at 35-40 cm depth at site C (see below; 
Paper IV) indicates that elemental S is derived under field conditions from metastable iron 
sulphide (+8.8‰) rather than as a laboratory crossover product from pyrite. The analytical 
and sulphur isotopic data thus provide strong evidence for the selectivity between the 
operationally defined sulphur pools and I find the operative definition of the S-species 
adequate for these studies. In order to simplify the discussions below, AVS, CCrS, HCrS, 
SO4

2- and OrgS are henceforth regarded as proxies for metastable iron sulphide, pyrite, 
elemental S, sulphate and organic S, respectively. 

3.2.2. Analytical precision of the sulphur speciation method 

The detection limit for S with this sulphur speciation method has been estimated to 0.01% 
(dry weight) (Paper I). In this analytical setup, evolved H2S is nearly quantitatively 
recovered (98.4% ± 2.2%; Paper I). The repeatability of the analysis varied depending 
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upon the concentration of each species and the total amount of S. The coefficient of 
variation (Gill 1997) of the sulphur species determined in Papers III and IV decreased in 
the order: SO4

2- (6 duplicates; median 29.0%) > HCrS (8; 22.9%) > CCrS (9; 22.2%) > 
AVS (3; 11.3%) > OrgS (8; 9.7%). In Paper I, where the samples were analysed several 
times (11-20 replicates depending on sulphur species), the coefficient of variation (here 
defined as the ratio of the standard deviation to the mean and shown as percentage) 
decreased in the order: HCrS (median 20-44.4%, depending on analysis) > OrgS (12.5-
20%) > AVS (7.1-10.0%) > CCrS (0.5-4.0%). SO4

2- was below the detection limit in all 
analyses. Despite the relatively high degree of variation for some of the S-species, very 
little S is actually lost during the analysis. This is indicated by the comparison of the sum 
of S-species with aqua regia extracted S (n = 154 and rs = 0.97; Figure 6), which showed 
a mean difference of 9.5% (Gill 1997). 

3.3. Geochemical characteristics of the studied materials  

3.3.1. Sulphur species 

The distribution (min, median and max values) of sulphur species (n = 122-171 depending 
on sulphur species) in the studied materials (plough layer, acidic horizon, transition zone 
and PAS soil material; Papers I-IV) is presented in Table 6. Schematics of a typical  
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Finnish AS soil profile, including the above-mentioned layers, are presented in Figure 1. In 
the PAS soil materials, the total S concentration ranged between 0.19% and 2.88% 
(median 1.12%) and remained at similar concentrations in the transition zones (Table 6). 
These figures are within range of results previously reported in sulphidic sediments in the 
boreal region (e.g. Åström and Björklund 1997). Above the transition zones, there was a 
substantial loss of S, and the median concentration for total S had dropped to 0.28% and 
0.15%, respectively, in the acidic horizons and plough layers (Table 6). 

The general abundance of metastable iron sulphide (up to 0.87%; Table 6) observed in 
the PAS soil materials (Figures 7a, 8a, 9) is a unique feature because concentrations of 
this mineral group in similar settings elsewhere in the world are commonly very low 
(<0.01%; van Breemen 1973). Purokoski (1958) reported similar high concentrations (c. 
0.54%) of metastable iron sulphide (assuming that the analysed sulphide fraction 
comprised only this mineral group) in the PAS soil materials at Liminka, Finland. 

Metastable iron sulphide and pyrite generally comprised >95% of total S in the PAS soil 
materials and were present in near equal amounts at Larsmo Lake (Table 4; Paper I), 
Korsholm (Figure 7a; Paper III) and Vassor (Figure 9; Paper IV), i.e. the young areas 
(considering the time above the sea level; <200 years), while pyrite dominated at 
Överpurmo (Table 4; Paper I) and Rintala (Figure 8a; Paper III), i.e. the old areas (c. 4000 
years). The strong black colouration of the parent sediments in Söderfjärden (Paper II) 
indicates that the concentration of metastable iron sulphide was high also at that site.  
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The pyrite concentration was generally high also in the transition zones (median 0.77%; 
Table 6), while metastable iron sulphide was commonly only present in trace 
concentrations (<0.01%) in these layers and above. Pyrite disappeared almost completely 
(<0.01%) in the AS soils and plough layers (Figures 7a, 8a, 9; Table 6). 

The concentrations for elemental S were generally low (median <0.03%; Table 6) 
throughout the profiles, but in the transition zone at Korsholm (Paper III) and Vassor (site 
D) and in the pyrite forming zone in the subaqueous sediment (sites A and B) at Vassor 
(Paper IV) it had concentration peaks around 0.1% (Figures 7a, 9). The elevated 
concentrations of elemental S presented in this work are similar to the results reported by 
Purokoski (1958). However, the elemental S concentrations in the un-oxidized PAS soil 
material studied by Purokoski (1958) were probably to some degree overestimated due to 
the formation of excess elemental S during analysis of the sulphide fraction (chapter 3.2.). 

Organic S is generally the most abundant sulphur species in normal soils, but in AS and 
PAS soil materials it is usually quantitatively insignificant (van Breemen 1973). This is also 
confirmed in this study, where organic S was generally present in low concentrations 
(median c. 0.03%) (Figures 7a, 8a, 9, 10; Table 6). This is in agreement with Georgala 
(1980) who estimated the organic S fraction to <0.03% in black clays from north-eastern 
Sweden. However, organic S showed elevated concentrations in the organic matter-rich 
upper layers of the subaqueous (0.14%), shoreline (0.34%) and peat covered (0.25%)  
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sediments (sites A-C) at Vassor (Figures 9, 11; Paper IV). The elevated organic S 
concentrations in the PAS soil materials studied by Wiklander and Hallgren (1949) and 
Purokoski (1958) (up to c. 1.1% and 0.18%, respectively) were most likely due to 
incorporation of pyrite in the analysed organic S fraction (see discussion in chapter 3.2.). 
As expected, sulphate was present in very low concentrations in the PAS soil materials 
and transition zones (median 0.01%), but was generally by far the dominant S-species 
(typically c. 70-90% of total S) in the acidic horizons and plough layers (0.15% and 0.11%, 
respectively) (Figures 7a, 8a, 9, 10; Table 6). 

3.3.2. As, Co, Fe, Mo, Ni, Ti, Zn, LOI, organic C and pH 

The distribution patterns (min, median and max values; Table 6) for As (total n = 263), Co 
(263), Fe (323), Mo (263), Ni (323), Ti (263), Zn (263), LOI (272), organic C (28) and pH 
(647) in the studied materials (plough layer, acidic horizon, transition zone and PAS soil 
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material; Papers I-IV) are generally in agreement with previously reported results from this 
region (e.g. Åström and Björklund 1997; Österholm and Åström 2002; Sohlenius and 
Öborn 2004). The pH was relatively high (median 6.1) in the cultivated (limed) uppermost 
40 cm (plough layer), but decreased in the acidic horizons (pH 3.8) and gradually 
increased in the transition zones (pH 5.4) towards circumneutral pH values in the PAS soil 
materials (pH 7.4). The median concentrations for organic matter (LOI) and organic C 
were highest in the plough layers (7.3% and 3.46%, respectively), but like pH, it 
decreased thereafter (more than twofold for organic C) in the acidic horizons (5.8% and 
1.37%) and transition zones (4.1% and 1.32%, respectively) and attained relatively stable 
concentrations (6.8% and 2.01%, respectively) in the PAS soil materials. Organic C was 
the dominant form of C (c. 95% of total C; Paper III), and indicates the poor buffering 
capacity (due to absence of carbonate) of these materials. The concentrations of As, Fe, 
Mo and Ti were generally stable throughout the profiles and were thus not significantly lost 
(Table 6; Papers II-IV). The decrease towards the surface at sites A-C at Vassor of these 
elements is explained by dilution caused by an abundance of organic matter (Figures 11, 
12; Paper IV). The lower Fe concentrations in the upper metre of the Rintala soil (Figure 
8c; Paper III) is thought to be the result not of leaching, but of an increase in the 
proportion of feldspars and quartz grains towards the surface causing a dilution in the 
aqua regia extractable Fe concentrations (Åström and Björklund 1997). The 
concentrations of Co, Ni and Zn were generally stable in the PAS soil materials, but were 
in the layers above substantially decreasing in the order: Co (c. 40% lost) > Ni (c. 30%) > 
Zn (c. 20%) (Figures 7c, 8c, 12; Table 6). Concentration peaks of these metals had, 
however, developed just below the sediment-(ground)water interface at sites A-C and E at 
Vassor (Figure 12; Paper IV), and in the transition zone in some of the profiles at 
Korsholm and Söderfjärden (Paper II). Elevated concentrations of these metals (and 
others) is a typical feature in the transition zone of Finnish AS soils (e.g. Åström 1998; 
Österholm and Åström 2002; Sohlenius and Öborn 2004). 

3.4. Sulphur redox chemistry – general principles 

3.4.1. Reducing conditions 

Oxic bacteria living near the sediment-water interface rapidly consume oxygen during the 
breakdown of organic matter to CO2, which results in anoxic conditions necessary for 
bacterial sulphate reduction (Berner 1984). The overall process for bacterial sulphate 
reduction, which can occur to some extent also under oxic conditions (Krekeler et al. 
1997; Castro et al. 2000), can be illustrated by the simple reaction (Berner 1984): 

2CH2O + SO4
2- → H2S + 2HCO3

-  (1) 
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where CH2O is a generic representation of organic matter present. Iron reacting with H2S 
(e.g. Morse et al. 1987) leads ultimately to a range of iron sulphides, typically enriched in 
32S, and commonly showing large sulphur isotopic fractionations (up to 46‰) relative to 
the sulphate source (Goldhaber and Kaplan 1980; Goldhaber 2003). On the other hand, 
experimental studies have demonstrated that precipitation of metastable iron sulphide by 
reaction of H2S with an iron source, and the subsequent transformation into pyrite yields 
only small fractionations (generally <1.5‰) (Price and Shieh 1979; Böttcher et al. 1998). 
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Iron monosulphide (mackinawite) can, according to Rickard (1995), form via two 
competing reactions involving aqueous H2S and HS-: 

Fe2+ + H2S → FeS + 2H+  (2) 

Fe2+ + 2HS- → Fe(HS)2 → FeS + H2S (3) 

where the intermediate complex Fe(HS)2 condensates to FeS in what is called the 
bisulphide pathway (reaction 3). Wolthers et al. (2003) showed that the first formed FeS 
phase is nanoparticulate mackinawite, with a Fe/S ratio of 1:1 (Rickard et al. 2006). The 
relative dominance of the two competing pathways is dependent on pH and total dissolved 
S and independent of total dissolved Fe2+ (Rickard 1995). Hence, in sulphide-poor 
systems (<10-3 M of total dissolved sulphide) and pH <8, reaction 2 dominates, while in 
sulphide-rich systems (≥10-3 M of total dissolved sulphide) and pH >7, reaction 3 
dominates (Rickard 1995). It is generally considered that greigite (FeS1.34) forms from 
precursor mackinawite through a solid-state transformation under slightly oxidizing 
conditions, where possible oxidants are O2 and elemental S (Rickard and Morse 2005; 
Rickard and Luther 2007). However, because the kinetics and mechanism of the greigite 
formation reaction have not been established in aqueous solutions, the conclusions about 
the reaction mechanism remain somewhat empirical (Rickard and Luther 2007).  

