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ASSESSMENT OF RISKS RELATED TO INCREASING HEAVY METAL LIMITS FOR FERTILIZERS IN FINLAND

Foreword
New regulations for fertilizers, liming materials, soil improvers, growing media and plant
biostimulants are currently in preparation at the European Commission. The risks related to hygiene and contaminants in these substances are being discussed in an ad hoc
working group. Proposal for a regulation of the European Parliament and of the Council
laying down rules on the making available on the market of CE marked fertilising products
and amending Regulations (EC) No 1069/2009 and (EC) No 1107/2009 was announced in
March 2016. In the proposal, limits of acceptable heavy metal concentrations in inorganic
fertilizers are included.
In this report, the effects of increased load of cadmium (Cd), mercury (Hg), nickel (Ni), lead
(Pb), chromium (Cr) and arsenic (As) from fertilizers into agricultural soils of Finland are
assessed. The report contains 1) short introductions into the behavior and occurrence of
the above-mentioned elements in the Finnish environment, 2) sources of the elements into
agricultural soil and mass balance calculations for 100-year scenarios of heavy metal inputs to
cereal cropping systems at different levels and 3) assessment of the risks to the environment
and human health by the increased exposure to heavy metals. In addition, mass balance
calculations for copper (Cu) and zinc (Zn) are given as an appendix. The chapter on Cd builds
on the previous report: Cadmium in fertilizers, Risks to human health and the environment
(Study report for the Finnish Ministry of Agriculture and Forestry, October 2000).
The work has been commissioned by the Finnish Ministry of Agriculture and Forestry. The
working group consisted of the following members:
Natural Resources Institute Finland (Luke)
Principal Research Scientist Tapio Salo: Mass balance calculations
Senior Scientist Kari Ylivainio: Soil chemistry, plant heavy metal uptake
Senior Scientist Riikka Keskinen: Soil chemistry, soil heavy metal content
Researcher Minna Sarvi: Soil chemistry, behavior of heavy metals in soil
Researcher Merja Eurola: Heavy metals in plants and food supplies
Professor Marketta Rinne: Heavy metals in animal production
Biometrician Elise Ketoja: Heavy metal trends in soil
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Finnish Environment Institute
Leading Researcher Jaakko Mannio: Assessment of environmental effects
Finnish Food Safety Authority Evira
Senior Researcher Johanna Suomi: Assessment of effects on human health
and dietary exposure calculations
National Institute for Health and Welfare
Chief Researcher Hannu Kiviranta: Assessment of effects on human health
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1 Introduction
The bedrock of Finland is at least 1,000 million years old but the current soils are young
(less than 150,000 years old, mostly an order of magnitude less than that) due to glacial
erosion (Koljonen 1992). Consequently, the time of weathering has been short and the
soils are rather undeveloped (Lilja et al. 2006). Mineral soils predominate, till being the
most common, though clay soils occur in the most important agricultural areas of south
and west. Due to the cool climate of Finland, organic matter tends to accumulate more
rapidly than decompose, if not disturbed by soil turning. Organic soils (mull and peat) are
thus rather common and also mineral soils contain typically around 4% organic carbon.
However, recent studies on agricultural soils show a decreasing trend in the soil carbon
concentration (Heikkinen et al. 2013). In addition to the richness of organic matter, the
slight acidity of Finnish soils affects the behavior and consequently the hazardous effect
of heavy metals. The pH of agricultural (limed) mineral soils is typically around 6 and that
of organic soils 5.5 (Keskinen et al. 2016). In European level, the agricultural soils of Finland
are found to be high in total C, and low in pH, As, Cd, Ni and Pb (Reimann et al. 2014a,b).
The mean annual precipitation in Finland (550 – 750 mm) exceeds evaporation, wherefore elements are leached from soil to waterways. Surface waters are abundant, covering
almost 10% of Finland’s land area, but typically shallow, which makes them particularly
vulnerable to pollution.
The risk of heavy metal accumulation in agricultural soils has been related to the use of
mineral fertilizers, municipal wastes and deposition close to industrial activities (Yläranta
1996). Regulation of field applications has been implemented in Fertilizer act (232/1993)
followed by Fertilizer product act (539/2006) and in Government decision on the use
of sewage sludge in agriculture (Vnp 282/1994) followed by the Decree of the Ministry
of Agriculture and Forestry on Fertiliser Products (24/11, 11/12, 12/12). Environmental
regulation (86/2000 followed by 527/2014) has set guidelines for air emissions to keep
deposition of heavy metals as low as possible.
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2 Arsenic (As)
2.1 Occurrence and behavior in the environment
Arsenic is a toxic and carsinogenic element (Koljonen et al. 1992, Reimann et al. 2014a). It
has one naturally occurring isotope (75As) and many different oxidation states: -3, 0, +3 and
+5 of which As0 and As3+ appear in reducing environments (Kabata-Pendias 2010, Reimann
et al. 2014a). In soil and bedrock, As forms many compounds like arsenides, sulphides,
oxides, arsenates and arsenites; arsenopyrite (FeAsS) and other sulphides being the most
common forms (Koljonen et al. 1992, Reimann et al. 2014a). In soil, As is originated largely
from soil parent material but there are also many anthropogenic sources, e.g. industrial
activities, wood preservation, pesticides, fertilizers and feed preparations (Matschullat
2000, Hakala and Hallikainen 2004, Mäkelä-Kurtto et al. 2007a, Nziguheba and Smolders
2008, Kabata-Pendias 2010). In Finland, As emissions to the air have decreased
significantly (Kyllönen et al. 2009, Finnish Environment institute 2014). In 1990 emission
was 33 t, whereas in 2012 it was 2.9 t (Finnish Environment Institute 2014). In 2012, the
main As sources were energy production and industrial processes (Finnish Environment
Institute 2014).
Globally, the mean As concentration in soils is estimated to be 6.83 mg/kg, background
values ranging in different soil groups from <0.1 to 67 mg/kg (Kabata-Pendias 2010). In
Finland, As concentrations (aqua regia extraction) in cultivated soils (plough layer) lie
between 0.32 and 18 mg/kg dry matter (DM), the average concentration and median
being 4.13 and 2.76 mg/kg DM (n=338), respectively (Mäkelä-Kurtto et al. 2007a). In
the study of Mäkelä-Kurtto et al. (2007a), the majority (>95 %) of the sampled soils had
an As concentration below 10 mg/kg DM. According to Reimann et al. (2014a) the As
concentrations in Finnish agricultural and grazing land are the lowest in Europe, although
the variation is largest in Finland. At the continental level, As concentrations (aqua regia
extraction) in European agricultural (0 – 20 cm) and grazing land (0 – 10 cm) vary between
<0.1 – 666 mg/kg (n=2212) and <0.1 – 292 mg/kg (n=2119) medians being 5.7 and 5.8
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mg/kg, respectively (Tarvainen et al. 2013). Concentrations in agricultural soils were
3 times higher in the southern Europe (median 8 mg/kg) than in the northern Europe
(median 2.5 mg/kg).
In general, As concentrations are higher in fine-textured than in coarse-textured soils
(Tarvainen and Kuusisto 1999, Tarvainen 2004, Mäkelä-Kurtto et al. 2007a). According to
Mäkelä-Kurtto et al. (2007a) the mean As concentration in coarse-textured mineral soils of
Finland was 3.61 mg/kg DM (n=219), whereas in clay soils it was 7.51 mg/kg DM (n=51). In
organic soils the corresponding value was 3.30 mg/kg DM (n=68). The concentrations of
As from natural origin tend to increase with depth (Backman et al. 2006). Mäkelä-Kurtto
et al. (2007a) found that the As concentrations in soils of Finland were slightly higher in
topsoil than deeper in the soil profile, which indicates As inputs to the soil. Due to regional
variation in parent material, soil types and anthropogenic sources, there is regional
variation in As concentrations. In Finland, higher As concentrations in glacial till are found
in Pirkanmaa, Häme and Ilomantsi region and also in Kittilä (Koljonen et al. 1992, Backman
et al. 2006, Hatakka et al. 2010). However, As concentrations in the cultivated soils in
Pirkanmaa region don’t differ from those in other parts of Finland (Mäkelä-Kurtto et al.
2007a).In the southern part of Finland, As concentrations in the plough layer of cultivated
soils are on average higher than in eastern and northern Finland due to the abundance
of clay soils in southern part of Finland and coarse-textured mineral soils in other parts of
Finland (Mäkelä-Kurtto et al. 2007a).
In soil solution, the distribution of different As species is mainly dependent on pH and
oxidation/reduction state (Sadiq 1997). In oxidizing environments, soluble As occurs as
arsenates (H2AsO4-, HAsO42- and AsO43-) and in slightly reducing environments as H3AsO3
or dissociated as arsenites (H2AsO3-, HAsO32- and AsO33-) (e.g. Sadiq 1997, Heikkinen 2000).
According to Kabata-Pendias (2010) also cations As3+ and As5+ can occur. In addition to the
inorganic forms of As, organic As compounds of both natural and anthropogenic origin
can be found in the soil environment (Huang et al. 2011). However, the concentrations of
organic As are usually low in uncontaminated soils (Huang et al. 2011).
In general, As concentrations in soil solution are dependent on different sorption and
microbiological reactions that are controlled by the chemical circumstances in the soil (pH,
oxidation/reduction state, amount of oxides, hydroxides, clay and organic matter) (e.g.
Sadiq 1997, Kabata-Pendias 2010, Huang et al. 2011). Furthermore, As speciation has an
influence on its reactions and mobility in the soil environment (e.g. Dixit and Hering 2003).
The chemical behavior of arsenate resembles that of phosphate and thus it chemisorbs
to Fe and Al oxides, noncrystalline aluminosilicates and layer silicate clays (McBride 1994,
Kabata-Pendias 2010). According to Dixit and Hering (2003) sorption of arsenate onto
amorphous iron oxide and goethite is more favorable than sorption of arsenite when pH
is below 5 – 6. When pH is over 7 – 8, sorption of arsenite is more favorable and arsenate
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sorption decreases. In general it can be said that As is more mobile in neutral and alkaline
than in acidic environments (McBride 1994). In addition, presence of competing ions (e.g.
phosphate) can affect the sorption and mobility of As (e.g. Manning and Goldberg 1996,
Jain and Loeppert 2000, Dixit and Hering 2003).
In reduced conditions, As combined with Fe and Mn oxides can be liberated back to soil
solution by dissolution of oxides, after which desorbed arsenate is reduced to arsenite
(e.g. McBride 1994). Arsenites can then precipitate as sulfides (Sadiq 1997). Inorganic
arsenic can also be methylated by microorganisms (Huang et al. 2011). Under anaerobic
conditions highly toxic, volatile organo-arsine compounds such as mono-, di- and
trimethylarsine and inorganic gaseous arsine (AsH3) can be formed.
Arsenic concentrations in bedrock and soil reflect to the concentrations in surface waters
and groundwaters. Typical As concentrations in Finnish stream waters have been reported
to be 0.06 – 1.6 µg/l (1157 streams), concentrations being higher in the southern part
of Finland than in north (Lahermo et al. 1996). Concentrations in lake waters have been
reported to be at the same order of magnitude (Tarvainen and Mannio 2004). In general,
As concentrations are low also in drinking water, median concentrations varying between
0.1 – 1.7 µg/l, but in some cases the safe concentration limit (10 µg/l) set by the Ministry
of Social Affairs and Health (STM 2000, 2001) is exceeded (Ahonen et al. 2008). According
to Lahermo et al. (2002) As concentrations in groundwaters in Finland vary between <0.05
and 23.6 µg/l medians for dug and drilled wells being almost the same and mean values
0.35 µg/l and 1.00 µg/l, respectively. Thus, in general, the concentrations are low but higher
values are found more often in drilled wells. In drilled bedrock wells (n=263), 3% of the
concentrations exceeded the safe concentration limit (10 µg/l). Higher concentrations are
found in the region of Pirkanmaa and Kittilä (Juntunen et al. 2004, Tanskanen et al. 2004).
Soluble and bioavailable forms of As are more relevant for plant uptake than the total
concentrations in soil. Thus the same factors (e.g. pH, oxidation/reduction state, oxides)
that affect the sorption of As also influence plant uptake. Therefore, the bioavailability of
arsenate is usually low because of its strong tendency to be sorbed by oxides in soil (Zhao
et al. 2010). In general, the As concentrations in plants grown in uncontaminated soils
are low and plants avoid the uptake of As (Reimann et al. 2009). According to the review
by Mahimairaja et al. (2005) accumulation of As in the edible parts of plants is in most
cases low due to low bioavailability of As in soils, restricted uptake by plant roots, limited
translocation of As from roots to shoots, and phytotoxicity at relatively low As levels of
plant tissues. Plants grown nearby an anthropogenic As source react differently to the
increased levels of airborne As (Reimann et al. 2009). According to the review by Zhao et
al. (2010) plants can be divided into three classes depending on their ability to accumulate
As. Plants with low As transfer factor (TF) from soil to plant are called as excluders due to
their restricted uptake and translocation of As from roots to shoots. On the other hand,
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some plants are so called hyperaccumulators (12 species identified so far) that have the
ability to accumulate As up to ca. 2% content in the above-ground parts. Between these
two classes are plants with intermediate ability to take up As. In addition to plant species
and cultivars, other factors like climate and cultivation practices have an effect on the As
uptake (reviewed by Mäkelä-Kurtto et al. 2007a).
Arsenic is taken up by plants passively with water flow from soil (Kabata-Pendias and
Mukherjee 2007, Kabata-Pendias 2010). According to Zhao et al. (2010) plant roots take
up arsenate as dissociated oxyanions (H2AsO4-, HAsO42-) via phosphate transporters, and
arsenite mainly as the neutral molecule (As(OH)3). According to the review of KabataPendias (2010), high As concentrations can be found from old leaves and roots. In
terrestrial plants As occurs mainly in inorganic form, predominantly as arsenite (Zhao et
al. 2010). Symptoms of As toxicity are growth reduction, leaf wilting, violet coloration, root
discoloration and cell plasmolysis (Kabata-Pendias 2010).

