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The aim of the study was to investigate the impact of soil chemistry on the concentrations of Co, Ni, Zn, 
Mn, Cu and Fe in oats (Avena sativa L. cv. Fiia) grown on Finnish acid sulphate (AS) soils with varying 
geochemical characteristics. Twenty two soil profiles, which were sampled to a depth of 1 m (five 20 cm 
section splits), and 26 composite oat grain samples were collected on a total of five fields. The concentrations 
of Co, Ni, Zn and Mn in the grains were correlated with the NH4Ac-EDTA-extractable concentrations in the 
soils. However, as these four chalcophilic metals are in general easily lost to drains and not retained as a large 
pool in the soil in easily-extractable form, also the concentrations in the oats were not in general elevated as 
compared with average values on other soils. On one of the fields, however, the Co and Ni concentrations 
in the soil, and thus also in the oats, were clearly elevated. Copper and Fe displayed no correlation between 
the soil and oat concentrations, indicating that the plant-uptake mechanisms are much more important than 
variations in geochemistry. It was suggested that the NH4Ac-EDTA solution was not efficient in extracting 
Fe and Cu, which shows that these metals are bound in relatively immobile oxyhydroxides.
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Introduction

A total of approximately 17–24 million ha acid 
sulphate (AS) soils are found around the world, 
with the most significant occurrences in Africa, 

eastern Australia, Asia and Latin America (Rit-
semaa et al. 2000, Andriesse and van Mensvoort 
2002). In a global perspective, the primary cause 
for the development of these soils is oxidation of 
sulphide-bearing sediments due to lowering of the 
groundwater table. The oxidation process can be a 
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result of natural isostatic land uplift and/or artificial 
drainage (mostly on farmland), which lowers the 
groundwater table and consequently exposes the 
sediments to atmospheric oxygen. An endproduct 
of the oxidation process is sulphuric acid, giving 
rise to very acidic conditions (pH between 2.5 and 
4.5), which in turn mobilises large fractions of metals 
in the soils from both dissolving metal sulphides 
(Golez and Kyuma 1997) and other minerals, such 
as metal-bearing aluminosilicates (Palko 1994). 
The acidic and metal-rich runoff from these soils 
affect adjacent surface waters and as a consequence, 
spatially and temporally variable impacts on aquatic 
life (e.g. fish kills) are common (Callinan et al. 1993, 
Fältmarsch et al. 2008). 

In Europe, the largest AS soil occurrences are 
found in Finland (1600–3000 km2) (Palko 1994, 
Yli-Halla et al. 1999, Andriesse and van Mensvoort 
2002) and Sweden (500–1400 km2) (Öborn 1994, 
Andriesse and van Mensvoort 2002). The major-
ity of the Finnish AS soils are found on coastal 
lowlands in the mid-western parts of the country. 
These soils have developed mainly on fine-grained 
sulphide-bearing sediments deposited during the 
Holocene in the brackish Baltic Sea. Distinguish-
ing features are e.g., a high sulphate concentration, 
low pH and volume weight and a high pore volume 
(Wiklander and Hallgren 1949, Palko 1994). These 
soils are often very productive farmlands due to 
their favourable structure after drainage. The de-
velopment and maintenance of the soil structure 
is facilitated by the relatively high content of or-
ganic matter and significant development of iron- 
and aluminium precipitates along aggregate-/crack 
walls. However, intensification of drainage prac-
tises, especially the utilisation of modern subsur-
face drainage techniques, significantly increases 
the oxidation and thus the mobility of metals and 
acidity in these soils (Erviö and Palko 1984, Palko 
and Yli-Halla 1988, 1990, Palko 1994, Öborn 
1994, Dent and Pons 1995, Österholm and Åström 
2002, Joukainen and Yli-Halla 2003, Sohlenius and 
Öborn 2004, Österholm 2005). Therefore, efficient 
topsoil liming of reclaimed AS soils is required to 
counteract the acidity produced by sulphide oxida-
tion. The disturbance of AS soils is of public con-
cern, primarily because of the frequent massive fish 