Several different pyrite-forming mechanisms have been proposed in the literature, but the 
H2S (Rickard 1997; Rickard and Luther 1997) and polysulphide pathways (Rickard 1975; 
Luther 1991) (reactions 4 and 5, respectively), which both have been confirmed 
isotopically (Butler et al. 2004) are the only ones where the mechanism, kinetics and 
stoichiometry have been determined: 

FeS + H2S → FeS2 + H2  (4) 

FeS + Sn
2- → FeS2 + Sn-1

2-  (5) 

where pyrite is formed from the reaction with precursor FeS (can be any metastable iron 
sulphide) with either H2S and/or zero-valent S from Sn

2- (Butler et al. 2004). The latter 
pathway is generally considered more important in partially oxic to anoxic environments, 
while the former is favoured under strictly anoxic conditions (Rickard 1997). By bacterial 
mediation, both pathways are equally fast and up to 105 times faster than abiotically 
(Canfield et al. 1998a). Previously the polysulphide pathway was assumed to occur 
through a solid-state reaction of elemental S and metastable iron sulphide (Berner 1970; 
Sweeney and Kaplan 1973). This is, however, not a likely mechanism at ambient 
temperatures (Wang and Morse 1996; Butler et al. 2004), and a number of recent studies 
(see Rickard and Morse 2005 and references therein) show that this pathway, as well as 
the H2S pathway, involve aqueous FeS clusters as reactants. This means that solid 
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metastable iron sulphide must be dissolved prior to pyrite formation and that pyrite 
consequently forms from the reaction between dissolved Fe and S-species to which the 
dissolution of solid metastable iron sulphide contribute (Wang and Morse 1996; Morse and 
Rickard 2004; Rickard and Luther 2007). The solid-solid reaction described by Berner 
(1970) and Sweeney and Kaplan (1973) can be explained by dissolution of solid 
metastable iron sulphide and subsequent reaction of formed aqueous H2S with solid 
elemental S to produce polysulphide; the net reaction being the apparent solid-state 
conversion to pyrite (Butler et al. 2004). 

3.4.2. Oxidizing conditions 

Under natural conditions only two oxidants, dissolved O2 and Fe3+, are generally 
considered important for the oxidation of metastable iron sulphide and pyrite (van 
Breemen 1973; Moses et al. 1987; Evangelou and Zhang 1995; Ward et al. 2004), where 
the initial oxidation product, with either oxidant is elemental S (Hart 1962; van Breemen 
1973). During sulphur oxidation, in contrast to reduction (see above), the sulphur isotopic 
fractionation is generally small or non-existent (Machel et al. 1995; Canfield 2001). 
Several groups of aerobic and anaerobic organisms produce sulphate as the end product 
during oxidation of reduced S-compounds, but only members of the Thiobacilli group are 
generally of quantitative importance (Starkey 1966; van Breemen 1973). Schippers and 
Jørgensen (2001, 2002) showed that Fe3+ is not important for oxidation of metastable iron 
sulphide and pyrite under circumneutral pH values, presumably due to the low 
concentration of Fe3+ complexes and low solubility of Fe3+ under such conditions. Instead, 
O2 is the primary oxidant during such conditions (i.e. in PAS soil materials) whereas Fe3+ 
is dominating in settings where the pH is low enough (<4.5; e.g. in the acidic horizon) for 
Fe3+ to remain in solution and the conditions for Thiobacillus ferrooxidans, the most 
important catalyst, are optimal (Arkesteyn 1980; Nordstrom 1982; van Breemen 1982). 
Metastable iron sulphide oxidizes rapidly by O2 at circumneutral pH values (van Breemen 
1973), and is not greatly involved in reactions with Fe3+ because it has generally oxidized 
completely before the conditions are low enough for Fe3+ to be an important oxidant. The 
oxidation of pyrite under circumneutral pH values is more ambiguous as the initial 
chemical oxidation with O2 can be slow and the activity of Fe3+ and sulphur-oxidizing 
bacteria can be low (Hart 1962; Nordstrom 1982). 

The oxidation of metastable iron sulphide, pyrite and elemental S, ultimately resulting in 
products such as Fe-oxyhydroxides, acidity and sulphate, involves a complex series of 
reactions, including purely chemical and microbiological processes, with several 
intermediate molecules such as thiosulphate, tetrathionate, polythionate and sulphite 
(Purokoski 1958; Nordstrom 1982; Dent 1986; Moses et al. 1987; Ward et al. 2004). In the 
AS soil, the concentrations of these intermediate S-species are, however, low relative to 
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sulphate and diminish with time (van Breemen 1973). Therefore, the overall oxidation 
mechanisms for metastable iron sulphide (FeS represents both mackinawite and greigite) 
and pyrite, including hydrolysis of Fe, can be illustrated as: 

4FeS + 9O2 + 10H2O → 4Fe(OH)3 + 4H2SO4 (6) 

4FeS2 + 15O2 + 14H2O → 4Fe(OH)3 + 8H2SO4 (7) 

Organic S does not contribute greatly to the acidification process due to the general 
diminutive proportion of organic S in Finnish AS and PAS soil materials (Table 6; Papers I-
IV) and relatively high resistance towards oxidation (Purokoski 1958). However, as 
discussed above (chapter 3.2.), the high and stable concentrations of organic S reported 
by Purokoski (1958) may have been due to incorporation of pyrite during the organic S 
analysis. 

Recent studies show that also MnO2 is a potential important sulphide oxidant in anoxic 
sediments rich in Mn (>0.2% w/w) (Schippers and Jørgensen 2001, 2002). In Finnish PAS 
soil materials, MnO2 is, however, not likely to be a very important oxidant, because the 
median Mn concentration (c. 0.05%) is not generally high enough (Åström and Björklund 
1997; Österholm and Åström 2002). However, Nordmyr et al. (2007) showed that the Mn 
concentrations were high (median up to 0.88%), due to leaching from AS soils, in 
estuarine sediments forming several kilometres out from the Finnish western coast, 
suggesting that MnO2 may be of importance for sulphide oxidation in such settings.  

3.5. Bacterial sulphate reduction in brackish-water sediments 

The main pathway of formation of metastable iron sulphide and pyrite during deposition of 
the sediments in this study is certainly bacterial reduction of brackish-water sulphate. This 
is supported by the large sulphur isotopic fractionations (up to c. 35‰) relative to the 
median δ34S value (+15.8‰) of the brackish-water sulphate (Figures 7d, 8d, 13; Papers 
III, IV), which is within range of values commonly observed during bacterial reduction of 
seawater sulphate having δ34S values around +20‰ (Goldhaber and Kaplan 1980; 
Goldhaber 2003).  

3.6. Preservation of metastable iron sulphide in brackish-water sediments 

The presence of high concentrations of metastable iron sulphide (up to 0.87%) in the 
studied profiles (Figures 7a, 8a, 9; Table 6) is an intriguing feature as this group of 
minerals is normally nearly quantitatively converted to pyrite in marine sediments (e.g. 
Berner et al. 1979; Berner 1980). However, in boreal sediments lifted close to the sea 
level by postglacial isostatic rebound, the following enhanced oxidizing conditions favour 
pyrite formation over preservation of metastable iron sulphide. This is indicated by the low  
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concentrations of metastable iron sulphide in the top of sites A and B at Vassor (Figure 9; 
Paper IV) (see below). However, in sediments located further out from the coast, or 
deeper below the sea level, metastable iron sulphide are likely forming in the top of the 
sediment, as indicated by the all through black (laminated) sediment in Nabbviken Bay 
(close to Vassor Bay) studied by Heikkilä (1999). This indicates that the sediments in 
Vassor once had a similar structure, i.e. formation and preservation of metastable iron 
sulphide also in the topmost part. However, because the sites (A and B) at Vassor (and 
elsewhere in similar settings) are actively lifted close to the sea level, the redox conditions 
become more oxidizing in the topmost parts (due to occasional exposure of the bottom 
sediments to the atmosphere during low water levels) as indicated by the colour change 
from black to gray (oxidation of metastable iron sulphide), absence of lamination and 
presence of bioturbation at sites A and B (Figure 3). These two sites therefore represent a 
sediment where the conditions have changed recently (within the last decades) from 
metastable iron sulphide preservative to pyrite favouring. The preservation of metastable 
iron sulphide in the brackish-water sediments (PAS soil materials) here studied, and 
probably also elsewhere along the coastal areas of the Gulf of Bothnia, is suggested to be 
the overall result of: (1) sulphur starvation, (2) a high sedimentation rate, (3) abundance of 
Fe2+, and (4) strongly reducing conditions (Papers III, IV). These mechanisms are 
discussed below. 

The coastal waters in the Gulf of Bothnia are characterized by a high Fe/SO4
2- ratio, 

caused by low sulphate brackish-water and high inflow of Fe from rivers, many of which 
carry a metal load from surrounding AS soil areas, humus-rich forests, and weathered 
Proterozoic bedrock (e.g. Åström and Corin 2000; Salminen et al. 2005). When sulphate is 
reduced to H2S in the brackish-water sediments through reaction 1, the abundance of Fe 
in the water column and porewater favours reactions 2 and 3 over reactions 4 and 5, and 
much of the Fe is retained in metastable iron sulphide (cf. Rickard and Morse 2005; 
Burton et al. 2006a, 2006c; Burton et al. 2007), and vivianite [Fe3(PO4)2x8H2O] (cf. Berner 
et al. 1979; Berner 1980). Vivianite has been observed in the PAS soil materials of Rintala 
(Paper III) and Vassor (Figure 3; Paper IV). These two minerals are uncommon or absent 
in the presence of excess H2S and thus indicate sedimentation in a low sulphate 
environment (Berner et al. 1979; Berner 1980).  