2.2 Environmental exposure to As
Mass balance for As in Finnish agricultural fields has been calculated by Mäkelä-Kurtto et
al. (2007c). In their study, data was collected from different sources and As concentrations
were measured from soil, crop plants and manure. They calculated mass balances for five
crop farms in southwestern Finland and for five dairy farms in Ostrobothnia. Calculation
was done by RAKAS-model developed by the authors and by an European ARAMIS-model.
In this assessment, mass balance calculations were done by the methodology used with
cadmium (see 3.2 Environmental exposure to Cd). Parameters used in the calculations are
listed in Table 1. Soil total concentration was based on aqua regia extractions by MäkeläKurtto et al. (2007b). As input was summed from fertilization, deposition and liming.
Annual liming demand was set to 400 kg/ha (http://www.farmit.net/kasvinviljely/kalkitusja-maanparannus/kalkitussanastoa) and As concentration in liming materials was taken
from Mäkelä-Kurtto et al. (2007c). Deposition was set to 0.96 g As/ha (Mäkelä-Kurtto et al.
2007c). Fertilizer rate was based on the current recommended P rate for spring wheat, 10 P
kg/ha. According to the average fertilizer P concentrations reported in Mäkelä-Kurtto et al.
(2007c), a fertilizer rate of 310 kg/ha leads to an input of 10 P kg/ha.
1. The current dose of As from the commonly used mineral fertilizers
in Finland was calculated according to their As concentrations
(0.7 mg/kg DM) reported in Mäkelä-Kurtto et al. (2007c). Arsenic
concentration against NP content of fertilizers averaged 18.5 mg/kg
P and 3.4 mg/kg N.
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2. The current maximum dose of As was calculated according to the
maximum allowed As concentration in fertilizers based on Finnish
law for fertilizer products (25 mg /kg DM).
3. Third possible dose of As was calculated according to the EU
legislation proposal, where maximum 60 mg/kg DM is accepted for
mineral fertilizers.
4. Fourth As concentration used in the calculations was 40 mg/kg DM
that was suggested in the modified EU proposal on 6.9.2016.
The output of As was summed from uptake in harvested yield and losses via leaching and
eroded soil material. Calculation was done for 100 years, using spring wheat as the crop.
Plant uptake in harvested part was based on soil-plant transfer coefficient (SPTC):

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑢𝑢𝑢𝑢𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑌𝑌𝑌𝑌 × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

Where Cplant is the total As concentration in harvested plant part per dry matter and Csoil
is the aqua regia extractable As concentration per dry matter in 0 – 20 cm top layer of the
soil. Yield level was set to the average yield during 2010 – 2014. Transfer coefficient from
soil to plant was calculated from the results reported by Mäkelä-Kurtto et al. (2007a).
Leaching was based on distribution coefficient (Kd), which shows the relationship
between the total (Csoil, aqua regia extractable) concentration in soil against that in the
soil pore water (Cwater). Soil properties did not affect the calculation directly, but Kdvalue was selected considering the soil to be clay. Kd-values from sandy soils had usually
considerably lower values.
𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿ℎ𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

Annual runoff was set to 200 mm that was used in the previous Cd mass balance calculations (Finnish Environment Institute 2000) and annual erosion based on the same source
to 500 kg/ha. The amount of eroded element was calculated:
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶 × 𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑒𝑒𝑒𝑒𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
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Table 1. Parameters used in the mass balance calculations of As.
Model parameters

Source

Soil concentration, mg As/kg

4.1

Mäkelä-Kurtto et al. 2007b, Table 1

Deposition, g As/ha/a

0.96

Mäkelä-Kurtto et al. 2007c, Table 40

Liming kg/ha/a

400

Recommended liming rate

Concentration in liming materials, mg As/kg

2.8

Mäkelä-Kurtto et al. 2007c, Table 17

Fertilizer rate, kg/ha

310

10 kg P/ha and 3.2% P concentration

Transfer function, plant/soil

0.001

Median from Mäkelä-Kurtto et al. 2007a,
Tables 39 and 58

Yield kg/ha, 14% moisture

3750

Finnish agricultural statistics 2010-2014

Kd

1200

Sheppard et al. 2011, Table 3-3.

Annual runoff, m /ha

2000

Finnish Environment Institute 2000

Annual erosion, kg/ha

500

Finnish Environment Institute 2000

3

After running the model calculations for 100 years using a code programmed by SAS
statistical package, following output values were reported: As concentration in soil water,
annual As leaching and erosion, As concentration in yield and annual As content in yield,
soil As concentration and annual As balance (Table 2).

Table 2. The effect of different As concentrations in mineral fertilizer on As concentrations in soil water, grain
yield and soil, and on leaching, erosion, yield uptake and annual balance of As for 100-years mass balance
calculations.
As mg/ kg
fert.
DM
0.7
25
40
60

Year

Soil water
µg/l

Leached
g/ha/a

Eroded
g/ha/a

Yield
µg/kg DM

Yield
uptake
g/ha/a

Soil
mg/kg

Annual
balance
g/ha

1

3.42

6.83

2.05

32.80

0.11

4.10

-6.72

100

3.15

6.31

1.89

30.28

0.10

3.78

-6.03

1

3.42

6.84

2.05

32.83

0.11

4.10

0.81

100

3.45

6.90

2.07

33.14

0.11

4.14

0.73

1

3.42

6.84

2.05

32.85

0.11

4.10

5.45

100

3.63

7.27

2.18

34.89

0.11

4.36

4.89

1

3.42

6.85

2.05

32.87

0.11

4.11

11.63

100

3.88

7.76

2.33

37.24

0.12

4.65

10.43

In the 100-year time scale, the current realization of As inputs would lead to a negative
As balance and consequently to a decreasing trend in the amounts of As leached, eroded
and taken up by the crop (Table 2). All the other scenarios with higher As inputs generate
a positive As balance. Using the current maximum level of As input (25 mg/kg fertilizer)
the environmental loading (As leached and eroded) and As concentrations in crop yields
would increase 1% from the level of the current realization (year 1). With the As inputs
allowed in the modified EU proposal, the corresponding increases would be 6% and if
applying the inputs of the EU proposal, over 13%.
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2.3 Risk assessment on As at increased levels of exposure
The toxicity of arsenic depends on its chemical form. Organic As compounds are
generally less toxic than inorganic ones. Of the organic As compounds, arsenobetaine
is considered fairly nontoxic, but monomethylarsonic acid (MMA) and dimethylarsinic
acid (DMA) are toxic to humans. Inorganic As(III) and As(V) species are generally toxic,
and the As(III) species are more toxic than the As(V) ones. IARC has classified inorganic
arsenic as Group I carcinogen, i.e., it is carcinogenic to humans, and MMA as well as DMA
have also been found to cause DNA damage making them Group II carcinogens (IARC
2012). As compounds are not mutagenic nor do they react directly with DNA; instead
their damaging effect is based on oxidative damages to the DNA. They may also increase
the mutagenicity of other stressors such as UV light, and MMA and DMA are worse than
inorganic As species in this regard (IARC 2012).
There is no tolerable daily intake limit set for As, but benchmark dose lower confidence
limits (BMDL) have been presented by EFSA and by the JECFA for inorganic As. In 2009,
EFSA presented a BMDL01 value range of 0.3 to 8 µg/kg body weight/day on the basis of
lung, skin and bladder cancer risk as well as skin lesions; lowest values were estimated for
lung cancer risk (EFSA 2009a). In 2011, JECFA estimated a BMDL0.5 value of 3.0 µg/kg body
weight/day on the basis of lung cancer risk (JECFA 2011).
Ecotoxicity of As has been well reviewed in the risk assessment by Sorvari et al. (2007).
They summarize that plants in general are more sensitive to As than animals, and
phytotoxic effects can be expected at soil concentrations of 5 – 20 mg As/kg. As is known
to be toxic to most microorganisms and earthworms, whereas chronic toxicity to birds and
mammals varies from harmful to very toxic. In water ecosystems, susceptibility to As varies
greatly among species, the most sensitive ones suffering already at As concentrations
below 10 μg/l. The guideline values based on ecological risks for As in Finnish soils are 5
mg/kg DM (benchmark/background concentration), 50 mg/kg DM (lower guideline value)
and 100 mg/kg DM (upper guideline value). In aquatic ecosystems, no national guideline
values for As exist.