kills related to the “lethal” waters originating from 
these soils (Hildén et al. 1982, Hudd et al. 1984). 
While it is known that huge amounts of acidity 
and potentially toxic metals are leached from the 
Finnish AS soils resulting in serious damage on 
aquatic biota (Meriläinen 1989, Vuori 1996), little 
is known about the metal uptake in cereals grown 
on these soils. Only one study, to our knowledge, 
has been conducted, and it revealed significantly 
elevated concentrations in oat grains of Mn (oats 
grown on AS soils: 136 mg kg-1; Finnish average 
values: 72 mg kg-1), Co (0.50/0.08 mg kg-1), Ni 
(6.4/2.8 mg kg-1) and Fe (142/60 mg kg-1) (Varo et 
al. 1980, Yli-Halla and Palko 1987). 

The aim of the study was to assess the role of 
soil chemistry on metal concentrations in oats (Ave-
na sativa L. cv. Fiia) grown on Finnish AS soils 
with varying geochemical characteristics.

Material and methods

Study area
Five cultivated fields (F1-F5) located on AS soils 
on the coastal plains of mid-western Finland (Os-
trobothnia) were selected for this study. The fields, 
which are located within 63.0ºN to 63.16ºN and 
21.6ºE to 22.15ºE, have a low relief and are situ-
ated close to the present sea level. Cultivated fields 
located in this region require, in order to maintain an 
aerated rooting zone, efficient drainage management 
by which rain and snow melt water are rapidly dis-
charged and the ground water table kept well below 
the ground surface. A negative side effect is that the 
oxidation of the inherent iron-sulphides increases, 
which significantly lowers the pH and consequently 
mobilises potentially toxic metals in the soil. The 
soil type that develops is an AS soil. 

Field 1 (F1) is an experimental field previously 
used for monitoring of e.g. hydrochemistry of run-
off from AS soils and which is described in detail 
by Bärlund et al. (2004). Plots Nr. 17 and 20 were 
selected, each representing an area of 0.07 ha (720 
m2). The other four fields (F2-F5) were between 1.2 
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and 2.5 ha in size and located on typical Finnish 
AS soil arable land. The main three characteris-
tics for all five soils were: (1) yellow to reddish 
precipitates at soil depths of 30–90 cm caused by 
Fe(III) phases, (2) no distinct topsoil layer, and (3), 
fine-grained material (mainly silt and clay) extend-
ing from 20–40 cm downwards in F1-F4 and from 
50–60 cm at F5. The latter site was, due to a coarser 
grain size in the upper part, clearly dryer than the 
others.

The mean annual temperature is approximately 
+3 ºC, with July and August as the warmest months 
(+15  ºC) and December to March the coldest (be-
low 0 ºC). The mean annual precipitation is ap-
proximately 500 mm (Atlas of Finland 1987). The 
summer of 2006, when sampling took place, was 
the hottest and driest in a century. Metamorphic 
granitoids, carbonate-poor mica gneisses and meta-
sedimentary rocks (e.g. mica schists) are the pri-
mary bedrock types in this area (Korsman et al. 
1997). The area is, overall, dominated by glacial 
till derived from local bedrock, but agricultural 
fields like the ones selected for this study are found 
on Holocene (often sulphide-bearing) sediments 
which often have developed into AS soils. The 
quantity of anthropogenic pollution is low, since 
no big industries are located close to the study area. 
Agriculture is common in these rural parts of mid-
western Finland, where approximately 50% of all 
the AS soils in the country are located (Fig. 1). 