In the near coastal environment the sedimentation rate is high (cf. Heikkilä 1999) and in 
combination with the low sulphate concentration of the brackish-water this results in 
starvation of the supply of sulphur at shallow depths in the sediment (cf. Berner et al. 
1979; Berner 1980). Nevertheless, the total sulphide concentration in the brackish-water 
sediments here studied (Figures 7a, 8a, 9, 10) is far higher (by a factor of c. 50) than what 
porewater S alone could produce, here estimated to c. 0.02% (cf. Goldhaber 2003).  
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The presence of lamination earlier in the sediment history at sites A-E at Vassor (Figure 3) 
indicates that additional sulphur was most likely introduced by diffusion and that addition 
of S (and oxygen) by physical mixing was prohibited (cf. Berner 1980; Goldhaber and 
Kaplan 1980). The δ34S values for the weighted average for iron sulphides (c. +10‰) at 
Vassor, which below the anoxic boundary are approaching that of the initial brackish-water 
sulphate (median +15.8‰; Figure 13), are values typical of a “closed system” (Goldhaber 
and Kaplan 1980) and further indicate that very little S was lost from the sediments. This is 
in sharp contrast to other marine sediments where only between c. 10-30% of the 
sulphides are buried permanently (Jørgensen 1977; Boesen and Postma 1988; Thamdrup 
et al. 1994). Such a system is generally termed “open” and is typically dominated by pyrite 
enriched in the light isotope (32S) (Goldhaber and Kaplan 1980) (see below). Goldhaber 
and Kaplan (1980) showed that diffusion can lead to a net addition of sulphate enriched in 
32S relative to the starting seawater. This explains the small discrepancy in δ34S values for 
the weighted average for the iron sulphides and the brackish-water sulphate (Figure 13).  

A finite sulphate source also explains the general enrichment of 32S in metastable iron 
sulphide relative to pyrite seen in the profiles in Korsholm, Rintala and Vassor (Figures 7d, 
8d, 13), because 32S reacts faster in bacterial sulphate reduction and is thus preferentially 
entrapped in precursor metastable iron sulphide. Because sulphur was previously 
insignificantly lost from the studied sediments (see above), in contrast to present day 
conditions (see below), the remaining pool of sulphate and its reduction product (H2S and 
subsequent oxidation intermediates) became progressively heavier, causing the end 
product pyrite (mainly formed by reaction 5; see below), to attain slightly higher δ34S 
values than the metastable iron sulphide (Figures 7d, 8d, 13).  

Finally, the absence of oxidizing agents is very important for the preservation of 
metastable iron sulphide, because even limited exposure to oxidizing agents, as is clearly 
seen for the uppermost parts at sites A and B at Vassor (Figure 9), initiate the oxidation of 
this mineral group. The occurrence of lamination (thus absence of bioturbation) below the 
anoxic boundary in the profiles studied in Paper IV (Figure 3), indicates that the conditions 
were strongly reducing, thereby providing the necessary conditions for preservation of this 
mineral group by limiting the concentrations of intermediate sulphur species and thus 
limiting subsequent conversion of metastable iron sulphide to pyrite. When the sediments 
are lifted further above the sea level, and ultimately reclaimed as farmland, metastable 
iron sulphide is preserved at depth in the parent sediment (PAS soil material) as long as 
the conditions remain waterlogged (i.e. reducing conditions). 
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3.7. Formation of pyrite in brackish-water sediments 

As discussed previously, postglacial uplift of sediments close to the sea level will enhance 
the oxidation in the uppermost part and pyrite formation is favoured over preservation of 
metastable iron sulphide. This is observed in the top of sites A and B at Vassor, where 
there is a gradual upward decrease of metastable iron sulphide and a very low metastable 
iron sulphide to pyrite ratio (c. 1:39) (Figure 9; Paper IV). In the sediments (PAS soil 
materials) located close to the present coastal line (i.e. at the sites in Papers I-IV, except 
for Rintala and Överpurmo) sulphur is almost equally distributed between metastable iron 
sulphide and pyrite in a close to 1:1 ratio (i.e. c. 1:2 for the mineral phases) (Figures 7a, 9; 
Table 4). It may be expected that a similar ratio is found also in the nearby parent 
sediments (PAS soil materials) of Söderfjärden (Paper II). In the Bornholm deep (in the 
Baltic proper, south of the Gulf of Bothnia), a similar ratio has been observed, and was 
explained by sulphur starvation and a high sedimentation rate (Boesen and Postma 1988), 
i.e. conditions similar to the ones in this study (Paper IV). Boesen and Postma (1988) 
further suggested that the salinity (i.e. sulphate availability) might control the metastable 
iron sulphide to pyrite ratio. In the parent sediments (PAS soil materials) of Överpurmo 
and Rintala (Papers II, III) the metastable iron sulphide to pyrite ratio is considerably lower 
(c. 1:5 and 1:11, respectively) and may reflect conversion of metastable iron sulphide into 
pyrite over time or that the conditions were less favourable for formation and preservation 
of metastable iron sulphide in the past.  

The similar isotopic composition of pyrite and elemental S throughout the profiles at sites 
A-C at Vassor and below the anoxic boundary at sites D and E (Figure 13) is according to 
Butler et al. (2004) implications of pyrite formation via the polysulphide pathway (reaction 
5). The elevated concentrations of elemental S above the anoxic boundary at sites A and 
B (Figure 9), a common feature in bioturbated sediments (Zopfi et al. 2004), provide 
further evidence that pyrite is formed by the polysulphide pathway in this zone. In the PAS 
soil materials of Korsholm and Vassor (Papers III, IV) the relatively high pH (>7.5; Figures 
7b, 9) also favoured the polysulphide pathway (cf. Morse 1999). As discussed above 
(chapter 3.4.1.), solid elemental S is, however, not a likely primary reactant in reaction 5, 
as solid-state reactions are unlikely under ambient temperatures, but rather dissolved 
polysulphides formed by reaction of elemental S and dissolved H2S (Butler et al. 2004). As 
H2S is depleted, due to sulphur starvation (see above), small amounts of elemental S are 
preserved, as noticed in the studied profiles (Figures 7a, 8a, 9; Papers III, IV). 

In the topmost part (c. 10 cm) of sites A and B at Vassor, the difference in δ34S between 
pyrite and sulphate in the surrounding brackish-water is up to c. 30‰ (Figure 13), 
suggesting that the supply of sulphate in the sediment is renewed at present, probably 
due to physical mixing of the sediment by burrowing organisms (indicated by the absence 
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of lamination in the upper 15-20 cm at sites A and B; Figure 3), combined with diffusion of 
sulphate from the overlying brackish-water (cf. Goldhaber and Kaplan 1980). The 
observations of pyrite enriched in the light isotope (32S) in the top of sites A and B are 
typical for such “open” systems (Goldhaber and Kaplan 1980). Hence, as the brackish-
water sediments are lifted towards the sea level, the redox conditions become more 
oxidizing, and sulphides (mainly pyrite) formed from the renewing sulphur supply under 
such conditions are enriched in the light isotope. The preservation of the negative 
δ34S(pyrite) values also indicate that sulphur is currently lost more from the sediment than 
prior to bioturbation. Typically, >70% of the H2S escapes from the sediment surface or is 
re-oxidized (Jørgensen 1977; Boesen and Postma 1988; Thamdrup et al. 1994), by e.g. 
Fe3+ and/or Mn4+, to elemental S, other intermediate sulphur species (e.g. Sn

2-) or to 
sulphate (Pyzik and Sommer 1981; Jørgensen and Nelson 2004; Zopfi et al. 2004). Re-
oxidation of H2S, in the top of sites A and B at Vassor thus provides the necessary 
intermediate sulphur species for reaction 5. At present, much of the elemental S above the 
anoxic boundary at sites A and B is probably also derived from oxidation of metastable 
iron sulphide, which is decreasing upwards (Figure 9), by O2.  

3.8. Mechanisms for iron sulphide oxidation in PAS soil materials  

The parent sediments (PAS soil materials) in the AS soils in Söderfjärden, Korsholm, 
Rintala and Vassor (site D) are discussed in this chapter (Papers II-IV). Previous studies 
on boreal PAS soil materials indicate that elemental S and Fe(OH)3 is initially formed upon 
air oxidation of metastable iron sulphide (reaction 1 in Table 7) (Wiklander et al. 1950; 
Purokoski 1958).. This mechanism was first elucidated by Verhoop (1940) as cited by 
Harmsen (1954) and is known to proceed at pH values similar to those occurring in the 
PAS soil materials of this study (cf. van Breemen 1973). In this process, pH is not 
significantly decreasing (e.g. Burton et al. 2006b), which is supported by the high and 
stable pH throughout the parent sediments in Söderfjärden, Korsholm, Rintala and Vassor 
(site D) (Figures 7b, 8b, 9; Papers II-IV). 

The elemental S, formed from metastable iron sulphide, is under circumneutral conditions, 
which typically are characterized by relatively low activity of sulphur-oxidizing bacteria 
such as Thiobacilli (Nordstrom 1982), most likely to react with remaining metastable iron 
sulphide and form pyrite (reaction 2 in Table 7), a mechanism common in marine 
sediments (e.g. Berner 1970) and identified in AS soils elsewhere by isotopic studies 
(Bush 2000). As discussed above (chapter 3.4.1.), this conversion is not likely to occur 
through a solid-state reaction, rather a dissolved stage is necessary. A likely scenario is 
that solid elemental S reacts with the dissolution products of metastable iron sulphide (i.e. 
H2S/HS-) and form aqueous polysulphides (Sn

2-) which subsequently react with remaining 
metastable iron sulphide and form pyrite; the net reaction being the apparent solid-state 
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conversion of metastable iron sulphide to pyrite (illustrated by reaction 2 in Table 7) 
(Butler et al. 2004). The gradual upward decrease of metastable iron sulphide in the 
parent sediment at Korsholm (Figure 7a; Paper III) indicates such a conversion (post-
depositional). Most likely, this occurs due to occasional lowering of the groundwater table, 
which is controlled by wells and normally located just below the drainpipe (100-110 cm). 
This allows oxygen to occasionally enter deep within the parent sediment and thus 
provides the oxygen that is necessary for the conversion of metastable iron sulphide to 
pyrite. The lowest measured depth of the groundwater table at the Korsholm site is c. 240 
cm (Joukainen and Yli-Halla 2003), which corresponds with the depth at which metastable 
iron sulphide is starting to decrease and sulphate is slightly increasing (Figure 7a). 