2.3.1 Estimates of dietary intake and its sources
In 2014, EFSA estimated the dietary As intake of consumers in European countries based
on national consumption data and concentration data collected from all EU countries,
mainly from Central Europe. Most of the concentration data was given as total As, and the
portion of inorganic As was calculated by EFSA using fixed percentages of total As. The
concentration data contained results below the limit of detection (LOD), and the following
results are middle bound estimates, where values below the LOD were calculated as 50%
of LOD. The mean dietary exposure in Finland was estimated by EFSA to be 0.66 µg/kg
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body weight (bw)/day for toddlers, 0.54 µg/kg bw/day for older children and 0.20 µg/kg
bw/day for adults. High dietary exposure, i.e., 95th percentile, was estimated to be 1.42,
0.83 and 0.32 µg/kg bw/day for toddlers, other children and adults, respectively. These
estimates were mainly at the European median or less. The exposure of Finnish children
at age group mean level and adults with high exposure exceeded the lowest BMDL
determined for increased cancer incidence linked to inorganic arsenic, 0.3 µg/kg bw/day.
A national risk assessment (Suomi et al. 2015) determined the dietary exposure of
Finnish children of 1, 3 and 6 years, based on national concentration data and individual
consumption data of children. High exposure (95th percentile, middle bound estimate) was
estimated to be 0.96 µg/kg bw/day for 1-year-olds, mostly corresponding with “toddlers” of
EFSA estimate, and 0.50 and 0.41 µg/kg bw/day for 3-year-olds and 6-year-olds, respectively.
The lowest BMDL of inorganic arsenic was exceeded by 79 % of the 1-year-olds, 43 % of
3-year-olds and 29 % of the 6-year-olds. The exposure to total arsenic at 95th percentile
was 2.76, 1.92 and 1.83 µg/kg bw/day for children aged 1, 3 and 6 years, respectively. The
main sources for total arsenic were fish-based foods (where the As was mainly as nontoxic
arsenobetaine) and rice.
According to national concentration data, rice and other grain-based products contributed
two thirds of the total exposure to inorganic As. In contrast to the EFSA results, where milk
and drinking water were also significant sources of dietary exposure, in the national study
the contribution of drinking water was minimal (2 %) and the contribution of milk and dairy
products was 6% or less of the total exposure.

Effect of change in the As concentrations during 100 years
The effect on the total dietary exposure of Finnish children was estimated on the
assumption that only the concentration in cereals would change whereas all other sources
of exposure, as well as consumption habits of the children, would remain unchanged.
Comparison was made with the total dietary exposure (including exposure from drinking
water) of 3-year-old Finnish children (calculated in Suomi et al. 2015).
The current realization of As inputs over 100 years (leading to an 8 % decrease in the As
concentration of cereal grains) would lead to a decrease of total exposure by 3% at the
age group median level and by 2% at the 95th percentile of exposure, corresponding to
the high intake group. In comparison, the concentration increases of 6% (EU proposal
modified) and 14 % (EU proposal) would lead to an increase of total As exposure by 2–5 %
at age group median level and by 2–4 % for the 95th percentile, corresponding to the high
intake group.
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An increase in the As content of grass would also increase the levels in meat and milk to
a lesser degree, so the true increase, assuming unchanged food consumption behavior,
would be higher. If exposure exceeds the BMDL daily throughout the life, the risk to get
cancer during lifetime increases by 1% compared with those with lower/no exposure.
Even though the increased loading of As would increase the soil As content, the
concentrations remain far from the guideline values indicating no significant ecological
risks. Similarly, the surface water As concentrations in Finland are currently very low
and a slight increase would probably not lead to significant deterioration of the aquatic
life. However, it must be kept in mind that some species are very sensitive to As and a
thorough risk assessment on different environments would be in order.

2.3.2 Estimated maximum acceptable annual load of As to a field hectare in
Finland
In estimating the maximum acceptable load of a harmful element, degradation of the soil
by accumulation of the element, degradation of the environment by increased loading of
the element via leaching and erosion, and impacts on human health via increased dietary
exposure to the element need to be considered. Overall, any increases in these values can
be regarded negative. For As, the model calculations showed that the current maximum
limit of As in fertilizers in Finland (25 As mg/kg) is rather well set. With the annual As input
of 9 g per ha from mineral fertilizers, liming and deposition, the increases (1 %) in the output values from the level of current realization are marginal.
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3 Cadmium (Cd)
3.1

Occurrence and behavior in the environment

3.1.1 The forms and amounts of Cd in soil
Cd is thought to be one of the most ecotoxic metals that accumulates in some plants and
aquatic biota (Kabata-Pendias 2010, Reimann et al. 2014b). In the environment, it occurs
in the oxidation state of +2 and it has eight naturally occurring isotopes of which 114Cd,
112
Cd, 111Cd, 110Cd and 113Cd are the most common ones (Reimann et al. 2014b). In soils,
Cd is originated either from soil parent material or anthropogenic sources such as coal
combustion, metal smelting (especially Zn smelters), iron and steel milling, electroplating,
battery, paint, ink and plastic manufacture, waste incinerators, fertilizers, sewage sludge
and car traffic (Kabata-Pendias 2010, Reimann et al. 2014b). In Finland, Cd emissions to the
air have decreased significantly. In 1990, emission was 6.3 t, whereas in 2012 it was 1.3 t,
the main sources being energy production and industrial processes (Finnish Environment
Institute 2014). Cd containing minerals are e.g. greenockite (CdS), octavite (CdCO3) and
monteponite (CdO) (Kabata-Pendias 2010, Reimann et al. 2014b). It can also occur in trace
amounts in mica and amphibole and it can be incorporated into the sphlerite (ZnS) replacing
0.5–1.5 % of the Zn (Reimann et al. 2014b). According to Reimann et al. (2014b), the highest
values are in shale and schist (0.25 mg/kg), especially black shale and coal (1 mg/kg).
Globally, the average soil Cd concentration is estimated to be 0.41 mg/kg, mean
background values ranging between 0.2 and 1.1 mg/kg (Kabata-Pendias 2010). However,
Cd contents in soils depend on various factors and according to Kabata-Pendias (2010),
the main factors controlling the distribution of Cd in soils are in the descending order Fe
and Mn content, base saturation, clay fraction (<0.002 mm), soil organic matter content,
cation exchange capacity and soil pH. In uncontaminated sandy and loamy soils, Cd
content can vary from 0.01 to 0.3 mg/kg and from 0.2 to 0.8 mg/kg, respectively (KabataPendias 2010). According to Mäkelä-Kurtto et al. (2007b) Cd concentrations (aqua regia
extraction) in Finnish cultivated soils (plough layer, n=338) are in average 0.183 mg/kg
DM. The concentrations varied between 0.016 and 0.748 mg/kg DM while the median
was 0.153 mg/kg DM. The concentrations differed between soil types and regions. Organic
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soils (n=68) contained more Cd than clay soils (n=51) and coarse textured mineral soils
(n=219), mean concentrations being 0.298, 0.222 and 0.138 mg/kg DM, respectively.
Also many other Finnish studies have shown corresponding variation in Cd contents
between different soil types (e.g. Hatakka et al. 2007, Mäntylahti and Laakso 2002). Cd
concentrations also vary regionally (e.g. Hatakka et al. 2007, Mäkelä-Kurtto et al. 2007b).
According to Mäkelä-Kurtto et al. (2007b) Cd concentrations were descending towards the
northern part of Finland due to the abundance of industry and traffic in southern Finland
and differences in dominant soil types between southern and northern Finland. The same
trend in Cd concentrations in Finnish arable soils between different soil types and regions
were observed by Tarvainen and Kuusisto (1999). They also observed that concentrations
were higher in topsoils (0 – 25 cm) than in subsoils (50 – 75 cm) due to the use of Cd
containing P-fertilizers. According to Reimann et al. (2014b) Cd concentrations (aqua regia
extraction) in Finnish agricultural soils are at the same level with other Nordic countries.
In general, Cd concentrations are significantly higher in the southern Europe (0.061 mg/
kg) than in northern Europe (0.043 mg/kg) (Reimann et al. 2014b). At the continental
level, Cd concentrations vary between <0.01 and 7.5 mg/kg (Reimann et al. 2014b). The
concentrations are slightly higher in grazing land (0 – 10 cm, median 0.20 mg/kg, n=2024)
than in arable soils (0 – 20 cm, median 0.18 mg/kg, n=2108), perhaps due to higher organic
matter content in grazing land (Reimann et al. 2014b).
From an environmental and health risk point of view, soluble and bioavailable forms of Cd
are more relevant than the total concentrations. In soil solution, Cd can occur as various
species and its concentrations vary depending on soil properties and reactions as well
as the method used for obtaining the solution. Kabata-Pendias (2010) reviewed, that Cd
can occur in soil solution as inorganic cationic (Cd2+, CdCl+, CdOH+, CdHCO3+, CdHS+) and
anionic (CdCl3-, Cd(OH)3-, Cd(OH)42-, Cd(HS)42-) species, as CdSO4 and in organic complexes.
In Finland, Mäkelä-Kurtto et al. (2003) estimated mean soil water Cd concentrations in
cultivated soils to be 0.093 µg/l (n=338), the concentrations being highest in organic
soils (0.183 µg/l, n=68). In clay (n=51) and coarse-textured (n=219) mineral soils, the
concentrations were 0.090 and 0.066 µg/l, respectively. In comparison, corresponding
values in Norway used in their risk characterization range between 0.021–2.087 µg/l
(Amundsen et al. 2000).
Bioavailability and ecotoxicity of Cd is dependent on its reactions (e.g. adsorption,
precipitation) in soils. Distribution of Cd between soil and soil solution depends on
many factors like soil characteristics (e.g. organic matter, clay and oxide contents, pH),
total soil Cd concentration and concentrations of other ions and organic ligands in soil
solution (Bradl 2004). Thus sorbed Cd can easily be released when conditions in soil
solution change. The fact that soil pH strongly influences the solubility of soil Cd has been
documented in many studies (Christensen 1984, Christensen 1989, Bradl 2004, KabataPendias 2010). At pH less than 6 Cd can be adsorbed electrostatically by negatively
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charged soil constituents (e.g. clay and hydroxides) meaning that it can be replaced by
competing cations and thus returned to soil solution (e.g. McBride 1994). From a review
of the literature, Kabata-Pendias (2010) concluded that Cd is most mobile in the pH range
4.5–5.5, although soil organic matter and sesquioxides also control the labile pool of Cd.
At pH higher than 7.5 adsorbed Cd is not easily mobile and in alkaline soils precipitation
of Cd compounds becomes more likely (McBride 1994, Kabata-Pendias 2010). In general,
precipitation is favored by high Cd2+ concentrations (Bradl 2004). Under anaerobic
conditions Cd precipitates as low-soluble CdS (McBride 1994).
In Finland, agricultural soils are rich in organic matter, which makes Finnish cultivated
soils vulnerable for Cd accumulation but on the other hand the slight acidity of the soils
enhances the mobility of Cd and may increase its uptake by crops and loss by leaching.
At low concentrations, adsorption of Cd is the main reaction type (Bradl 2004). However,
the presence of other ions affects the Cd adsorption due to the competitive sorption
and complexation (Christensen 1984, Bradl 2004). The presence of competing cations,
such as Ca2+ and Zn2+, can compete with Cd for sorption sites and displace Cd from
cation exchange sites to soil solution (Christensen 1984, Bradl 2004). According to Bradl
(2004) Cl- in soil solution can form complexes with Cd that are less strongly adsorbed
than Cd2+. Furthermore, dissolved organic C or chelates can decrease Cd adsorption and
thus increase its mobility (Bradl 2004). In agroecosystems e.g. fertilization can affect the
mobility and availability of Cd in soils (Kabata-Pendias 2010).
The easily soluble, acid ammonium acetate – ethylenediaminetetra-acetic acid (AAAcEDTA) extractable concentrations of Cd in the 20-cm surface layer of cultivated soils in
Finland have been followed in the national soil survey since 1987 (Mäkelä-Kurtto and
Sippola 2002). The monitoring network, which covers all agricultural area of Finland,
was established in 1974 (n = 2042) and resampled in 1987 (n = 1362), 1998 (n = 720) and
2009 (n = 611). The follow-up data shows a declining trend in the AAAc-EDTA extractable
Cd in all soil types between 1998 and 2009 except in clay and mull soils, in which the Cd
concentrations have remained at a constant level (Fig 1a and b).
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Figure1. AAAc-EDTA extractable Cd in the 20-cm surface layer of cultivated fine and coarse mineral soils, clay,
mull, and peat soils in north (a), and in other parts (b) of Finland. The graphs show estimated mean concentrations with 95% confidence intervals.
Regional examination of the AAAc-EDTA extractable concentrations of Cd in the most
recent sampling of the Finnish national survey of cultivated soils shows lowest estimated
means in the northern and highest in the southern part of the country in all soil types
(Table 3). Organic soils tend to have higher concentrations of easily soluble Cd than
mineral soils.
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Table 3. Easily soluble (AAAc-EDTA extractable) cadmium concentrations (mg l-1 soil) in five soil types and four
geographical regions of Finland. The data is from the latest sampling campaign of the Finnish national soil survey
conducted in 2009. The figures are mean estimates ± standard error. The number of samples (n) is shown in italics.
South
Fine mineral soils
Coarse mineral soils
Clay soils
Mull soils
Peat soils