Sampling, sample preparation and chemical 
analysis
Five soil profiles were sampled in an uniform pat-
tern in F2-F5 with an auger to a depth of 1m, while 
only two soil profiles were collected in F1 due to 
its small size. The 22 profiles collected were sub-
divided into five vertical splits, each representing a 
20 cm section. These 110 subsamples were sealed in 
plastic bags and pH was subsequently determined 
in the laboratory with a Mettler Toledo inlab 426® 
sediment electrode, which was inserted in the soil. 
Deionised water was added to each subsample to 
assure contact with the electrode and the soil (Pu-
ustinen et al. 1994). Grains from oat (Avena sativa 
L. cv. Fiia) were collected from the same sites. Six 

samples from F1 (three samples from each of plot 
nr. 17 and 20) and five from each of the other fields 
(F2-F5), giving a total of 26 oat samples. Each 
oat sample was collected from all cardinal points 
within a radius of approximately 0.5 m from the 
centre of the corresponding soil sampling point. 
An approximately 300 g oat sample was collected 
by hand using vinyl gloves. 

The soil samples were dried at 40 ºC for 5 days 
and subsequently milled in a quartz mortar to a 
fine powder. The oat samples were stored in plas-
tic bags in a freezer at −18 ºC and dried at 60 ºC 
for 72 hours before pretreatment. The oat samples, 
consisting of leaflets and grains, were separated 
with an aspirator at MTT Agrifood Research Fin-
land in Jokioinen. The grains were sorted with a 
2 mm sieve, thus obtaining an uniform grain size 
sample, and subsequently weighed. The oat grains 
were milled in a quartz mortar by hand.

Fig. 1. Distribution of acid sulphate soils in Finland 
(Palko 1994) and location of the study area in mid-west-
ern Finland.
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The soil samples (1.0 g) were digested in 10 mL 
acid ammonium acetate-EDTA (0.5 N ammonium 
acetate 0.5 N acetic acid 0.02 M EDTA, below re-
ferred to as NH4Ac-EDTA) solution at pH 4.65, 
rolled for 1 hour and subsequently analysed for 
Co, Cu, Fe, Mn, Ni and Zn by ICP-ES/MS. The 
purpose of this extraction method was to target ions 
adsorbed by soil minerals and co-precipitated with 
carbonates, thus simulating the easily available 
(bioavailable) fraction in the acid soil. A 0.5 g por-
tion of the soil profiles 40–60 cm split (n=22) was 
analysed for the above mentioned elements plus 
S by ICP-MS after partial digestion in 3mL 2:2:2 
HCl:HNO3:H2O (aqua-regia extraction) at 95 ºC 
for 1 hour. The aqua-regia digestion dissolves phyl-
losilicates, organic material and metal sulphides, 
however, the most weathering resistant minerals, 
e.g. quartz, feldspars and crystalline oxides, are 
poorly dissolved (Räisänen et al. 1992). 

A separate 1.0 g portion of the oat sam-
ples (n=26) was digested with 2 mL HNO3 for 
1 hour following a 6 mL digestion in 3mL 2:2:2 
HCl:HNO3:H2O (HNO3 + aqua-regia) at 95 ºC for 
1 hour and analysed by ICP-MS for Co, Cu, Fe, 
Mn, Ni and Zn. The HNO3 + aqua-regia digestion 
extracts near-total element concentrations bound in 
the oats, however, some elements may precipitate 
on the fibrous residue in the digestion.

Ten and four randomly selected replicates for 
the NH4Ac-EDTA and HNO3 + aqua-regia extrac-
tion, respectively, were analysed for the determina-
tion of analytical reliability. Based on the coeffi-
cient of variation by Gill (1997) the NH4Ac-EDTA 
and HNO3 + aqua-regia extraction was for Co, Cu, 
Fe, Mn, Ni and Zn better than 9% and 7%, respec-
tively (except the HNO3 + aqua-regia-extractable 
Fe which was 16%). 