The presence of detectable quantities, however small, of sulphate deep in the parent 
sediments at Söderfjärden, Korsholm, Rintala and Vassor (site D) (Figures 7a, 8a, 9, 10; 
Papers II-IV) indicates that Thiobacilli survive up to pH values around neutral (Starkey 
1966; Nordstrom 1982), thus oxidizing some of the elemental S (reaction 3 in Table 7) 
formed from oxidation of metastable iron sulphide (reaction 1 in Table 7). The stable, and 
occasionally even increasing, total S in the parent sediments (Figures 7a, 8a, 9, 10; 
Papers II-IV) indicates that very little of the produced sulphate (e.g. from reaction 3 in 
Table 7) is leached from these materials. On the other hand, during periods of elevated 
groundwater levels, most of the produced sulphate is likely to be reduced again, either to 
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metastable iron sulphide or to pyrite. The low δ34S values of metastable iron sulphide in 
the parent sediments of Korsholm and Rintala (Figures 7d, 8d; Paper III) and in the 
transition zone at Vassor (site D; Figure 13; Paper IV) might reflect such a secondary 
reduction.  

Moses et al. (1987) showed that even low concentrations of Fe3+ can be a quantitatively 
important pyrite oxidant at near neutral pH where the oxidation of Fe2+ to Fe3+ is rapid 
(Nordstrom 1982) (reaction 6 in Table 7). The dissolved Fe3+ concentration, however, 
decreases rapidly due to the hydrolysis and precipitation of ferric hydroxide [Fe(OH)3] 
(reaction 7 in Table 7) (van Breemen 1973; Nordstrom 1982; Evangelou and Zhang 1995), 
and recent results by Schippers and Jørgensen (2001, 2002) indicated that Fe3+ was not 
an important oxidant of metastable iron sulphide and pyrite under circumneutral 
conditions, thus contrasting the results by Moses et al. (1987). Consequently, O2 is the 
primary iron sulphide oxidant in the studied parent sediments (Papers II-IV) and the 
combined reactions 3 and 5-7 in Table 7 give the overall mechanism (reaction 8 in Table 
7) when small amounts of pyrite are oxidized. This mechanism is, however, not important 
in parent sediments because the initial chemical oxidation of pyrite by O2 (reaction 5 in 
Table 7) is slow (Hart 1962; Bloomfield 1973).  

3.9. Mechanisms for iron sulphide oxidation in acidic horizons 

During reducing conditions and near neutral pH, Fe is in its bivalent form and is thus 
bound in e.g. metastable iron sulphide and pyrite, but once the sulphides are oxidized, 
trivalent Fe is rapidly formed and mobilized upon the oxidation of Fe2+ with O2 (reaction 6 
in Table 7) (Nordstrom 1982). The mobilization of Fe in the acidic horizons is indicated by 
a marked decrease of Fe associated with iron sulphides (from c. 30% in the parent 
sediments to <1% in the acidic horizons). Once the pH falls below 4.5, Fe3+ is easily 
soluble and begins to act as an S oxidant (Nordstrom 1982). This suggest that most of the 
pyrite oxidation in the acidic horizons in this study occurs by Fe3+ according to reaction 11 
in Table 7, which is a combination of reactions 9 and 10 in Table 7. In the presence of 
Thiobacillus ferrooxidans, the oxidation of Fe2+ to Fe3+ is greatly accelerated under acidic 
conditions (Singer and Stumm 1970; Evangelou and Zhang 1995). The bacterially 
mediated oxidation of Fe2+ to Fe3+ has similar or slightly faster kinetics than the pyrite 
oxidation by Fe3+ (reaction 9 in Table 7), which means that Fe3+ is produced more rapidly 
than it is consumed, and thus makes the whole pyrite oxidation process more or less self-
supporting once the pH is low enough (Nordstrom 1982). Above pH 3.5 most of the 
released Fe3+ ultimately hydrolyses and precipitates as Fe-hydroxides (van Breemen 
1973). The occurrence of such precipitates is common in AS soils throughout Finland (e.g. 
Palko 1994; Yli-Halla 1997; Mokma et al. 2000; Österholm and Åström 2002; Sohlenius 



46 

and Öborn 2004) and is the main reason for the general retention of Fe at the sites here 
studied and elsewhere in boreal Finland. 

The redox potential in Korsholm shows that the conditions are oxidizing (positive Eh 
values) above a depth of 150 cm (Joukainen and Yli-Halla 2003). This corroborates the 
results of Paper III where the pH is rapidly declining above this depth (Figure 7b). Due to 
the extensive oxidation, sulphate is the dominant S-species in the acidic horizons of this 
study (Figures 7a, 8a, 9, 10; Table 6), and the similar isotopic composition of sulphate and 
pyrite in the soils of Korsholm, Rintala and Vassor (site D) (Figures 7d, 8d, 13) shows that 
the oxidation process proceeds without any significant isotopic fractionation, which is in 
agreement with previous publications (Machel et al. 1995; Canfield 2001). It is evident that 
a large part of the sulphate produced by oxidation of pyrite is leached from the soil 
(Figures 7a, 8a, 9, 10), but under very acidic conditions (pH <4), jarosite 
[KFe3(SO4)2(OH)6] (van Breemen 1973, 1982) and possibly schwertmannite 
[Fe8O8(OH)6SO4], identified elsewhere (coastal lowlands in Australia) (Sullivan and Bush 
2004; Burton et al. 2006c; Burton et al. 2007), can retain some of the sulphate. Jarosite is 
frequently found in Finnish AS soils and is formed by incomplete hydrolysis of Fe3+ during 
pyrite oxidation (reaction 12 in Table 7) (van Breemen 1973, 1982). Schwertmannite, on 
the other hand, is yet to be discovered in Finnish AS soils. The occurrence of jarosite in 
the studied soils (Papers II-IV) provides further evidence of oxidation of pyrite to the 
ultimate end product. Eventually, jarosite hydrolyzes to goethite (FeOOH) (reaction 13 in 
Table 7) (van Breemen 1982), a fate shared also by schwertmannite (Sullivan and Bush 
2004; Burton et al. 2006c; Burton et al. 2007), thus releasing additional sulphate and 
acidity in the AS soil. 

In the cultivated topsoil (upper c. 40 cm), the increase of pH (Figures 7b, 8b, 9) shows that 
the acidity is neutralized by liming (addition of CaCO3) which subsequently leads to 
temporal precipitation of gypsum (CaSO4·2H2O; reaction 14 in Table 7) (Dent 1986). 
Gypsum, however, is readily dissolved in Finnish AS soils because of its high solubility 
(3.15 g/L) and is not likely to remain in large concentrations in the soils. This acid 
neutralizing procedure is successful from an agricultural point of view, but underneath the 
cultivated layer a thick zone of very acidic conditions remains also after such a treatment, 
and continued acidification and leaching of metals from this zone have a large impact on 
the aquatic system. 

3.10. Formation and preservation of elemental S in the soil 

In the transition zones in Korsholm (Paper III) and Vassor (site D; Paper IV), elemental S 
was present in relatively high concentrations (up to 0.1%; Figures 7a, 9), i.e. similar to the 
ones found in the pyrite-forming zone at sites A and B at Vassor (Figure 9) and in the 
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oxidized PAS soil material studied by Purokoski (1958). Generally, elemental S is present 
only in low concentrations in soils (Bloomfield 1972) because it is usually quantitatively 
oxidized to sulphate, either microbiologically by O2 in Thiobacilli (reaction 3 in Table 7) or 
inorganically by Fe3+ (reaction 10 in Table 7) (van Breemen 1973). There was a near 
complete removal of metastable iron sulphide in the layers at Korsholm and Vassor (site 
D) where the elemental S concentration was elevated (Figures 7a, 9; Papers III, IV). This 
most likely points to a causal connection, as the presence of elemental S in layers 
containing metastable iron sulphide would result in pyrite formation via the polysulphide 
pathway (reaction 5; and reaction 2 in Table 7). The preservation of elemental S in the 
soils (transition zones) in Korsholm and Vassor was further favoured by the relatively high 
pH (>4.5 to 6.1; Figures 7b, 9), which means less activity of the sulphur-oxidizing 
bacterium Thiobacillus and lower concentrations of dissolved Fe3+, both of which are 
efficient oxidants of elemental S (Nordstrom 1982). In Rintala (Paper III), metastable iron 
sulphide occurred in the transition zone and at depths where it disappeared pH was <4.5 
(Figure 8b). Therefore, any elemental S have been rapidly consumed by metastable iron 
sulphide (reaction 2 in Table 7), O2 (reaction 3 in Table 7) or Fe3+ (reaction 10 in Table 7) 
and consequently it was absent at this site. The isotopic composition of elemental S and 
sulphate suggests that the immediate source of these species in the transition zones in 
Korsholm, Rintala (Paper III) and Vassor (site D; Paper IV) is pyrite (Figures 7d, 8d, 13), 
thus supporting reactions 9 and 11 in Table 7.  

3.11. Effects of natural and artificial drainage? 

For some years, there has been a debate among environmental authorities, landowners 
and scientists on how much of the extensive AS soil development on the coastal plains of 
Finland (caused by water table drawdown) is caused by isostatic land uplift, and how 
much is caused by ditching and pipe drainage of the agricultural fields. The oxidation 
patterns and mechanisms identified (see above) in the investigated AS soil profiles in 
Söderfjärden, Korsholm, Rintala and Vassor (Figure 2; Papers II-IV) provide valuable 
information on this topic. 

3.11.1. The effects of natural drainage 

Sites A-C at Vassor represent a sequence of sediments increasingly affected by natural 
drainage and oxidation (i.e. due to isostatic land uplift) (Figures 2b,c, 3). During the uplift, 
the redox conditions become more oxidizing in the upper parts of the sediments as 
indicated by: (1) the decrease of metastable iron sulphide (Figure 9), and (2) the 
destruction of the lamination normally seen at depth in these sediments (Figure 3) and 
thus the likely presence of oxygen demanding burrowing organisms (cf. Berner 1980). The 
change in redox conditions leads to changes in the geochemistry for trace metals (e.g. Co, 
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Ni and Zn), S and S-isotopes across the redox gradient (Figures 9, 12, 13). Along the 
transect of sites A-C, above the anoxic boundary, the concentration of metastable iron 
sulphide decreased, while pyrite first increased (site A and partly at B) and then 
decreased (site C and partly at B) and was throughout enriched in 32S (Figures 9, 13). 
Hence, as brackish-water sediments are gradually lifted towards, and above, the sea level 
by isostatic uplift, metastable iron sulphide oxidizes while pyrite initially accumulates until 
the conditions becomes oxidizing enough for the oxidation to proceed further.  