East

West

North

0.08 ± 0.00

0.06 ± 0.00

0.06 ± 0.00

0.03 ± 0.00

n = 67

n = 41

n = 46

n = 16

0.08 ± 0.01

0.06 ± 0.00

0.04 ± 0.00

0.03 ± 0.00

n = 34

n = 66

n = 49

n = 24

0.11 ± 0.01

0.06 ± 0.01

0.09 ± 0.02

n = 81

n = 22

n=3

n=0

0.15 ± 0.03

0.11 ± 0.01

0.09 ± 0.01

0.10 ± 0.04

n=7

n = 15

n = 15

n=2

0.12 ± 0.03

0.09 ± 0.02

0.08 ± 0.01

0.05 ± 0.01

n=5

n=7

n = 17

n=9

3.1.2 The content and uptake of Cd by plants
Cd is thought to be non-essential to plants, but despite of this, Cd is relatively easily
available to plants thus causing risks to human health (Clemens 2006, Kabata-Pendias and
Mukherjee 2007, Kabata-Pendias 2010). Plants can take up Cd both by roots (passively
and metabolically) from soil and by leaves from the air (Kabata-Pendias 2010). In general,
soluble Cd species in soil are easily plant available (Kabata-Pendias 2010) and therefore
the composition of soil solution indicates well the plant uptake and Cd concentrations
in plants (Kabata-Pendias and Mukherjee 2007). The same main factors that govern the
solubility of Cd in soil also affect the plant uptake: total Cd concentration in soil, content
of clay, organic matter and oxides, soil salinity, presence of other ions in soil solution and
redox state (Kabata-Pendias 2010). Also e.g. fertilization and the plant species have been
reported to have an effect on the plant Cd uptake (Kabata-Pendias and Mukherjee 2007,
Kabata-Pendias 2010). However, total content of Cd and soil pH are suggested to be the
main factors influencing the content of Cd in plants (Eriksson et al. 1996).
Once absorbed by plant, Cd is mobile within the plant. According to Kabata-Pendias
(2010) Cd distribution within plant varies indicating its fast transport between plant
organs (roots, tops, leaves). Clemens (2006) reviewed that for Cd it is probable to
accumulate also to other parts of the plant than roots, although Cd concentrations are
often higher in roots than in leaves, fruits or seeds. The main reason for Cd toxicity is that
it disturbs enzyme activity (Kabata-Pendias 2010). In general, symptoms for Cd toxicity
in plants are growth retardation and root damage, red-brown coloration of leaf margins,
veins and petioles and reduction of stem conductivity, chlorophyll and carotenoids
(Clemens 2006, Kabata-Pendias 2010). Due to the similarities with Zn2+, Cd2+ can replace
Zn2+ and thus interfere in the Zn-dependent processes in plant (Clemens 2006). Cd
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also inhibits photosynthesis and decreases water stress tolerance (Kabata-Pendias and
Mukherjee 2007, Kabata-Pendias 2010).
EU legislation (EC No 1881/2006 and its updates, latest consolidated version available at
http://data.europa.eu/eli/reg/2006/1881/2016-04-01) sets maximum levels for cadmium in
vegetables and fruit, root and tuber vegetables, leaf vegetables, fungi, cereal grains, meat
and offal, fish and seafood, and children’s foods.

3.1.4 Cd in domestic animal production
Cd has a tendency to accumulate both in animals and humans. While the main part of Cd
in domestic animals is found in the offal, a part is also found in the meat. EU legislation has
set maximum limits to Cd levels in the meat, liver and kidney of most domestic animals.

3.1.5 Cd in waterways
Natural background concentrations of Cd in Finnish surface waters are generally low,
usually under the limit value (0.08 µg/l) set by the Directive 2008/105/EC (Verta et al. 2010).
According to Verta et al. (2010) the median Cd concentration in Finnish lakes is 0.015 µg/l. In
stream waters, however, the limit value can be exceeded especially in the areas of acid sulfate
soils. In the Baltic Sea, Cd concentrations vary between 0.01 and 0.02 µg/l, being also under
the limit value (Verta et al. 2010). However, due to geological reasons, in some areas natural
background Cd concentrations can be higher (Verta et al. 2010). Also in Finnish drinking
waters Cd concentrations are low. According to Ahonen et al. (2008), Cd concentrations
are under the limit value (5.0 µg/l) set by the Ministry of Social Affairs and Health (STM
2000, 2001). In their study, median Cd concentrations varied between 0.02–1 µg/l. Cd
concentrations in Finnish dug wells and drilled bedrock wells are also low, the median values
being below 0.02 µg/l (Lahermo et al. 2002). In dug wells, the mean Cd concentration was
0.04 µg/l. The maximum values were 0.56 µg/l and 1.27 µg/l for drilled bedrock wells and
dug wells, respectively. Higher concentrations in dug wells may originate from technical
appliances of wells (Lahermo et al. 2002). However, concentrations were well below the safe
concentration limit (5 µg/l) set by the Ministry of Social Affairs and Health (STM 2001).

3.2 Environmental exposure to Cd
3.2.1 Cd flows in Finland
Cadmium flows in Finland were estimated, and values for the flows in different conditions
were given in the studies by Finnish Environment Institute (2000) and Mäkelä-Kurtto et al.
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(2003, 2007b,c). Input to soil originates from fertilizers, manure, soil improvers, liming agents
and deposition. Fertilizer input is usually related to Cd concentration of phosphate rock used
by fertilizer industry. Phosphate rock of igneous origin available in Finland and north-east
Russia is low in Cd, generally below 5 mg/kg. Sedimentary phosphate rocks contain 3–120
mg Cd/kg (Ghoshesh et al. 1996). When producing single superphosphate (SSP) or triple
superphosphate (TSP), all the Cd in the phosphate rock is transferred to the final product
(SSP or TSP). Thus SSP can contain 2–40 mg Cd /kg and TSP 10–100 mg Cd /kg (Roberts
2013). Average concentration of Cd in phosphate fertilizers marketed in Europe is 7.4 mg/
kg fertilizer and on a P basis 83 mg/kg P (Nziguheba and Smolders 2008). In fertilizers from
Finnish origin, Cd concentration has varied from 2.5 mg/kg P (Mäkelä-Kurtto et al. 2003) to
5.5. mg/kg P (calculated from Mäkelä-Kurtto et al. 2007c). Annual input of Cd from P fertilizers
into Finnish soils has been estimated to be 0.1 g/ha (Nziguheba and Smolders 2008), 0.1–0.2
g/ha (Mäkelä-Kurtto et al. 2007c), or 0.4–0.7 g/ha (Mäkelä-Kurtto et al. 2003).
Cd concentrations in Finnish manure samples have varied between 0.10 and 0.30 mg/kg
DM (Mäkelä-Kurtto and Kemppainen 1993, Mäkelä-Kurtto et al. 2007c). If manure would
be distributed evenly into Finnish croplands (644 kg DM/ha), the annual Cd input would
be 0.32 g/ha.
Annual liming in Finland has decreased from 400 kg/ha in 1990’s to 190 kg/ha after 2010.
Annual demand of liming is evaluated to be 400 kg/ha (http://www.farmit.net/kasvinviljely/
kalkitus-ja-maanparannus/kalkitussanastoa). Part of this decrease can probably be
explained by increased use of slags and ashes. Cd concentrations in conventional liming
materials have been low in Finland, 0.06 – 0.15 mg/kg (Mäkelä-Kurtto et al. 2007c). Although
slags contain often considerable amounts of heavy metals, they tend to be low in Cd, values
less than 0.1 mg/kg were reported by Mäkelä-Kurtto et al. (2007c). Cd concentration of ashes
can be high depending on the source materials and combustions techniques, and the Cd
concentration of ashes used in agriculture must be less than 2.5 mg/kg.
Deposition of Cd has been reported to vary from 0.17 to 0.29 g/ha/a (Mäkelä-Kurtto et al.
2007c) and from 0.09 to 0.53 g/ha/a (Kyllönen et al. 2009) at different sites.
Cadmium outputs from the soil consist of uptake in harvested yield and losses via leaching
and eroded soil material. The magnitude of plant uptake can be estimated using soil to
plant transfer functions.

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶ℎ 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝐶𝐶𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑢𝑢𝑢𝑢𝐶𝐶𝐶𝐶 = 𝑌𝑌𝑌𝑌𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

Where Cplant is the total concentration per fresh matter in harvested fresh plant organ and
Csoil is aqua regia extractable Cd concentration in 0 – 20 cm top layer of the soil. SPTC is a
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crop specific coefficient. This equation increases plant Cd concentration when soil Cd concentration increases. Transfer coefficients have varied e.g. for wheat 0.05–0.16 (Smolders
2013, Sternbäck et al. 2011), for potato 0.04 – 0.13 (Smolders 2013) and for carrot 0.03–0.33
(Smolders 2001). Transfer coefficients can also be related to soil characteristics like pH and
organic matter.
Flow of leached Cd is usually based on distribution coefficient (Kd), that shows the relationship between the total (Csoil, aqua regia extractable) concentration in soil and that in
the soil pore water (Cwater).

𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿ℎ𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

Distribution coefficient is usually described as a function of soil pH and organic matter.
Different equations for Finnish conditions were discussed in Finnish Environment Institute
(2000) in pages 30–31. Later Mäkelä-Kurtto et al. (2003) reported an equation based on
measurements from 16 Finnish agricultural soils. Annual water runoff can be averaged
to 200 mm that was used in previous Cd mass balance calculations (Finnish Environment
Institute 2000).