Reference data
In 1974 a total of 2015 topsoil samples (0–20 cm) 
were collected from cultivated soils throughout the 
country (Sippola and Tares 1978), and in 1972–1976 
a total of 36 oat samples were collected  from 10 
national granary stores and five commercial mills 
(Varo et al. 1980). These stores and mills were the 
most important grain production areas in the country 

and thus represented the vast bulk of cereal grains 
for Finnish consumption. The aim of the studies 
by Sippola and Tares (1978) and Varo et al. (1980) 
was to gather data on the element concentration 
of cultivated topsoils and crops grown on these 
soils throughout Finland. While it is possible that 
AS soils and oats grown on these type of soils 
might be included in the reference data sets, their 
effect on the concentration levels will be of minor 
importance since the reference samples represent 
the whole of Finland (relatively small proportion 
of AS soils). The oat grain samples were analysed 
by AAS after dry ashing for 40 hours at 500 ºC 
following digestion in HCl-HClO4- (Cu, Fe, Mn 
and Zn) and HNO3-HClO4 (Co, Ni) solution (Saari 
and Paaso 1980). The soil samples (n=2015) were 
analysed for Co, Cu, Fe, Mn, Ni and Zn by AAS 
after NH4Ac-EDTA-extraction (0.5 N ammonium 
acetate 0.5 N acetic acid 0.02 M EDTA at pH 4.65) 
for 1 hour with a volume ratio of soil/extractant of 
1:10 (Lakanen and Erviö 1971, Sippola and Tares 
1978). The mean values of elements in those studies 
are used as a reference and termed Finnish average 
values (FAV) in our study.
The same soil extraction method (NH4Ac-EDTA) 
was used in the FAV- and present study to simulate 
the easily available concentrations of metals and 
hence, a comparison between results should be 
fairly applicable. However, direct comparisons 
of multielement datasets, which vary in regard to 
sampling methods and/or analytical techniques, time 
period between studies and inter-laboratory differ-
ences, should be done with utmost discretion and 
without attention on fine details. In the present study 
the comparison with the FAV is only considered to 
serve as a rough indicator of background values. 
Although the pre-treatment and extraction methods 
used for the analysis of the chemical composition 
of oats in the FAV study differed compared with the 
present one, both methods are designed to provide 
near total concentrations bound in oats. The FAV 
data can thus be used for comparison, as others 
have done before (e.g. Erviö and Palko 1984, Yli-
Halla and Palko 1987, Palko and Yli-Halla 1988), 
however, keeping in mind possible inter-dataset 
differences and that the material only is used as a 
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rough indicator of background concentrations in 
Finnish oat grains.

Results and Discussion

General geochemistry  
The pH decreased down the soil profile in all fields 
(Fig. 2). The higher pH towards the surface, which 
is a result of heavy topsoil liming and a rather high 
organic matter concentration (indicated by the typi-
cal brownish colour) in the uppermost 20–30 cm, is 
essential as recommended target pH values range 
from 6.0–6.9 depending on crop species and organic 
matter content. The lower pH further down the soil 
profile is a charactersitic feature of AS soils used 
for arable land, caused by oxidation of sulphides 
and low inherent carbonate concentrations (Palko 
1994, Österholm 2005). There are significant vari-

ations in the severity (e.g. pH and oxidation depth) 
between AS soils in different locations. Soils with 
high contents of sulphur that have only recently been 
drained (relatively little acidity has been leached) 
can in general be expected to be most severe, while 
for example high contents of organic matter may 
hamper the acidity (Österholm and Åström 2002). 
In the more severe Finnish AS soils pH drops below 
3.5 (Yli-Halla et al. 1999, Österholm and Åström 
2002). The pH of the AS soil profiles in this study 
(the upper meter), which are in the order F5 < F3 
= F1 < F4 < F2, are higher and can be considered 
moderate in terms of acidity.

The difference in the aqua-regia-extractable 
concentrations of Co, Ni, Zn, Mn, Cu and Fe was 
relatively small between the fields (not shown), 
while the S concentration differed significantly, 
with concentrations up to 7400 mg kg-1 in F4. 
The large S variation is explained by differences 
in inherent concentrations and extent of leach-
ing. The element concentrations in the AS soils 
of this study are very similar to those of AS soils 
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Fig. 2. Vertical pH variation in 
the soil profiles (S1-S5) in the 
studied fields (F1-F5).
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elsewhere in the region, and are thus regionally 
representative (Österholm and Åström 2002, Nor-
dmyr et al. 2006). It has been shown in several 
studies that the aqua-regia-extractable fraction of 
macro- and micronutrients in AS soils usually fall 
within the same range as reported for other types 
of soils (Österholm and Åström 2002, Sohlenius 
and Öborn 2004, Lax 2005). 