The depletion of 34S in the sulphate (<+5‰), relative to the brackish-water sulphate in this 
region (median +15.8‰), in the upper parts of sites B and C at Vassor (Figure 13) 
indicates alternating redox conditions, most likely due to fluctuations of the sea level. For 
example, the sediment at site B was during the sampling located just a few cm below the 
sea level. However, this site (B) (as well as site A) is exposed occasionally to the 
atmosphere during low seawater levels. During high seawater levels both sites B and C 
can be submerged by up to 50 cm. When sites B and C are exposed to the atmosphere, 
sulphide minerals enriched in the light isotope (32S) most likely oxidize to sulphate, which 
inherits the isotopic composition of the sulphide source (cf. Machel et al. 1995; Canfield 
2001). Subsequent reduction (i.e. when the seawater level is high) of such isotopically 
depleted sulphate results in an isotopic composition for residue sulphate that is 
significantly lower than would be expected from reduction of fresh brackish-water sulphate 
alone (δ34S(sulphate) >> +15.8‰) (see sites B and C in Figure 13).  

At the uppermost site (C), which has been above the present sea level for c. 30 years, soil 
ripening has started, as shown by the drop in pH (down to 4.2), abundant losses of S in 
the uppermost 35 cm, and development of concentration gradients for Co, Ni and Zn 
(Figures 9, 12). The relatively low pH of 4.2 in the iron sulphide depleted layer at site C 
(Figure 9) suggests that Fe3+ may be an important sulphur oxidant (Nordstrom 1982). 
Concomitant accumulations of Co, Ni and Zn, at sites A-C, where pyrite is enriched in the 
light isotope (i.e. just below the sediment-(ground)water interface; Figures 12, 13) indicate 
that pyrite scavenges these metals as it precipitates by reaction 5. Similar trace metal 
peaks have been encountered in estuarine lake sediments in Australia receiving AS soil 
runoff (Macdonald et al. 2004). The importance of pyrite as a trace metal sink has been 
shown in many studies, but it is often difficult to define the relative contribution of co-
precipitation, adsorption and precipitation of discrete sulphides (Huerta-Diaz and Morse 
1992; Huerta-Diaz et al. 1993, 1998; Morse and Luther 1999; Sohlenius and Öborn 2004). 
At sites A and B, the source of the excess Co, Ni and Zn (Figure 12) is obviously not, like 
at site C, the soil/sediment immediately above, but the estuarine waters (cf. Macdonald et 
al. 2004; Nordmyr et al. 2007) contaminated by the metal load from Kyrönjoki River (e.g. 
Roos and Åström 2005b) draining AS soils further inland.  
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Arsenic and Mo are also commonly associated with sedimentary iron sulphides, but the 
distribution patterns for these elements at sites A-C are different to those of Co, Ni and Zn, 
i.e. they had not developed peaks (Figure 12). This is explained by limited mobilization of 
As and Mo, possibly due to sorption by amorphous Fe-oxyhydroxides (Åström 1996; 
Sohlenius and Öborn 2004). At sites A-C, the decrease of these elements and of the 
relatively immobile Ti towards the surface is explained by dilution caused by an 
abundance of organic matter (Figures 11, 12; Paper IV). 

According to Tribovillard et al. (2006), trace metals can be delivered to sediments with 
organic matter, which indeed like Co, Ni and Zn was elevated in the topmost part of sites 
A and B (Figure 11). However, also in the top layer of site C, organic matter was abundant 
but not associated with trace metal peaks (Figures 11, 12). Further, Åström and Corin 
(2000) showed that in typically acidic runoff from boreal AS soils, Co, Ni and Zn are 
transported as cations and not bound to humic substances. Therefore, the organic matter 
is an unlikely carrier of Co, Ni and Zn in these settings. The low δ34S values of organic S in 
the top layers of sites A-C (Figure 13), rich in organic matter (Figure 11), implies that 
some of the bacterially formed H2S and/or its oxidation intermediates is incorporated in the 
organic matter (Kaplan et al. 1963; Aizenshtat et al. 1995; Vairavamurthy et al. 1995). The 
formation of organic S is also indicated by the relatively good correlation (rs = 0.57) 
between organic S and organic matter at sites A-C.  

In conclusion, even if the pH is lowered and sulphur to some degree is lost during natural 
drainage, metals such as Co, Ni and Zn are not significantly lost during this process. The 
metals are, however, mobilized to some degree and migrated downward in the 
soil/sediment column, but ultimately entrapped in pyrite forming just below the sediment-
(ground)water interface. As the sediments along the coastal areas of western Finland over 
time are lifted further above the sea level, a layer of peat is likely to gradually develop on 
top, as observed at site C (Figure 3) and elsewhere (Korhola 1990; Palko and Yli-Halla 
1993), thus strongly inhibiting further sulphide oxidation and metal translocation. 

3.11.2. The effects of artificial drainage 

3.11.2.1. Soil profile 

The extent of oxidation (pH down to 3.2) and leaching of S and metals deep in the soils 
(up to c. 200 cm) at Söderfjärden, Korsholm, Rintala and Vassor (Figures 7a,b,c, 8a,b,c, 
9, 10, 12; Papers II-IV) is remarkable considering, first, the relatively short time of artificial 
drainage (between c. 35 and 80 years), second, the cold climate inhibiting soil-forming 
processes during much of the year, and third, that Pons and Zonnenveld (1965) suggest 
that anthropogenically induced soil ripening of pyrite-rich sediments (with optimum 
drainage) requires 50-100 years for the upper 90 cm to become ripe. The difference in the 
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rate of soil formation and leaching of S and metals during natural and artificial drainage is 
very obvious when comparing site C (naturally drained for c. 30 years) and D (drained by 
deep ditching for c. 40 years) at Vassor (Paper IV), where the former site has only lost 
some S, and no metals (see chapter 3.11.1.), down to a depth of c. 35 cm, compared to 
abundant losses of S and metals down to c. 190 cm and formation of a very acidic soil 
profile (pH down to 3.3) at the latter site (Figures 9, 12).  

What is particularly special about the PAS soil materials studied here and elsewhere in 
Finland, in terms of mineralogy and geochemistry, are the high concentrations of 
metastable iron sulphide. It is therefore suggested that the rapid soil development seen at 
these sites is related to the abundance of this mineral type. Even limited exposure to 
oxidizing agents, as is clearly seen for sites A and B at Vassor (Figure 9) (affected by 
isostatic land uplift only), initiate the oxidation of metastable iron sulphide. Thus, when 
artificial drainage (e.g. pipe drainage, ditching) affects the hydrological pathways the redox 
balance abruptly changes and metastable iron sulphide will rapidly and abundantly be 
oxidized and produce acid according to reaction 4 in Table 7. The following decrease in 
pH, strong increase in Fe3+ solubility and proliferation of sulphur-oxidizing bacteria, 
favours pyrite oxidation that further accelerates soil ripening, acidification and metal 
release. In Korsholm (Paper III), on the other hand, where controlled drainage was 
practiced during sampling, the high and relatively stable groundwater table allows 
metastable iron sulphide to transform into pyrite, rather than oxidize to sulphate, thus 
slowing down the rate of S and metal depletion.  

The general increase of total S (and many metals) towards the transition zones in 
Korsholm, Rintala, Vassor and Söderfjärden (Figures 7a, 8a, 9, 10; Papers II-IV) is a 
feature typical of boreal AS soils and is most likely caused by downward transport of 
sulphate and subsequent reduction of the sulphate and further accumulation of 
metastable iron sulphide and pyrite. The low δ34S values of metastable iron sulphide in the 
transition zones in Rintala and Vassor (Figures 8d, 13; Papers III, IV) might reflect such a 
secondary reduction. In some of the profiles in Korsholm and Söderfjärden (Paper II), 
concentration peaks of Co, Ni and Zn had developed in the transition zone (data not 
shown). Elevated trace metal concentrations in this zone are a common feature of many 
boreal AS soils elsewhere in Finland and Sweden (Åström 1998; Österholm and Åström 
2002; Sohlenius and Öborn 2004). Åström (1998) suggested that the increase of metals in 
the transition zone is due to: (1) downward migration of metal fractions released in the 
acidic horizon, and (2) subsequent reprecipitation/adsorption of the mobilized metals in 
the transition zone where the pH increases. In the above chapter (3.11.1.), it was 
indicated that metals (Co, Ni and Zn) can be entrapped by pyrite. In fact, Sohlenius and 
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Öborn (2004) reported that Co and Ni (as well as Cu, Mn and Mo) to some extent were 
incorporated in pyrite in parent sediments at Korsholm.  

The absence of corresponding concentration peaks of Co, Ni and Zn, despite abundant 
losses of sulphate and metals from the acidic horizon above, in many AS soils throughout 
Finland, including the soils studied in Rintala and Vassor (Papers III, IV), can be explained 
by large fluctuations in the groundwater table at these sites and thus substantial vertically 
shifting redox conditions. This will most likely prevent build up of local concentration peaks 
of trace metals. The importance of a stable groundwater table for the enrichment of trace 
metals is highlighted at sites A-C and E at Vassor (Paper IV) where trace metal peaks 
occurred just below the sediment-(ground)water interface (Figure 12). The profile in 
Korsholm (Paper III) showed, however, only a minute increase of Ni in the transition zone 
(Figure 7c), despite a relatively stable groundwater table at this site.  