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 = −2.26 + 0.92 ∗ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤) + 0.62 ∗ log( % 𝑂𝑂𝑂𝑂𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐶𝐶𝐶𝐶)

The newest suggestion to estimate Kd values came from Smolders (2013) who combined
existing European data in one comparison.

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 = −0.94 + 0.51 ∗ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2) + 0.79 ∗ log( % 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐶𝐶𝐶𝐶)

This equation results to much lower Kd-values and higher Cd-leaching than the equation
by Mäkelä-Kurtto et al. (2003) (Fig. 2).
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Figure 2. Soil pore water Cd concentrations calculated by Kd-equations of Mäkelä-Kurtto et al. (2003) and
Smolders (2013). Organic carbon content used in calculation was 3% and pH measured with CaCl2 was
estimated to be 0.5 pH-units lower than pH measured with water.
Annual erosion was set to 500 kg/ha (Finnish Environment Institute 2000). The amount of
eroded element can be calculated:

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶 × 𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑒𝑒𝑒𝑒𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

3.2.2 Mass balance calculations
Mass balance calculations for Cd were based on the Cd flow estimations above (chapter
3.2.1) and conducted for four different crop rotations: continuous spring wheat, two years
of potato followed by two years of wheat, one year of carrot followed by three years of
wheat, and three year grassland followed by cereal to establish a new grass crop for the
next three years. Model calculation was run for 100 years using code programmed by SAS
statistical package, and following output values were reported: Cd concentration in soil
water, annual Cd leaching and erosion, Cd concentration in yield and annual Cd uptake in
yield, soil Cd concentration and annual Cd balance.
Cd input was related to the recommended P rates for the studied crops in satisfactory
soil P levels (Table 4). The dose of Cd was calculated according to the three different Cd
concentrations in P fertilizers:
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1. 2.5 mg/kg P, reported e.g. in Mäkelä-Kurtto et al. (2007c) as typical
Cd concentration in phosphorus produced from apatite in Siilinjärvi
2. the maximum allowed Cd concentration in fertilizers based on
Finnish law of fertilizer products, 50 mg/kg P
3. Cd concentration according to the EU legislation proposal, where
allowed maximum Cd concentration of 137.5 mg/kg P is decreased
after three years to 91.7 mg/kg P and to 45.8 mg/kg P after twelve
years.
Mineral fertilizers were decided to be the only source of nutrients in the crop rotations
except for grassland, where one annual application of cow slurry, providing 11 kg P/ha was
included. Manure dry matter concentration was set to 5.5% and Cd concentration to 0.28
mg/kg DM (Finnish Environment Institute 2000).
Annual liming demand was set to 400 kg/ha http://www.farmit.net/kasvinviljely/kalkitus-jamaanparannus/kalkitussanastoa. Cd concentration in liming materials was taken from Mäkelä-Kurtto
et al. (2007c). Deposition was set to 0.35 g Cd/ha (Smolders 2013), which is consistent with the
values reported in other sources (Finnish Environment Institute 2000, Mäkelä-Kurtto et al.
2007c).
Yield level was set to the average yield during 2010 – 2014 in Finnish agricultural statistics.
Transfer coefficient from soil to plant was calculated from the results reported by MäkeläKurtto et al. (2003).
Distribution coefficient was calculated using the average soil pH and organic carbon
content reported by Eurofins with the equation suggested by Mäkelä-Kurtto et al. 2003.
For comparison, crop rotations of spring wheat were calculated with the equation of
Smolders (2013), which leads to considerably higher Cd leaching. In order to test the effect
of soil properties on the leaching of Cd, two additional pH and organic C combinations
typical for Finnish soils according to the national soil monitoring programme were selected
to represent highest and lowest Kd values based on the equation of Mäkelä-Kurtto et al.
(2003). Annual runoff was set to 200 mm that was used in the previous cadmium mass
balance calculations (Finnish Environment Institute 2000) and annual erosion based on the
same source was set to 500 kg/ha. All modelling parameters are listed in Table 4.
After running the model calculation for 100 years using code programmed by SAS statistical
package, following output values were reported: Cd concentration in soil water, annual
Cd leaching and erosion, Cd concentration in yield and annual Cd uptake in yield, soil Cd
concentration and annual Cd balance.
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Spring wheat rotations
Annual Cd input for spring wheat in mineral fertilizers (P 10 kg/ha/a) is 0.025 g/ha when
using Finnish apatite with 2.5 mg/kg P, and 0.500 g/ha if P fertilizer has the maximum Cd
concentration of 50 mg/kg P allowed by the current Finnish law of fertilizer products. Cd
doses according to the proposed new EU legislation would be 0.458 g/ha when using P
fertilizer with 45.8 mg/kg P, 0.917 g/ha with P fertilizer containing 91.7 mg/kg P and 1.375
g/ha with P fertilizer containing 137.5 mg/kg P.
In spring wheat rotation with the same distribution coefficient as used by Mäkelä-Kurtto
et al. (2003), annual balance is 0.17 – 0.18 g/ha positive (Table 5). This leads to 5% increase
in soil total Cd concentration. If cadmium concentration in P fertilizer would be 50 mg/kg
P, then annual Cd balance would be over 0.6 g/ha, and soil total Cd concentration would
increase 18%. Although annual Cd balances would be 1.0 – 1.5 g/ha during the transition
period of the proposed EU legislation, the overall effect after 100 years would be negligible in soil total Cd concentration.

Table 4. Parameters used in the mass balance calculations of Cd for four crop rotations.
Model parameters

Cd

Source

Soil concentration, mg Cd/kg

0.18

Mäkelä-Kurtto et al. 2003

Deposition, g Cd/ha/a

0.35

Mäkelä-Kurtto et al. 2007c, Table 40

Mineral phosphorus rate kg/ha/a

10

Spring wheat, Smolders 2013

55

Potato

55

Carrot

14

Grassland

11

Grassland

Liming kg/ha/a

400

Recommended liming rate

Concentration in liming materials, mg/kg

0.15

Mäkelä-Kurtto et al. 2007c, Table 17

Manure phosphorus kg/ha/a

Transfer function, plant/soil

Yield kg/ha

Kd

0.1296

Spring wheat (Smolders 2013)

0.0601

Potato (Smolders 2013)

0.0800

Carrot (Smolders 2001)

0.0333

Grassland (Mäkelä-Kurtto et al. 2007c)

3750

wheat, 14% moisture

26000

potato, 22 % DM

41860

carrot, 20% DM

15600

grass, 32 % DM

4775

Mäkelä-Kurtto et al. 2003, pH 6.0, C 4.75%

2572

Mäkelä-Kurtto et al. 2003, pH 5.8, C 3.30%

12801

Mäkelä-Kurtto et al. 2003, pH 6.46, C 4.80%

251

Smolders 2013, pH 6, C 4.75%

Annual runoff, m3/ha

2000

Finnish Environment Institute 2000

Annual erosion, kg/ha

500

Finnish Environment Institute 2000
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Table 5. The effect of P fertilizers with different Cd concentrations on Cd leaching and erosion and consequent
impact on Cd uptake by crop and soil Cd concentrations when spring wheat is grown in a soil having a pH of
6.0 and organic C concentration of 4.75% on a time scale up to 100 years.
Cd
in
P2O5

Cd
in P

Time
period

Kd

Year

Soil water
mikrog/l

Leached
g/ha/a

Eroded
g/ha/a

Yield
mikrog/
kg DM

Cd
uptake
g/ha/a

Soil
mg/kg

Annual
balance
g/ha

1.1

2.5

1

4775

1

0.038

0.075

0.090

23.321

0.087

0.180

0.182

1.1

2.5

100

4775

100

0.040

0.079

0.094

24.450

0.092

0.189

0.170

21.8

50.0

1

4775

1

0.038

0.076

0.090

23.352

0.088

0.180

0.657

21.8

50.0

100

4775

100

0.044

0.089

0.106

27.422

0.103

0.212

0.613

60

137.5

1

4775

1

0.038

0.076

0.090

23.409

0.088

0.181

1.530

40

91.7

4

4775

4

0.038

0.077

0.091

23.676

0.089

0.183

1.069

20

45.8

12

4775

12

0.039

0.078

0.094

24.229

0.091

0.187

1.063

20

45.8

100

4775

100

0.045

0.089

0.106

27.576

0.103

0.213

0.569

Table 6. The effect of P fertilizers with different Cd concentrations on Cd leaching and erosion and consequent
impact on Cd uptake by crop and soil Cd concentrations when spring wheat is grown in a soil with a pH of 5.8
and organic C concentration of 3.31% on a time scale up to 100 years.
Cd
in
P2O5

Cd
in P

Time
period

Kd

1.1
1.1
21.8

Year

Soil water
mikrog/l

Leached
g/ha/a

Eroded
g/ha/a

Yield
mikrog/
kg DM

2.5

1

2572

1

2.5

100

2572

100

50

1

2572

1

0.070

21.8

50

100

2572

100

0.081

0.162

0.104

60

137.5

1

2572

1

0.070

0.140

0.090

40

91.7

4

2572

4

0.071

0.142

0.091

20

45.8

12

2572

12

0.073

0.145

20

45.8

100

2572

100

0.081

0.163

Yield
uptake
g/ha/a

Soil
mg/kg

Annual
balance
g/ha

0.070

0.140

0.090

23.3

0.087

0.180

0.118

0.072

0.144

0.093

24.0

0.090

0.186

0.108

0.140

0.090

23.4

0.088

0.180

0.592

27.0

0.101

0.208

0.543

23.4

0.088

0.181

1.465

23.7

0.089

0.183

1.004

0.093

24.2

0.091

0.187

0.997

0.105

27.1

0.102

0.210

0.499

When using the soil pH and organic carbon concentrations that estimate the smallest
distribution coefficient and the highest Cd leaching, water Cd concentration and Cd
leaching are almost doubled (Table 6). Increases in soil total Cd concentrations are still close
to the values acquired with modelling by using the average soil properties.
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Table 7. The effect of P fertilizers with different Cd concentrations (mg Cd/kg P) on Cd leaching and erosion
and consequent impact on Cd uptake by crop and soil Cd concentrations when spring wheat is grown in a soil
with a pH of 6.5 and organic C concentration of 4.80% on a time scale up to 100 years.
Cd
in
P2 O 5

Cd
in P

Time
period

Kd

Year

Soil
water
mikrog/l

Leached
g/ha/a

Eroded
g/ha/a

Yield
µg/kg
DM

Yield
uptake
g/ha/a

Soil
mg/kg

Annual
balance
g/ha

1.1

2.5

1

12801

1

0.014

0.028

0.090

23.3

0.087

0.180

0.229

1.1

2.5

100

12801

100

0.015

0.030

0.096

24.8

0.093

0.191

0.217

21.8

50

1

12801

1

0.014

0.028

0.090

23.4

0.088

0.180

0.704

21.8

50

100

12801

100

0.017

0.033

0.107

27.7

0.104

0.214

0.665

60

137.5

1

12801

1

0.014

0.028

0.090

23.4

0.088

0.181

1.578

40

91.7

4

12801

4

0.014

0.029

0.091

23.7

0.089

0.183

1.117

20

45.8

12

12801

12

0.015

0.029

0.094

24.3

0.091

0.187

1.112

20

45.8

100

12801

100

0.017

0.034

0.108

27.9

0.105

0.215

0.622

When the evaluation of leaching is based on soil properties showing the lowest Cd leaching,
annual balances and soil total Cd concentration increase (Table 7), but the differences are
not big.
The equation for distribution coefficient according to Smolders (2013) accelerates Cd
leaching considerably (Table 8). Water Cd concentrations increase to 0.6–0.8 µg/l, and
annual Cd leaching is as high as 1.6 g/ha. Annual Cd balances become negative in all Cd
levels, and soil total Cd concentrations would decrease 17% and end up below 0.15 mg/kg.