The mean NH4Ac-EDTA-extractable concen-
trations of Co, Ni, Zn, Mn and Cu in F1-F5 were 
relatively similar between the top- and subsoil, 
with the exception of Fe, which was enriched in 
the subsoil (Table 1). The influence of the subsoil 
on the oats may have been relatively large due to 
the exceptionally dry growth season in 2006.

Co, Ni, Zn and Mn
The variation of the NH4Ac-EDTA-extractable 
concentrations of Co, Ni, Zn and Mn in the soil 
profiles was much larger between-fields than within-
fields (Table 1, Fig. 3). F3 was enriched in Co and 
Ni, while F5, in which pH was lowest, showed the 
highest concentrations of Zn and Mn (Table 1). All 
these metals are chalcophilic and in the AS soils thus 
associated with sulphides (Öborn 1994). However, 
in comparison with the FAV, F1-F5 showed rela-
tively similar values of  NH4Ac-EDTA-extractable 
Co, Ni and Zn (except Ni in F3), and was even 
depleted in Mn (Table 1). This indicates that once 
released from sulphides, these four metals are not 
generally retained in the acidic soils but are flushed 
into drains. This is consistent with the abundance 
of these metals in streams draining AS soils (e.g. 
median concentrations of 110 µg L-1 Co, 180 µg L-1 
Ni, 5700 µg L-1 Mn and 330 µg L-1 Zn reported by 
Åström and Åström 1997, Österholm et al. 2005) 
and accumulation close to the ground-water table 
(Åström 1998, Österholm and Åström 2002). 

The concentrations of Co, Ni, Zn and Mn in the 
oats were strongly correlated to those in both the 
top- and subsoil (Fig. 4). This indicate that the up-
take of these four metals in oats grown on Finnish 
AS soils is not efficiently regulated by the plant but 
largely controlled by the concentrations of easily 
available fractions in the soil. However, with the 
exception of Co and Ni in F3, the concentrations of 

Co, Ni, Zn and Mn were not in general elevated in 
the soils nor grains as compared to the FAV (Table 
2, Fig. 4). 

Yli-Halla and Palko (1987) found elevated soil 
(NH4Ac-EDTA-extractable) and oat grain concen-
trations of Co and Ni, as compared to the FAV, in 
AS soils located a few hundred km north of the 
present study sites. In a similar manner, the F3 site 
in this study showed corresponding anomalous 
values for Co and Ni, both in the soil and grain 
(up to 4 times higher concentrations than for the 
FAV) (Table 2, Fig. 4). The primary sources of Ni 
in diet, which is the major exposure route in the 
general population, consist of meat, fish, grain and 
cereals (Adriano 2001). Although the potentially 
toxic Ni generally occurs at low concentrations in 
foods, enriched levels in oat grains, and possibly 
other crops, could be of concern for people with 
e.g. unbalanced diet habits, and livestock, relying 
abundantly on food sources originating from local 
soils. Therefore, an environmental risk assessment 
in AS soil environments would be pertinent and 
should include: (i) chemical composition of other 
food sources (e.g. vegetables, forage, cow-milk, 
fish) originating from AS soil landscapes, (ii) other 
potentially toxic chemical elements (e.g. Al, Cd, 
As) enriched in these products and (iii) connec-
tion between enriched concentrations of potentially 
toxic elements in farm produce and livestock and 
humans.

In F4, both the soil and oat concentrations of 
Co, Ni, Zn and Mn were low (Table 1, Fig. 4) while 
the aqua-regia-extractable S concentration in the 
soil was high. It is hypothesized that this field has 
yet to be significantly oxidised and leached, and 
thus has the potential for future metal release and 
subsequent extensive leaching to drains and, as 
shown in this study, possible uptake in oats.