It has recently been suggested that the leaching rates of acidity and several trace 
elements from Finnish AS soils were insignificant prior to artificial drainage (Österholm 
2005; Paper II), indicating that the historical natural drainage has been insignificant for the 
development of AS soils. This is indicated by the similar leaching rates of several 
elements from AS soils that are located in areas separated in age by up to 4000 years and 
is attributed to the general installation of subsurface drainpipes in the 1950-1970s in most 
of the agricultural fields throughout western Finland (Österholm 2005). The subsurface 
drainpipes in Finnish boreal AS soils are commonly installed at a depth of c. 110 cm 
(Palko 1994) and it has been shown that this drainage method is more efficient for 
lowering the groundwater table than open ditches (Palko and Yli-Halla 1993). Also 
leaching of acidity is much faster through subsurface pipe drainage than through open 
ditches (Palko and Yli-Halla 1993; Palko 1994). However, the results by Palko and Yli-
Halla (1993) showed that runoff from areas with open ditches had a lower pH, EC and 
titratable acidity as compared to runoff from pipe drained areas. In this study, it is 
demonstrated that construction of deep ditches (>2 m or more as in Rintala and Vassor) is 
a very efficient method for rapid formation of deep AS soil profiles, which leach an 
abundance of S, acidity and metals into nearby watercourses (see below). In Korsholm 
(Paper III), which has been artificially drained for a similar length of time (c. 50 years) as 
Vassor (Paper IV), but where drainpipes are installed at 100 cm, the depth of S depletion 
reaches down c. 110 cm (Figure 7a) compared to c. 190 cm at Vassor (site D; Figure 9). 
This is partly because of shallower drains in Korsholm (c. 140 cm) and partly due to 
attempts to use controlled drainage in order to maintain an elevated groundwater table. 
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3.11.2.2. Drain water 

The δ34S(sulphate) values in the drain water at Vassor (Paper IV) (median +11.5‰; Figure 
14) are similar to those of the S-species in the AS soils at Vassor (site D; Figure 13; Paper 
IV), Korsholm and Rintala (Figures 7d, 8d; Paper III) but considerably higher than those of 
the iron sulphides in the upmost part of the drain bottom sediment at Vassor (site E; 
Figure 13). This shows that the acidic horizon is the prime source and the drain bottom 
sediment (discussed below) primarily (or temporally) a sink for dissolved sulphur, as would 
be expected from hydrological and quantitative geochemical considerations. In the drain 
water at Vassor (Figure 14), the concentrations of Co, Ni and Zn were also high, but not of 
As and Mo, consistent with the geochemical patterns of the AS soils in this study (i.e. 
abundant losses of the former three but no detectable losses of the latter two; Figures 7c, 
8c, 12). A similar pattern has been seen in other AS soils (Åström and Björklund 1997; 
Åström 1998; Sohlenius and Öborn 2004) and AS soil waters (Åström and Björklund 1995, 
1996; Åström and Åström 1997; Åström and Spiro 2000; Roos and Åström 2005b, 2006) 
in this region. This shows that Co, Ni and Zn are extensively lost from AS soils to drains. 
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Eventually this load reaches the estuaries, where the trace metals, to some part, are re-
precipitated with pyrite as shown at sites A and B at Vassor (Figures 9, 12; Paper IV), and 
possibly also with metastable iron sulphide probably forming further out in the estuary. As 
these subaqueous sediment layers in the future are lifted above the sea level, a new cycle 
of oxidation and metal mobilization starts. This is a continuous and basically natural 
process, but considering the great increase in speed and extent of AS soil formation 
caused by artificial drainage (see above), it is clear that the human impact on this 
hydrogeochemical cycle is substantial.  

As pH increased in the drain water in Vassor (from 3.4 to 4.0; Figure 14; Paper IV) at the 
4th sampling occasion, there was a corresponding decrease in sulphate, Co, Ni and Zn, 
i.e. those chemical species abundantly leached from the AS soils in this study and 
elsewhere in Finland. The concentrations of these metals and sulphate decreased by 
roughly 50% (slightly less for Zn) pointing to dilution by rainwater, which however is 
inconsistent with the concomitant decrease in δ34S(sulphate) values (Figure 14). Dilution 
would not cause a change in the sulphur isotopic proportions, as rainwater contributes 
only with tiny amounts of dissolved sulphate in these settings. A more likely explanation is 
therefore that an elevated groundwater table, causing upper AS soil layers to be 
hydrologically activated, resulted in leaching from horizons that are more depleted in 
metals and having a slightly lower S-isotopic composition, as indicated for the AS soil 
profile at Vassor (site D; Figures 12, 13). In these upper layers, the conditions are less 
oxidizing (pH >3.5; Figure 9), which is consistent with the huge decrease in dissolved Fe 
concentrations (from c. 10 mg/L to <1 mg/L; Figure 14) at the 4th sampling occasion in the 
drain water at Vassor, certainly caused by decreased mobility of Fe and retention in 
minerals such as Fe-oxyhydroxides [e.g. Fe(OH)3 and FeOOH] and jarosite 
[KFe3(SO4)2(OH)6] (van Breemen 1973) which are frequently encountered in Finnish AS 
soils (e.g. Yli-Halla 1997; Mokma et al. 2000) and possibly schwertmannite 
[Fe8O8(OH)6SO4] identified in AS soils elsewhere (Sullivan and Bush 2004). The relatively 
high concentrations of Fe in the drain water prior to the 4th sampling occasion is unusual 
because Fe is commonly not lost abundantly from Finnish AS soils (e.g. Åström and 
Björklund 1996; Roos and Åström 2005b; Roos and Åström 2006). This is explained by 
lower groundwater levels prior to the 4th sampling occasion, indicating that Fe was 
leached from layers with more oxidizing conditions (pH <3.5; site D in Figure 9), and thus 
increased mobility of Fe (van Breemen 1973; Nordstrom 1982). 

3.11.2.3. Drain bottom sediment 

The upper layer of the drain bottom sediment (site E; Paper IV) at Vassor was 
characterized by negative δ34S values for metastable iron sulphide and pyrite (explained 
by fresh precipitates) and concomitant concentration peaks of Co, Ni and Zn (Figures 12, 
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13). This is in slight contrast to sites A-C at Vassor, where peaks of these metals were 
only associated with pyrite. A similar pattern has been identified for drain bottom 
sediments in Australia, where metastable iron sulphide formation acted as a sink for 
several trace metals (Smith and Melville 2004). The occurrence of sulphate below the 
anoxic boundary and pH decline in the uppermost 5 cm at site E (Figure 9) is attributed to 
dominance of diffusion over reactivity for this species. The drain bottom sediment, 
exposed because of ditching, thus had similar hydrogeochemical dynamics as the 
sediment layers elevated close to the sea level by isostatic uplift (sites A and B at Vassor; 
Figures 9, 12, 13). The concentration peaks for Co, Ni and Zn were larger in the drain 
bottom sediment as compared to sites A and B at Vassor (Paper IV), which is consistent 
with, first, the higher concentrations of these metals in the drain water than in the diluted 
estuary and, second, the precipitation of metastable iron sulphide, which are fine-grained 
(Figure 4) and may be efficient sinks for trace metals (Huerta-Diaz et al. 1993; Watson et 
al. 1995; Huerta-Diaz et al. 1998). 

Åström and Spiro (2000) showed that in streams draining AS soils in the region where the 
study sites (Korsholm, Rintala, Söderfjärden and Vassor; Figure 2) are located, there was 
an abundance of sulphate (similar to the concentrations in the drain water here studied) 
typically having either positive δ34S values clustered around 0‰ to +6‰ or negative ones 
clustered around –4‰ to –8‰. Having no data on the isotopic composition of soil sulphur, 
Åström and Spiro (2000) speculated that the source of the negative δ34S values was AS 
soils in which primary sulphides were oxidized and leached, and that the positive δ34S 
values was the leaching of other AS soils where secondary iron sulphides formed in the 
transition zone, leaving a dissolved sulphate pool enriched in 34S. The data presented in 
Papers III and IV point to an additional, or even more important, mechanism. The 
population of positive δ34S values in stream waters (Åström and Spiro 2000; Paper IV) 
matches well with the δ34S values for pyrite and sulphate in the AS soils of Korsholm, 
Rintala and Vassor (Figures 7d, 8d, 13). This indicates a direct link between pyrite 
oxidation, formation of soil-water sulphate and discharge of this sulphate pool into drains, 
in a process without significant S-isotopic fractionation (Papers III, IV). The negative δ34S 
values, on the other hand, potentially reflect mobilization of drain bottom sulphides, as 
seen in Vassor (site E; Figure 13), once formed during waterlogging conditions, but re-
oxidized to sulphate during subsequent drought and flushed during the following rising 
limb. During such events, also trace metals (e.g. Co, Ni and Zn) that are associated with 
metastable iron sulphide and pyrite (e.g. Huerta-Diaz and Morse 1992; Huerta-Diaz et al. 
1993; Huerta-Diaz et al. 1998; Morse and Luther 1999; Smith and Melville 2004; 
Sohlenius and Öborn 2004) are released into the surface waters. 
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4. CONCLUDING REMARKS 

• The sulphur speciation method developed in this thesis is an improvement of methods 
previously used for boreal AS and PAS soil materials. The method is capable of 
sequentially separating and quantifying five different sulphur species (i.e. metastable 
iron sulphide, pyrite, elemental S, sulphate and organic S) in boreal AS and PAS soil 
materials.  

• The sulphur speciation method, together with the sulphur isotopic data, proved to be 
useful for: (1) identifying the mechanisms by which metastable iron sulphide and pyrite 
are formed in the brackish-water sediments (PAS soil materials), and (2) identifying the 
pathways by which metastable iron sulphide and pyrite are transformed (oxidized) into 
other sulphur forms and ultimately flushed from AS soils into drains. 

• The occurrence of metastable iron sulphide (presumably a mixture of mackinawite and 
greigite) is for the first time observed (SEM-EDXA) in Finnish PAS soil materials. The 
high concentrations of metastable iron sulphide generally found in the PAS soil 
materials is an intriguing feature as this group of minerals is normally nearly 
quantitatively converted to pyrite in marine sediments. In young PAS soil materials 
(<200 years considering the time above the sea level) in the coastal areas, the ratio 
between metastable iron sulphide and pyrite is established close to 1:1 (i.e. c. 1:2 for 
the mineral phases), whereas the same ratio is up to 1:11 in old (c. 4000 years) PAS 
soil materials, located further inland. This may reflect conversion into pyrite over time 
or that the conditions were less favourable for formation and preservation of 
metastable iron sulphide in the past. 

• The formation and preservation of metastable iron sulphide in the sediments (PAS soil 
materials) here studied is suggested to be the overall result of: (1) sulphur starvation, 
(2) a high sedimentation rate, (3) abundance of Fe2+, and (4) strongly reducing 
conditions. When the sulphidic sediments are lifted above the sea level by postglacial 
rebound, and ultimately reclaimed as farmland, the thermodynamically unfavourable 
metastable iron sulphide phase is preserved as long as the conditions remain 
waterlogged (i.e. reducing conditions). 