Table 8. The effect of P fertilizers with different Cd concentrations (mg Cd/kg P) on Cd leaching and erosion
and consequent impact on Cd uptake by crop and soil Cd concentrations when spring wheat is grown in a soil
with a pH of 6.0 and organic C concentration of 4.75% on a time scale up to 100 years. Distribution coefficient
and the resulting leaching are calculated according to the equation of Smolders (2013).
Cd
in
P2 O 5

Cd
in P

Time
period

Kd

1.1
1.1

2.5

1

251

2.5

100

251

21.8

50

1

251

21.8

50

100

60

137.5

1

40

91.7

20
20

Year

Soil
water
mikrog/l

Leached
g/ha/a

Eroded
g/ha/a

Yield
mikrog/
kg DM

Yield
uptake
g/ha/a

Soil
mg/kg

1

0.813

1.625

0.090

23.3

0.087

0.179

-1.368

100

0.571

1.142

0.063

16.4

0.061

0.126

-0.832

1

0.814

1.627

0.090

23.4

0.088

0.180

-0.895

251

100

0.656

1.311

0.073

18.8

0.071

0.145

-0.544

251

1

0.816

1.631

0.090

23.4

0.088

0.180

-0.025

4

251

4

0.814

1.629

0.090

23.4

0.088

0.180

-0.481

45.8

12

251

12

0.806

1.612

0.089

23.1

0.087

0.178

-0.462

45.8

100

251

100

0.658

1.316

0.073

18.9

0.071

0.145

-0.591
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Potato rotation
Annual Cd input in mineral fertilizers (P application 55 kg/ha/a) for cultivation of potato is
0.138 g/ha when using Finnish apatite with 2.5 mg/kg P, and 2.75 g/ha if P fertilizer has the
maximum Cd concentration of 50 mg/kg P allowed by the current Finnish law of fertilizer
products. Cd doses according to the proposed new EU legislation would be 2.52 g/ha
when using P fertilizer with 45.8 mg/kg P, 5.04 g/ha with P fertilizer containing 91.7 mg
Cd/kg P and 7.56 g Cd/ha with P fertilizer containing 137.5 mg Cd/kg P.

Table 9. The effect of P fertilizers with different Cd concentrations on Cd concentration in soil pore water, yield
and soil, the amount of Cd leached, eroded and taken off from the field in yield and annual Cd balance, when
crop rotation is two years potato followed by two years spring wheat, soil pH is 6.0 and organic C 4.75%. First
year crop is potato, while crop in 4th, 12th and 100th year is spring wheat.
Cd
in
P2O5

Cd
in P

Time
period

Kd

Year

Soil
water
mikrog/l

Leached
g/ha/a

Eroded
g/ha/a

Yield
mikrog/
kg DM

Yield
uptake
g/ha/a

Soil
mg/kg

Annual
balance
g/ha

1.1

2.5

1

4775

1

0.038

0.075

0.090

49.2

0.281

0.180

0.101

1.1

2.5

100

4775

100

0.039

0.078

0.093

28.1

0.091

0.187

0.173

21.8

50

1

4775

1

0.038

0.076

0.091

49.5

0.283

0.181

2.710

21.8

50

100

4775

100

0.054

0.109

0.130

39.2

0.126

0.260

0.544

60

137.5

1

4775

1

0.038

0.077

0.092

50.2

0.287

0.184

7.511

40

91.7

4

4775

4

0.040

0.079

0.094

28.4

0.092

0.189

1.061

20

45.8

12

4775

12

0.042

0.084

0.100

30.2

0.098

0.201

1.044

20

45.8

100

4775

100

0.055

0.111

0.132

39.8

0.128

0.264

0.497

In rotation with 50% of potato with a considerable P fertilizer rate, soil total Cd
concentrations increase clearly when Cd level of more than 45 mg/kg P is used (Table 9).
Annual balances with P rates of potato can be as high as 2.7 g/ha with 50 mg/kg P and 7.5
g Cd/ha with 137.5 g Cd/kg P. Soil total Cd concentration increases towards 0.25 mg/kg
when Cd level of about 50 mg Cd/kg P is used.

Carrot rotation
Annual Cd input in mineral fertilizers (P application 55 kg/ha/a) for carrot is 0.138 g/ha
when using Finnish apatite with 2.5 mg/kg P, and 2.75 g/ha if P fertilizer has the maximum Cd concentration of 50 mg/kg P allowed by the current Finnish law of fertilizer
products. Cd doses according to the proposed new EU legislation would be 2.52 g/ha
when using P fertilizer with 45.8 mg/kg P, 5.0 g/ha with P fertilizer containing 91.7 mg
Cd/kg P and 7.563 g Cd/ha with P fertilizer containing 137.5 mg Cd/kg P.
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Table 10. The effect of P fertilizers with different Cd concentrations on Cd concentration in soil pore water,
yield and soil, the amount of Cd leached, eroded and taken off from the field in yield and annual Cd balance,
when crop rotation is carrot followed by three years of spring wheat, soil pH is 6.0 and organic C 4.75%. First
year crop is carrot, while crop in 4th, 12th and 100th year is spring wheat.
Cd
in
P2O5

Cd
in P

Time
period

Kd

Year

Soil water
mikrog/l

Leached
g/ha/a

Eroded
g/ha/a

Yield
mikrog/
kg DM

Yield
uptake
g/ha/a

Soil
mg/kg

Annual
balance
g/ha

1.1

2.5

1

4775

1

0.038

0.075

0.090

72.0

0.603

0.180

-0.221

1.1

2.5

100

4775

100

0.038

0.077

0.092

27.7

0.089

0.184

0.177

21.8

50

1

4775

1

0.038

0.076

0.091

72.6

0.607

0.181

2.386

21.8

50

100

4775

100

0.049

0.097

0.116

34.9

0.113

0.232

0.585

60

137.5

1

4775

1

0.038

0.077

0.092

73.5

0.615

0.184

7.183

40

91.7

4

4775

4

0.039

0.078

0.093

28.0

0.090

0.186

1.065

20

45.8

12

4775

12

0.041

0.081

0.097

29.1

0.094

0.193

1.054

20

45.8

100

4775

100

0.049

0.098

0.117

35.3

0.114

0.234

0.539

Carrot is well-known of its high affinity to absorb Cd, and thus yield uptakes are over 0.6 g
Cd/ha (Table 10). With low Cd level in P fertilizer, annual balance can be negative, but due
to high P fertilizer rates turns it positive with higher Cd concentrations in fertilizers. With
Cd levels higher than 45 g/kg P, soil total Cd concentrations increase up to 0.23 mg/kg soil.

Grassland rotation
Annual Cd input for silage grass in mineral fertilizers (P application 14 kg/ha/a) is 0.035 g/
ha when using Finnish apatite with 2.5 mg Cd/kg P, and 0.70 g Cd/ha if P fertilizer has the
maximum Cd concentration 50 mg/kg P allowed by the current Finnish law of fertilizer
products. Cd doses according to the proposed new EU legislation would be 0.641 g/ha
when using P fertilizer with 45.8 mg Cd/kg P, 1.28 g Cd/ha with P fertilizer containing 91.7
mg Cd/kg P and 1.93 g Cd/ha with P fertilizer containing 137.5 mg Cd/kg P. Cd dose from
annual application of cow slurry would be an additional 0.339 g/ha.
In grassland rotation, Cd input in cow slurry is the main source when P fertilizers with low
Cd content is used and 50% of Cd input comes from cow slurry if the used mineral fertilizer
contains 50 mg Cd/kg P fertilizer. Annual balances are 0.5 g Cd/ha even with low Cd
content fertilizer and tend to increase soil Cd concentration 14% up to 0.20 mg Cd/kg soil
(Table 11). With higher Cd concentration in fertilizers, annual balances are slightly above 1
g Cd/ha and soil total Cd concentration increases to 0.23 mg/kg, which is still in the range
found in Finnish agricultural soils (Mäkelä-Kurtto et al. 2007b).
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Table 11. The effect of P fertilizers with different Cd concentrations on Cd concentration in soil pore water,
yield and soil, the amount of Cd leached, eroded and taken off from the field in yield and annual Cd balance,
when crop is silage grass, soil pH is 6.0 and organic C 4.75%.
Cd
in
P2O5

Cd
in P

Time
period

Kd

Year

Soil water
mikrog/l

Leached
g/ha/a

Eroded
g/ha/a

Yield
mikrog/
kg DM

Yield
uptake
g/ha/a

Soil
mg/kg

Annual
balance
g/ha

1.1

2.5

1

4775

1

0.038

0.075

0.090

18.8

0.094

0.180

0.525

1.1

2.5

100

4775

100

0.043

0.086

0.103

21.4

0.107

0.205

0.489

21.8

50

1

4775

1

0.038

0.076

0.090

18.8

0.094

0.181

1.189

21.8

50

100

4775

100

0.050

0.099

0.119

24.7

0.123

0.237

1.107

60

137.5

1

4775

1

0.038

0.076

0.091

18.8

0.094

0.181

2.412

40

91.7

4

4775

4

0.039

0.077

0.092

19.2

0.096

0.184

1.766

20

45.8

12

4775

12

0.040

0.080

0.096

19.9

0.099

0.192

1.756

20

45.8

100

4775

100

0.050

0.100

0.120

24.9

0.124

0.239

1.046

3.3 Risk assessment on Cd at increased levels of exposure
3.3.1 Toxicity to organisms
Ecotoxicity of Cd has been well reviewed in the previous risk assessment for Cd in Finland
(Finnish Environment Institute 2000). Overall, most plants are rather insensitive to Cd,
the yields decreasing typically at soil Cd concentrations of 2 – 250 mg/kg, but in sensitive
plants adverse effects can be seen already at a level of 0.1 mg Cd/kg soil. Microorganisms
and terrestrial invertebrates show moderate or high sensitivity to Cd, microbial processes
being inhibited already at concentrations exceeding 4 mg/kg soil. For aquatic life, Cd
is moderately to highly toxic. According to the risk assessment (Finnish Environment
Institute 2000) predicted no-effect concentration (PEC) for Cd in soil is 0.06 mg/kg and
for the aquatic environment 0.0085 µg/l. Due to acidity, high organic carbon content and
softness of water, the Finnish environment is in general particularly vulnerable to Cd. In
conclusion, the current concentrations of Cd in agricultural soils and surface waters of
Finland already present a risk for the environments in question.