Cu and Fe
The NH4Ac-EDTA-extractable concentration of 
Cu was stable downwards the profile in all fields, 
whereas the Fe concentration increased slightly 
downwards in several profiles (Fig. 3). Overall, the 
concentration of Fe and Cu in F1-F5 were lower 
than the FAV (Table 1). The Fe concentration and 
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Fig. 3. Mean NH4Ac-EDTA-extractable concentrations (mg kg-1) of elements in the soil profiles.

F1 F2 F3 F4 F5 F1-F5 FAV

(n=6) (n=5) (n=5) (n=5) (n=5) (n=26) (n=36)

Co (µg kg-1) 70 16 228 48 68 86 81*

Ni (mg kg-1) 3.6 1.6 11 2.1 4.0 4.5 2.8*

Zn (mg kg-1) 65 54 63 39 66 57 43*

Mn (mg kg-1) 40 38 60 37 63 48 72*

Cu (mg kg-1) 6.9 6.5 7.2 6.5 7.4 6.9 5.6*

Fe (g kg-1) 63 74 64 92 92 77 60*
FAV = Finnish average values
*Converted to dry weight.

Table 2. Mean oat grain concentrations of elements in the studied fields (F1-F5) and corresponding Finnish average val-
ues (Varo et al. 1980).
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Fig. 4. Mean NH4Ac-EDTA-extractable concentrations (mg kg-1) of elements in top- (ts, 0–20 cm) and subsoil (ss, 20–
100 cm) versus oat. The FAV of NH4Ac-EDTA-extractable elements in topsoil and oat is also indicated (Sippola and 
Tares 1978, Varo et al. 1980).
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pH were inversely correlated (Fig. 5), indicating that 
the abundance of the NH4Ac-EDTA-extractable Fe 
fraction is controlled by soil acidity. It is, however, 
notable that although Fe is mobilised within the 
AS soil, it is only leached to a limited extent since 
it is abundantly reprecipitated on surfaces of oxic 
soil aggregates and cracks as amorphous oxide (Fe 
oxyhydroxides) coatings (Österholm and Åström 
2002) to which Cu also is readily absorbed (Kabata-
Pendias 2001). It has been suggested that plant roots 
are able to reduce Fe3+ to Fe2+ which is more readily 
absorbed by plants (Christ 1974, Kabata-Pendias 
2001). Additionally, plant roots of grass plants are 
capable of releasing Fe and Cu via the secretion of 
phytosiderophores, which enhance metal solubil-
ity through chelation (Shenker et al. 2001). The 
extraction of Cu and Fe with NH4Ac-EDTA may 
therefore underestimate the easily available fraction 
due to the inability to dissolve the Fe(III) phases. 
Although Fe and Cu were not abundantly released 
by NH4Ac-EDTA (except Fe in F5), they were 
somewhat elevated in the oats as compared to the 
FAV (Table 2, Fig. 4). This pattern is consistent with 
the above mentioned suggestion that NH4Ac-EDTA 
is not an efficient extractant of Fe and Cu in these 
soils, and that oxides, which are abundant in AS 
soils, are a significant carrier of these metals from 
which they are available for plant uptake. 

Conclusions

The concentrations of Co, Ni, Mn and Zn in the 
oats were correlated with corresponding concen-
trations extracted from the soil by NH4Ac-EDTA. 
This indicates that geochemistry is an important 
control of the abundance of these metals in oats 
grown on typical Finnish AS soils. However, while 
these chalcophilic metals are abundantly released 
in the AS soils, a large portion is in general leached 
into drains, and not retained in the soil as an easily 
extractable pool. Therefore, these metals were not in 
general elevated in the oats. On one field however, 
Co and Ni were significantly elevated in the soil, 
and thus also in the oats. An environmental risk 
assessment would be motivated to elucidate if Ni 
concentrations are enriched in livestock and humans 
in these landscapes. The NH4Ac-EDTA-extractable 
concentrations of Cu and Fe in the soils could not 
explain the concentrations of these metals in the 
oats, and it was therefore argued that biological 
processes (e.g. plant-root chemistry) overshadow 
geochemical heterogeneity.
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