• The sulphur isotopic data indicate that pyrite forms via the polysulphide pathway. In 
sediments lifted close to the sea level, pyrite formation is favoured over preservation of 
metastable iron sulphide, because of the enhance oxidizing conditions in such 
environments and thus formation of intermediate sulphur species necessary for 
conversion of metastable iron sulphide to pyrite.  
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• Drain bottom sediments located in AS soil landscapes have similar hydrogeochemical 
dynamics as sediments naturally brought close to the sea level by isostatic uplift. Trace 
metals (e.g. Co, Ni and Zn) that are flushed into drains from the AS soils are partly 
trapped in metastable iron sulphide and pyrite forming in the top of drain bottom 
sediments during waterlogging (i.e. reducing conditions) and partly transported out to 
estuaries where they can be entrapped in pyrite (and/or probably metastable iron 
sulphide possibly forming further out). During drought, the sulphides in the drain 
bottom sediment are likely to re-oxidize to sulphate and are subsequently flushed, 
together with the entrapped metals, during the following rising limb.  

• When the sulphide-rich sediments are lifted close to the sea level by the isostatic uplift, 
metastable iron sulphide is oxidized whereas pyrite is preserved and even precipitated, 
concomitantly trapping metals such as Co, Ni and Zn. As the uplift continues, also 
pyrite starts to oxidize and causes further acidification and mobilization of trace metals. 
The metals are transported downwards, and form concentration peaks just below the 
sediment-(ground)water interface in association with secondary pyrite and possibly 
formation of metastable iron sulphide. 

• During natural drainage (caused by postglacial land uplift) of brackish-water sediments, 
there is no loss of As, Co, Fe, Mo, Ni, Ti and Zn, and only some loss of sulphur. In 
contrast, when the brackish-water sediments are artificially drained for farming 
purposes, the oxidation is exceptionally fast and extensive, causing the development of 
a deep AS soil profile within a few decades, and substantial leaching of metals (e.g. 
Co, Ni and Zn). Initial extensive oxidation of metastable iron sulphide, creates a low-pH 
soil environment that is favourable for subsequent pyrite oxidation and mobilization of 
metals (e.g. Co, Ni and Zn). Therefore, there is no question that environmental 
problems (poor water quality) caused by these sediments are the result of human 
drainage works. 
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A1 

1. GENERAL DISCUSSION 

1.1. Principle 

Detailed procedures for the sequential extraction of operationally defined sulphur species 
in boreal potential and acid sulphate soil materials are presented here. These sulphur 
species include: (1) acid volatile sulphide (AVS), (2) cold chromium reducible sulphur 
(CCrS), (3) hot chromium reducible sulphur (HCrS), (4) sulphate (SO4

2-), (5) organic 
sulphur (OrgS), and (6) total reducible sulphur (TRS = AVS, CCrS and HCrS). AVS, CCrS 
and HCrS are considered to comprise mainly metastable iron sulphide (FeS1+x), pyrite 
(FeS2) and elemental sulphur (S0), respectively. 

Briefly, 10 mL of ethanol (facilitates reflux condensation during the distillation) and 2 mL of 
1 M ascorbic acid (prevents excess formation of elemental S from oxidation of H2S in the 
presence of Fe3+) is added to the sample (c. 3-10 g) in the reaction flask. After that, under 
a N2 atmosphere, AVS is digested at room temperature in 25 mL of 6 M HCl, while 25 mL 
of 1 M CrCl2 (in 0.5 M HCl) is subsequently added for determination of CCrS, followed by 
heating of the slurry for determination of HCrS. Hydrogen sulphide (H2S) formed during 
each reaction step is precipitated as silver sulphide (Ag2S) in a trap containing silver 
nitrate (AgNO3). The remaining slurry in the reaction flask is filtered and the filtrate is used 
for determination of SO4

2- by precipitation as BaSO4. The dried residue is fused with 
Eschka´s mixture at 800 oC, which oxidizes all remaining S (i.e. mainly organic S) to 
sulfate, and the OrgS concentration is subsequently determined by precipitation as 
BaSO4.  

2. INTERFERENCE 

2.1. Oxidation 

It is important to avoid contact with oxygen at all stages for analysis of AVS, CCrS and 
HCrS. In the field, this can be done by placing the sample in an airtight plastic bag 
followed by freezing with dry ice (or liquid nitrogen) immediately after sampling. In the 
laboratory, the samples are preferably stored in a freezer or under an inert atmosphere, 
e.g. N2. 

2.2. Storage 

Prolonged storage (several months) of the samples may diminish the AVS concentration 
and increase the CCrS concentration. 
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2.3. Ferric iron 

During sulphide analysis, the occurrence of ferric iron (Fe3+) may oxidize a part of H2S into 
S0 (ends up in the HCrS pool). This is avoided by adding ascorbic acid to the sample 
(section 5.2.). 

2.4. Overlapping of sulphur pools 

Overlaps between the reduced sulphur pools (i.e. AVS, CCrS and HCrS) occur if the 
reaction steps are interrupted prematurely.  

3. SAFETY 

3.1. Health hazards 

The toxicity and carcinogenicity of the chemicals and reagents used in this method have 
not been fully established. It is therefore advisable to treat every chemical (and sample) as 
a potential health hazard and any exposure to chemicals and reagents should be kept at a 
minimum. Please consult the material safety data sheets (MSDS) for each chemical prior 
to analysis. All handling with chemicals should preferably be done in a fume hood, and the 
appropriate protective gear (lab coat, gloves, goggles etc.) should be worn. The sulphide 
analysis must always be performed in a fume hood because H2S is a highly toxic gas. H2S 
is easily recognized by its characteristic odour of rotten eggs. 

4. APPARATUS 

4.1. Distillation apparatus 

The distillation apparatus used for the sulphur speciation is shown in Figure A1. It is 
possible to connect several analytical trains to one single cylinder of nitrogen if flow 
controllers are installed. In this setup, each analytical train consists of one 500 mL 
reaction flask (containing the sample), one condenser, fitted with two inlet ports (for N2 
and reagents) at the bottom, one 250 mL buffer solution flask (pH 4; removes chloride), 
two or more 50 mL sulphide traps, where the last one is used as a safety. The reaction 
flask and the condenser are held in place with a plastic clamp while the rest of the vessels 
are connected with PVC tubing.  

4.2. Jones reductor 

The Jones reductor (Figure A2) is used for the preparation of Cr2+ solution (section 5.4.1.) 
and consists of a glass column (4x50 cm) filled with amalgamated zinc granules (section 
4.2.1.), which are covered with milli-Q water (18.2 MΩ). A porcelain filter and a stopcock 
are fitted at the bottom of the Jones reductor to withhold the zinc granules and the 
solution. 



APPENDIX (Guidelines for sulphur speciation) 

A3 

 
 



APPENDIX (Guidelines for sulphur speciation) 

A4 

4.2.1. Amalgamated zinc granules 

Cover about 320 g of zinc granules (0.6-1.0 mm) with 1 M HCl (section 5.7.) for 
approximately one minute. Decant the acid and wash the zinc granules twice with milli-Q 
water. Perform this procedure three times in order to remove impurities. Cover the washed 
zinc granules with a saturated 0.25 M HgCl2 solution (section 5.10.) and stir the mixture 
for three minutes. Decant the HgCl2 solution and wash the amalgamated zinc granules 
three times with milli-Q water. Add the amalgamated zinc granules to the Jones reductor 
(Figure A2) and fill it half-way with milli-Q water. The amalgamated zinc granules can be 
used for several hundred reductions. 

4.3. Filter apparatus 

Use a filtering flask and a filter holder for 47 mm filter papers for all filtrations. Water 
suction (or a pump) can be used for faster filtration. 

4.3.1. Filter papers 

Millipore 0.45 µm: For filtration of Ag2S precipitates. Prior to filtration, wash the filter 
papers with milli-Q water and dry (on a petri dish) in 105 Co for at least 1 hour, and 
thereafter let them cool down in a desiccator at room temperature for a minimum of 30 
minutes before weighing.  

Whatman 42 (2.5 µm): For filtration of BaSO4 precipitates (section 6.3.2.). Prior to 
filtration, dry a crucible (or several) for at least 1 hour in 105 oC and thereafter cool it down 
at room temperature for a minimum of 30 minutes before weighing. Transfer the BaSO4 
precipitate, together with the ash free filter paper, to a preweighed crucible and perform 
the measures described in section 6.3.2. 

Whatman 41 (20-25 µm): For filtration of the residue in the reaction flask (after removal of 
AVS, CCrS and HCrS) and for filtration of the slurry during determination of OrgS (section 
6.1.4.2). 

4.4. Oven 

An oven capable of heating up to 800 oC is recommended. 

4.5. Desiccator 

Use a desiccator in order to properly cool down the dried Ag2S and BaSO4 precipitates, 
samples, crucibles and filter papers. 
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4.6. Analytical balance 

Weigh the precipitates, samples and chemicals on an analytical balance capable of 
weighing to four decimal places.  

5. REAGENTS 

5.1. Deoxygenation of solutions 

All solutions, i.e. milli-Q water, HCl, Cr2+/Cr3+ solution, ascorbic acid, silver nitrate, 
potassium hydrogen phthalate (buffer solution) and ethanol, which are used during 
determination of AVS, CCrS, HCrS and TRS, should be deoxygenated by purging with N2 
gas for approximately 1 hour. The silver nitrate and buffer solutions are further purged 
while connected to the analytical train. 

5.2. Ascorbic acid (1 M) 

Weigh 17.6 g of ascorbic acid (C6H8O6) into a 100 mL volumetric flask, dissolve and dilute 
to volume with milli-Q water. Store the solution in a brown bottle. 

5.3. Barium chloride (10% concentration)  

Weigh 117.3 g of barium chloride dihydrate (BaCl2·2H2O; purity 99%) into a 1 L volumetric 
flask, dissolve and dilute to volume with milli-Q water. 

5.4. Cr2+/Cr3+ solution (1 M) 

Weigh 133 g of chromium(III)chloride hexahydrate (CrCl3·6H2O; purity 98%) into a 500 mL 
volumetric flask, dissolve and dilute to volume with 0.5 M HCl (section 5.7.). The 
deaerated solution (section 5.1) is thereafter percolated through the Jones reductor 
(Figure A2) and the Cr3+ solution is reduced to Cr2+ (section 5.4.1.). 

5.4.1. Preparation of 1 M Cr2+ solution (in 0.5 M of HCl) 

• Deoxygenate the solutions (i.e. 0.5 M HCl and Cr3+ solution) according to section 5.1. 