3.3.2 Effects on human health
Cadmium is absorbed from dietary exposure in relatively low (3 to 5%) amounts,
although its bioavailability depends on several factors including the nutritional status of
the consumer, body iron stores and pre-existing health conditions (EFSA 2009b). Once
cadmium is absorbed into the body, it mainly accumulates both in the kidney and in the
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liver and is excreted very slowly. Literature estimates of the biological half-life of Cd vary
between 7 and 30 years.
Cd is toxic to many parts and processes of the human body. At cell level, many of the toxic
effects stem from either oxidative stress or prevention of the functioning of important
enzymes. Enzymes can be incapacitated due to Cd replacing other metals, such as calcium
or zinc, in the enzyme structure, or due to Cd binding to functional groups of an enzyme.
At organ level, Cd exposure has been found in animal tests to be toxic to kidneys, liver, the
reproductive system, as well as the nervous system (Flora et al. 2011).
IARC has classified Cd as Group I carcinogen, i.e., carcinogenic to humans. In addition to
lung cancer, Cd has a positive correlation to kidney cancer and testicular cancer as well
as possibly hormone-dependent cancers (Byrne et al. 2009, EFSA 2009b). While Cd is only
slightly mutagenic, it shows indirect genotoxicity, possibly through oxidative stress and
disruption of DNA repair mechanisms (IARC 2012).
As Cd tends to accumulate in the kidney, even low level exposure over a prolonged period
of time can lead to weakening of kidney tubular function and proteinuria, and finally to
kidney failure (EFSA 2012a). Diabetics are especially sensitive to this toxic effect (ATSDR
2012). Other Cd-related harmful health effects are bone demineralization.
Considering the accumulation tendency of Cd, the health-based guidance values for
intake of Cd have been set as tolerable weekly intake (2.5 µg Cd/kg body weight/week,
nominated by EFSA) or provisional tolerable monthly intake (25 µg Cd/kg bw /month,
established by the Joint FAO/WHO Expert Committee on Food Additives, JECFA). The
stricter guidance value of EFSA is geared at protecting the whole of the population,
including the more sensitive individuals. The value is based on the kidney damaging
effects of Cd: the benchmark dose corresponded to exposure causing a 5% increase in
urine levels of kidney damage marker protein β-2-microglobulin.

3.3.3 Estimates of dietary intake and its sources
For the non-smoking population, food and water are the main sources of Cd exposure.
Smoking increases the Cd burden, and cigarettes also contain other heavy metals.
The dietary Cd intake of Finnish consumers has been estimated by the EFSA (2012) from
mainly Central European concentrations and national consumption data. The average
intake of Finnish adults is below the EFSA TWI level (tolerable weekly intake), but high
intake group may exceed the TWI (2.5 µg/kg bw/week). Finnish children are more
vulnerable and exceed the TWI even at age group mean level. EFSA’s middle bound
estimates of exposure for Finnish toddlers, older children and adults were 5.08, 4.02 and
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1.52 µg/kg bw/week at age group mean level, respectively, and 10.1, 6.21 and 2.62 µg/kg
bw/week at 95th percentile of exposure. The high intake group among Finnish toddlers had
the highest Cd intake of all EU countries and they exceeded the TWI 4-fold and the other
Finnish children more than 2-fold. The EFSA Panel of experts concluded that at an individual
level the risk of adverse effects on kidney function is still very low, but exposure to Cd at the
population level should be reduced (EFSA 2012a). In addition to children, also vegetarians
may have high exposure to cadmium according to EFSA’s previous estimate (EFSA 2009b).
A national risk assessment (Suomi et al. 2015) determined the dietary exposure to Cd of
Finnish children at age 1 to 6 years, based on nationally collected concentration data.
The middle bound estimates at 95th percentile of exposure were 4.9, 4.2 and 3.6 µg/kg
bw/week for children of 1, 3 and 6 years of age, respectively. Even though the estimates
were much lower than those calculated by EFSA in 2012, due to lower levels of Cd in
several much consumed food products, the TWI of Cd was exceeded by 88–90% of
children between ages of 1 and 3 years and by 64% of the 6-year-olds (Suomi et al. 2015).
Cereals contributed roughly one third of the total dietary exposure, while the relative
contributions of other food groups were lower: vegetables contributed 5 to 8% of the total
exposure, starchy roots 10 to 14% and dairy 10 to 13% of the total exposure.

Effect of change in the Cd concentrations during 100 years
The effect on the total dietary exposure of Finnish children was estimated on the assumption that only the concentration in cereals (or cereals, root vegetables and potatoes) would
change and all other sources of exposure, as well as consumption habits of the children,
would remain unchanged. Comparison was made with the total dietary exposure (including
exposure from drinking water) of 3-year-old Finnish children (calculated in Suomi et al. 2015).
The current realization in the changes in Cd content of cereals (+3 – +6%), root vegetables
(+2%) and potatoes (+4%) would lead to an increase of the total Cd exposure at age group
median level by 2% (or 1 – 2% if the effect on roots and potatoes was not considered). The
total dietary exposure at the 95th percentile of exposure, corresponding to the high intake
group, would increase by 1%.
The Cd input level allowed by the EU proposal was calculated to increase the levels of Cd
in cereals by 16–20%, root vegetables by 30% and potatoes by 47%. The total exposure of
3-year-old Finns would thus increase by 12–13% at age group median level and by 10–11%
at the 95th percentile.
In comparison with the tolerable weekly intake of Cd, the current realization corresponds
to 125% of the TWI at age group median, and the EU proposal corresponds to 138–139%
of the TWI at age group median.
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3.3.4 Estimated maximum acceptable annual load of Cd to a field hectare in
Finland
Regarding soil total Cd concentrations, the Cd concentration in P fertilizers produced from
local sources keeps the soil total Cd concentration at the existing level. Still with these lowCd fertilizers we could expect a slight, 3 – 6% increase, if we assume that the Cd leaching is
at a level estimated by Mäkelä-Kurtto et al. (2003). If Cd concentration of mineral P fertilizers
would increase from the 2.5 mg/ kg P towards 50 mg/kg P, an increase of 17–44% in the
soil total Cd concentrations is expected, depending on crop rotations. After 100 years, the
soil total Cd concentrations would be approximately 0.23 mg/kg. This is still in the current
average range for clay soils and lower than average for peat soils (Mäkelä-Kurtto et al.
2007b).
Considering the recommendations of reducing the Cd exposure of the Finnish
population, the current realization of Cd inputs should not be exceeded. From
environmental perspective, according to the previous risk assessment for Cd in Finland
(Finnish Environment Institute 2000), there is no margin of safety for Cd exposure but
any increase from the current level presents an elevated risk for both soil and aquatic
environments. The maximum level of Cd allowed currently and that in the EU proposal
can thus be considered excessive. A maximum annual input level of 0.5 g Cd/ha from
mineral fertilizers, liming and deposition can be recommended. Deposition of Cd with
0.35 g/ha is already a large proportion of the acceptable input.
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4 Chromium (Cr)
4.1 Occurrence and behavior in the environment
Cr has earlier thought to be non-essential but nowadays it is considered as an essential
element for humans, because it takes part in metabolism of glucose, proteins and
carbohydrates (Koljonen et al. 1992, Reimann et al. 2014c). In soil, Cr occurs in the
oxidation states of +3 (Cr3+) and +6 (CrO42-) (McBride 1994, Reimann et al. 2014c). CrO42- is
highly toxic whereas Cr3+ is considered to be relatively harmless (Reimann et al. 2014c).
Cr has four naturally occurring isotopes: 50Cr, 52Cr, 53Cr and 54Cr, of which 52Cr is the most
common (Reimann et al. 2014c). Cr in soils originates either from the parent material
or from anthropogenic sources. The most important Cr mineral is chromite (FeCr2O4)
(Koljonen et al. 1992, Reimann et al. 2014c), but also crocoite (PbCrO4) is relatively
common (Kabata-Pendias 2010). In addition Cr can occur e.g. in pyroxene, amphibole,
garnet and mica (Reimann et al. 2014c). The anthropogenic sources for Cr are e.g.
dyestuffs, leather tanning and sewage treatment plants that treat industrial and residential
sources (Kabata-Pendias 2010). In Finland, the main sources for Cr emissions to the air in
2012 were energy production (72 %), industrial processes (27 %), transport (0.4 %) and
waste (0.1 %) (Finnish Environment Institute 2014). During the time-period of 1990 – 2012
Cr emissions to the air have varied quite much in different years, although the emissions
have decreased from 29 t to 18 t (Finnish Environment Institute 2014).
Globally, mean Cr concentration in soils is estimated to be 60 mg/kg, although higher
concentrations can be found in soils that are derived from mafic rocks, argillaceous
sediments and serpentines (Kabata-Pendias 2010). According to Mäkelä-Kurtto et al.
(2007b) Cr concentrations (aqua regia extraction) in Finnish cultivated soils (plough
layer) are in average 29.4 mg/kg DM (n=338), concentrations varying between 1.6 and
93.2 mg/kg DM. Median was 22.5 mg/kg DM. Concentrations varied between different
soil types and regionally. Clay soils contained significantly more Cr than coarse-textured
mineral soils or organic soils, mean concentrations being 57.2, 25.7 and 20.3 mg/kg
DM, respectively. Due to this difference between clay soils and other soil types, high
Cr concentrations were found in southwestern Finland (Mäkelä-Kurtto et al. 2007b). In
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addition, high Cr concentrations were found in northern Finland, reflecting regional
variation in the Cr concentrations in glacial till (Koljonen et al. 1992). According to
Koljonen et al. (1992) the higher Cr concentrations in the glacial till of northern Finland
result from mafic and ultramafic rocks prevailing in that area. The same trend between
different soil types in Cr concentrations in Finnish arable soils was also observed by Tarvainen
and Kuusisto (1999). They observed a slight difference between the Cr concentrations in
topsoil (0–25 cm) and subsoil (50–75 cm). In topsoil, the median Cr concentration was 19.0
mg/kg, whereas in subsoil the corresponding value was 22.3 mg/kg. According to Reimann
et al. (2014c) the Cr concentrations (aqua regia) in Finland are higher than in other Nordic
countries studied (Norway and Sweden). In general, Cr concentrations differ substantially
between different European countries, the main reason being geology (Reimann et al.
2014c). Cr concentrations are also higher in southern Europe than in northern Europe.
The median value for northern Europe is 13 mg/kg and for southern Europe 25 mg/kg
(Reimann et al. 2014c). At the continental level, concentrations vary between 0.4 and 696
mg/kg, median being 20 mg/kg for both grazing land and agricultural land soils (Reimann
et al. 2014c). In the national soil survey of Finland (1974–2009), the easily soluble, AAAcEDTA extractable concentrations of Cr in the 20-cm top layer of cultivated soils have ranged
between 0 and 5.35 mg/l, the median in 2009 being 0.25 mg/l.
The speciation of Cr in soil is governed by redox potential, pH, and the contents of organic
matter and hydrous metal oxides (Mukherjee 1998, Kimbrough et al. 1999, Pantsar-Kallio
et al. 2001). Generally, the trivalent form is most common in soil environments, and it is
relatively immobile due to its tendency to adsorb on negative surfaces, complex with
organic matter and precipitate as hydroxides (McBride 1994, Mukherjee 1998, PantsarKallio et al. 2001 and references therein). In acidic soil, Cr(III) is more mobile than in
neutral/alkaline soil (Pantsar-Kallio et al. 2001). Under aerobic conditions, high pH and
presence of MnO2 or kaolinite, Cr(III) can be oxidized to Cr(VI), which adsorbs poorly onto
soils and is thus highly mobile (Mukherjee 1998, Pantsar-Kallio et al. 2001). In contrast to
Cr(III), adsorption of Cr(VI) increases in acidic pH due to increase in positive charges on soil
surfaces. In the presence of a suitable reducing agent, e.g. organic matter, S-2 or Fe2+, Cr(VI)
can be reduced to the immobile Cr(III) (McBride 1994, Mukherjee 1998, Kimbrough et al.
1999, Pantsar-Kallio et al. 2001).
In Finnish stream waters the mean Cr concentration in the year 2000 was 0.52 mg/l
(Koivuhuhta and Nikkarinen 2006). The Cr concentrations in drinking water from
waterworks and single wells are in general low, median concentrations varying between
0.2–5.0 µg/l (Ahonen et al. 2008). According to Lahermo et al. (2002) median and mean
values in Finnish dug wells (n=739) are 0.2 and 0.33 µg/l, whereas in drilled bedrock wells
(n=263) the median Cr concentration is less than 0.2 µg/l. Maximum values detected were
3.76 and 2.5 µg/l for dug and drilled bedrock wells, respectively. The Ministry of Social
Affairs and Health (STM 2000, 2001) has set 50 µg/l as the safe concentration limit for Cr.