• Drain the Jones reductor (section 4.2.) and rinse with approximately 250 mL of 0.5 M 
HCl (section 5.7.).  

• Fill the column with the desired volume of Cr3+ solution (section 5.4.) and wait a few 
minutes until the Cr3+ has been reduced to Cr2+, which is seen as a colour change from 
dark green to bright blue. 

• Attach a plastic syringe (25-50 mL) with PVC tubing to the lower part of the Jones 
reductor for collection of the Cr2+ solution. The Cr2+ solution oxidizes very rapidly in air 
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(the solution turns dark green), but is stable for a couple of days when stored at room 
temperature in syringes.  

• After the preparation of the Cr2+ solution is completed, rinse 250 mL of 0.5 M HCl 
through the column to remove impurities. Thereafter, rinse 500 mL of milli-Q water 
through the column. 

• Finally, fill the column with milli-Q water in order to avoid oxidation of the zinc granules, 
and seal with a rubber cork (or equivalent) to avoid evaporation. 

5.5. Eschka’s mixture 

Purchased Eschka’s mixture (2:1 mixture of MgO and Na2CO3). 

5.6. Ethanol (95% concentration) 

Purchased ethanol (C2H6O). 

5.7. Hydrochloric acid (6 M, 1 M, 0.5 M) 

Use purchased concentrated hydrochloric acid (HCl) to prepare: 

6 M HCl: Add 489 mL concentrated HCl into a 1 L volumetric flask (containing some 
hundred mL of milli-Q water) and dilute to volume with milli-Q water.  

1 M HCl: Add 82 mL concentrated HCl to a 1 L volumetric flask (containing some hundred 
mL of milli-Q water) and dilute to volume. 

0.5 M HCl: Add 41 mL of concentrated HCl to a 1 L volumetric flask (containing some 
hundred mL of milli-Q water) and dilute to volume with milli-Q water. 

5.8. Hydrogen peroxide (30% concentration) 

Purchased hydrogen peroxide (H2O2). 

5.9. Milli-Q water (18.2 MΩ) 

Milli-Q water (18.2 MΩ) is produced in a Maxima Prima (USF Elga) purifier.  

5.10. Mercury chloride (0.25 M) 

Weigh 33.9 g of mercury chloride (HgCl2) into a 500 mL volumetric flask, dissolve and 
dilute to volume with milli-Q water. 

5.11. Nitrogen gas (99.5% purity) 

Purchased nitrogen gas (N2). 
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5.12. Potassium hydrogen phthalate (0.05 M) 

Weigh 10.2 g of potassium hydrogen phthalate (KHC8H4O4) into a 1 L volumetric flask, 
dissolve and dilute to volume. The pH of the solution is 4. 

5.13. Silver nitrate (0.1 M) 

Weigh 8.5 g of silver nitrate (AgNO3) into a 500 mL volumetric flask, dissolve and dilute to 
volume with milli-Q water. Store the solution in a brown bottle. 

5.14. Zinc granules (0.6-1.0 mm) 

Purchased zinc granules (0.6-1.0 mm) for use in the Jones reductor. 

6. ANALYTICAL PROCEDURE 

6.1. Setup of the analytical train 

• Purge the solutions with N2 prior to analysis (section 5.1.). 

• Setup the analytical train according to section 4.1. 

• Add approximately 200 mL of 0.05 M potassium hydrogen phthalate (section 5.12.) into 
the buffer solution flask.  

• Add 15-30 mL of 0.1 M AgNO3 (section 5.13.) into each sulphide trap (use more than 
two traps, or a larger trapping vessel if the sulphur concentration is high).  

• Connect all the vessels with PVC tubing.  

• Weigh a homogenized fresh sample (which has been thawed under N2 gas) of about 3-
10 g wet weight into the reaction flask. A frozen sample can also be used. Determine 
the dry weight on a separate sample (section 6.2.). 

• Add 10 mL of ethanol (95% concentration) (section 5.6.), 2 mL of 1 M ascorbic acid 
(section 5.2.) and a magnetic stirring bar.  

• Attach the reaction flask to the condenser with a plastic clamp. 

• Flush the analytical train with pure nitrogen (99.5%) (section 5.11.) for approximately 
15 minutes. 

• Perform the appropriate measures for each reaction step (sections 6.1.1.-6.1.3. or 
6.1.5.) and adjust the bubble rate to approximately 3-5 bubbles (e.g. in the buffer 
solution) per second. A flow chart of the procedures is shown in Figure A3. 
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6.1.1. Determination of AVS 

Prior to analysis, perform the measures described in section 6.1. Add 25 mL of 6 M HCl 
through the injection port with a plastic syringe (25-50 mL) for dissolution of AVS and turn 
on the magnetic stirrer. The evolved H2S is trapped in 0.1 M AgNO3 (section 5.13.) and 
precipitated as Ag2S. The trapping solution changes “colour” from clear to dark when Ag2S 
is formed. The step is completed when the solution becomes clear again (usually less 
than 2 hours), indicating that there is no more precipitation of Ag2S. Remove the sulphide 
trap and attach a fresh trap (containing 15-30 mL of 0.1 M AgNO3) for the next step 
(section 6.1.2.). Filter the precipitate (section 4.3.1.) and quantify the AVS concentration 
according to section 6.3.1. 

6.1.2. Determination of CCrS 

Add 25 mL of 1 M Cr2+ solution (section 5.4.1.) through the injection port for dissolution of 
CCrS. Remove and replace the sulphide trap when the step is completed (may take >8 
hours) (see section 6.1.1.). Filter the precipitate (section 4.3.1.) and quantify the CCrS 
concentration according to section 6.3.1. 
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6.1.3. Determination of HCrS 

Turn on the heat and bring the solution to simmer for the dissolution of HCrS. Remove the 
sulphide trap when the step is completed (usually less than 2 hours) (see section 6.1.1.). 
Filter the precipitate (section 4.3.1.) and quantify the HCrS concentration according to 
section 6.3.1.  

6.1.4. Filtration of the residue 

After removal of AVS, CCrS and HCrS, filter the remaining slurry in the reaction flask 
(section 4.3.1.) and use the filtrate and residue for determination of SO4

2- (section 6.1.4.1.) 
and OrgS (section 6.1.4.2.), respectively. Wash the residue on the filter paper with milli-Q 
water (c. 100-200 mL). 

6.1.4.1. Determination of SO4
2- 

Transfer the filtrate (200-300 mL) into a 500 mL Erlenmeyer flask. Add dropwise 10 mL of 
30% H2O2 (section 5.8.) in order to oxidize any organic matter in the solution. Add 
thereafter dropwise, while stirring (e.g. on a magnetic stirrer), excess (c. 10 mL) of 10% 
BaCl2 (section 5.3.) to the filtrate. Stir the solution for approximately 15 minutes and leave 
the solution at approximately 60 oC (e.g. in an oven) until the next day (preferably 24 
hours). Reduce the volume the following day to c. 200 mL. Filter the precipitate (section 
4.3.1.) and quantify the SO4

2- concentration according to section 6.3.2.  

6.1.4.2. Determination of OrgS 

Wash the residue with milli-Q water and dry the residue at 105 oC. Mix the dry residue (c. 
1-3 g) with three times the amount of Eschka’s mixture (section 5.5.) in a porcelain 
crucible and add an additional layer of Eschka´s mixture on top. Heat the crucible at 800 
oC for 2 hours in order to oxidize sulphur to sulphate. Transfer the fusion residue to a 500 
mL Erlenmeyer flask and dissolve in 200 mL of milli-Q water. Simmer (while stirring) the 
slurry for 30 minutes and filter (section 4.3.1.). Adjust the pH with HCl to less than 4 
(prevents the precipitation of e.g. Fe3+ complexes, barium carbonate and phosphate) and 
reduce the filtrate to c. 200 mL. Add dropwise (while stirring) excess (10 mL) of 10% BaCl2 
(section 5.3.) to the filtrate. Leave the solution overnight at 60 oC (e.g. in an oven). Filter 
the precipitate (section 4.3.1.) and quantify the OrgS concentration according to section 
6.3.2. 

6.1.5. Determination of TRS 

If desired, total reducible sulphur (TRS), comprising AVS, CCrS and HCrS, can be 
determined in a single step (combined procedures of sections 6.1.1.-6.1.3.). Prior to 
analysis, perform the measures described in section 6.1. Add 25 mL of 6 M HCl (section 
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5.7.) and 25 mL of 1 M Cr2+ solution (section 5.4.1.) to the sample in the reaction flask and 
follow the procedures described for HCrS (section 6.1.3.). Remove the sulphide trap when 
the step is completed (usually less than 2 hours) (see section 6.1.1.). Filter the precipitate 
(section 4.3.1.) and quantify the TRS concentration according to section 6.3.1. The 
remaining slurry in the reaction flask can further be analysed for SO4

2- and OrgS (see 
sections 6.1.4.1. and 6.1.4.2., respectively). 

6.2. Dry weight 

Dry a subsample (c. 1-3 g) for approximately 24 hours in 105 oC. (The samples can also 
be dried at 50 oC.) Cool down the sample at room temperature in a desiccator for at least 
30 minutes and thereafter calculate the dry weight according to Equation 1: 

 (Equation 1) 

where dry weight (%) is the percentage of dry matter in the sample. 

6.3. Filtration and calculation of the sulphur concentration 

6.3.1. Ag2S precipitates 

Collect the Ag2S precipitate on a Millipore filter paper (section 4.3.1.) and wash with milli-
Q water. Transfer the Ag2S precipitate to a petri dish (preweighed with the filter paper; 
section 4.3.1.) and dry at 105 oC for approximately 2 hours. Cool down the precipitate in a 
desiccator at room temperature for at least 30 minutes, and thereafter weigh and quantify 
the sulphur concentration according to Equation 2: 

 (Equation 2) 

where wt (%) S is the weight percentage of sulphur in the sample, m is the mass (g), 
precipitate is either Ag2S or BaSO4 and M is the molar mass (g/mol).  
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6.3.2. BaSO4 precipitates  

Collect the BaSO4 precipitate on an ash free Whatman 42 filter paper (section 4.3.1.) and 
wash with milli-Q water. Transfer the BaSO4 precipitate to a preweighed porcelain crucible 
(section 4.3.1.) and slowly ignite (starting with a low temperature) for 2 hours to 800 oC 
(leaving only BaSO4 in the crucible). Cool down the precipitate in a desiccator at room 
temperature for at least 30 minutes, and thereafter weigh and quantify the sulphur 
concentration according to Equation 2. 
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