41

MAA- JA METSÄTALOUSMINISTERIÖN JULKAISUJA 2/2018

Cr concentrations in drinking water usually originate from the materials in water supply
network (Ahonen et al. 2008).
Cr has not been shown essential for plants though some positive effects of Cr application
on plant growth and development have been reported (Peralta-Videa et al. 2009). Plants
can absorb Cr both in the trivalent and hexavalent forms. Cr (III) is taken up passively by
diffusion via non-specific carriers, whereas Cr(VI) enters the plant actively, likely through
sulphate carriers (Singh et al. 2013). Within the roots, Cr(VI) is converted into Cr(III), which
mainly retains in the roots in insoluble form (Kabata-Pendias and Mukherjee 2007, PeraltaVidea et al. 2009, Singh et al. 2013). Cr complexed with organic ligands is more easily
translocated to the aerial parts of the plant (Singh et al. 2013). High Cr concentrations
are toxic to plants causing e.g. alterations in metabolic processes, growth inhibition and
decrease in chlorophyll synthesis (Peralta-Videa et al. 2009, Singh et al. 2013).

4.2 Environmental exposure to Cr
Mass balance for Cr in Finnish agricultural fields has been calculated by MäkeläKurtto et al. (2007c). In their study, data were collected from different sources and Cr
concentrations were measured from soil, crop plants and manure. In this assessment,
mass balance calculations were done by the same methodology used with cadmium
(see 3.2 Environmental exposure to Cd) and used parameters are listed in Table 12. Soil
total concentration was based on aqua regia extractions by Mäkelä-Kurtto et al. (2007b).
Cr input was summed from fertilization, deposition and liming. Annual liming demand
was set to 400 kg/ha (http://www.farmit.net/kasvinviljely/kalkitus-ja-maanparannus/
kalkitussanastoa) and Cr concentration in liming materials, 3.3 mg/kg, was taken from
Mäkelä-Kurtto et al. (2007c). Deposition was set to 0.74 g Cr/ha (Mäkelä-Kurtto et al.
2007c). Fertilizer rate was based on the current recommended P rate for spring wheat, 10
kg P/ha. With the average P-concentrations in fertilizers (3.2%) reported in Mäkelä-Kurtto
et al (2007c) this means that fertilizer rate of 310 kg/ha leads to 10 P kg/ha.
Following calculations were done:
1. The current dose of Cr from the commonly used mineral fertilizers
in Finland was calculated according to Cr concentrations, 3.6 mg/
kg DM, reported in Mäkelä-Kurtto et al. (2007c). Cr concentration
against NP content of fertilizers averaged to 120 mg/kg P and 20
mg/kg N.
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2. The current maximum dose of Cr was calculated according to the
maximum allowed Cr concentration in fertilizers based on Finnish
law of fertilizer products, 300 mg/kg DM.
3. A third possible dose of Cr was calculated according to the EU
legislation proposal, where maximum 100 mg/kg DM is accepted for
mineral fertilizers.
The output of Cr was summed from uptake in harvested yield and losses via leaching and
eroded soil material. Calculation was done for 100 years, using spring wheat as the crop.
Plant uptake in harvested part was based on soil-plant transfer coefficient (SPTC):

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑢𝑢𝑢𝑢𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑌𝑌𝑌𝑌 × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

Where Cplant is the total Cr concentration in harvested plant organ per dry matter and
Csoil is the aqua regia extractable Cr concentration per dry matter in 0 – 20 cm top layer
of the soil. Yield level was set to the average yield during 2010 – 2014. Transfer coefficient
from soil to wheat grains was taken from the results reported by Mäkelä-Kurtto et al.
(2007a).
Leaching was based on distribution coefficient (Kd), which shows the relationship between
the total concentration in soil (Csoil, aqua regia or HNO3/HF extraction) and soil pore water
(Cwater). In case of Kd-values for Cr from the Finnish agricultural soils, values were found
only from sandy soils (Lahdenperä 2014) where total Cr was extracted by HNO3/HF.

𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿ℎ𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

Annual runoff was set as 200 mm that was used in previous Cd mass balance calculations
(Finnish Environment Institute 2000) and annual erosion based on Finnish Environment
Institute (2000) was set to 500 kg/ha. The amount of eroded element was calculated:

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶 × 𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑒𝑒𝑒𝑒𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
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Table 12. Parameters used in the mass balance calculations of Cr.
Model parameters

Source

Soil concentration, mg Cr/kg

29.4

Mäkelä-Kurtto et al. 2007b, Table 1

Deposition, g Cr/ha/a

0.74

Mäkelä-Kurtto et al. 2007c, Table 40

Liming kg/ha/a

400

Recommended liming rate

Concentration in liming materials, mg Cr/kg

3.3

Mäkelä-Kurtto et al. 2007c, Table 17

Fertilizer rate, kg/ha

310

10 kg P/ha, and 3.2% P concentration

0.001

Median from Mäkelä-Kurtto et al. 2007a,
Table 60

Yield kg/ha, 14% moisture

3750

Finnish agricultural statistics 2010 – 2014

Kd

9400

Lahdenperä 2014, Appendix 4c

Annual runoff, m /ha

2000

Finnish Environment Institute 2000

Annual erosion, kg/ha

500

Finnish Environment Institute 2000

Transfer function, plant/soil

3

After running the model calculations for 100 years using a code programmed by SAS
statistical package, following output values were reported: Cr concentration in soil water,
annual Cr leaching and erosion, Cr concentration in yield and annual Cr uptake in yield,
soil Cr concentration and annual Cr balance.

Table 13. The effect of Cr concentrations in mineral fertilizers on Cr concentrations in soil water, yield and soil,
and on leaching, erosion and annual balance of Cr in 100-years mass balance calculations.
mg Cr/ kg
fert. DM

Year

Soil water
µg/l

Leached
g/ha/a

Eroded
g/ha/a

Yield
µg/kg DM

Yield
uptake
g/ha/a

Soil
mg/kg

Annual
balance
g/ha

3.6

1

3.13

6.26

14.7

29.4

0.09

29.4

-17.8

100

3.04

6.07

14.3

28.5

0.09

28.5

-17.2

100
300

1

3.13

6.26

14.7

29.4

0.09

29.4

11.9

100

3.19

6.38

15.0

30.0

0.10

30.0

11.5

1

3.13

6.27

14.7

29.5

0.11

29.4

73.8

100

3.51

7.03

16.5

33.0

0.12

33.0

71.2

In the 100-year time scale, the current realization of Cr inputs would lead to a negative Cr
balance and consequently to a decreasing trend in the amounts of Cr leached, eroded and
taken up by the crop (Table 13). All the other scenarios with higher Cr inputs generate a
positive Cr balance. Using the current maximum level of Cr input (300 mg/kg fertilizer) the
environmental loading (Cr leached and eroded) and Cr concentrations in crop yields would
increase around 12 % from the level of the current realization. With the Cr inputs allowed in
the EU proposal, the corresponding increases would be smaller, 2 %.
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4.3 Risk assessment on Cr at increased levels of exposure
Toxicity of Cr depends on its species, Cr(VI) being highly toxic to bacteria, plants, and
animals whereas Cr(III) not being particularly toxic (e.g. Kimbrough et al. 1999). Toxic
exposure to Cr causes lung cancer, liver, kidney and gastric damage, and epidermal
irritation and sensitization in humans. The estimated safe and adequate daily dietary
intake for Cr is 50 to 200 µg but the safety range for Cr(III) is very large and no signs of Cr
toxicity have been observed at intake levels up to 1 mg per day (Anderson 1997). More
recently, EFSA has set an tolerable daily intake (TDI) for Cr(III) to be 300 µg/kg bw/day
based on the lowest NOAEL in chronic oral toxicity studies on rats (EFSA 2014). Inhalation
of industrial particles containing Cr is the principal Cr related health risk and Cr toxicity
symptoms are usually limited to occupational exposure.
Plants evidence Cr toxicity symptoms at total soil Cr concentrations above 75–100 mg/
kg, while an available concentration of only 1–5 mg/kg is critical (Zayed and Terry 2003).
Excess Cr hampers different physiological processes via oxidative stress and enzyme
inhibition (Shanker et al. 2005). In soil, Cr(VI) inhibits many biological processes, the most
sensitive being denitrification (ED50 63–730 nmol Cr /g soil) (Speir et al. 1995). According
to Zayed and Terry (2003) the maximum acceptable Cr concentration for agricultural soils
is in the range of 50 – 200 mg/kg and the guideline values for freshwaters 1 μg/l for Cr(VI)
and 8 μg/l for Cr(III), for marine life 1 μg/l for Cr(VI) and 50 μg/l for Cr(III), for irrigation
water 8 μg/l for Cr(VI) and 5 μg/l for Cr(III) and for drinking water 50 μg/l for Cr(VI).
In general, the mobile and toxic Cr(VI) is short-lived in the soil environment as it tends to
reduce into Cr(III). However, converting of Cr(III) to Cr(VI) in the environment is possible
and thereby Cr(III) may as well pose a risk (Kimbrough et al. 1999).

4.3.1 Estimates of dietary intake and its sources
Cr is an essential nutrient for humans as it is required in sugar and fat metabolism
(Anderson 1997). Varo and Koivistoinen (1980) reported an average daily supply of 29
µg Cr from Finnish foods, which is below the recommended level. In most industrialized
countries, normal dietary intake of Cr is suboptimal (Anderson 1997). In the Finnish diet,
the main sources of Cr are vegetables (23%), dairy products (21%), meat (18%), cereals
(13%) and fish (2%) (Varo and Koivistoinen 1980). A notable portion, 23%, of the daily Cr
intake comprises of beverages, confectionaries and condiments.
National exposure assessments have not been made in the recent years, but in the EFSA
report (EFSA 2014), the dietary intake in EU countries was assessed. The 95th percentile
of dietary intake in all age groups was below the TDI (300 µg/kg bw/day) of Cr(III). The
highest exposure estimated for any age group in Finland (toddlers, 95th percentile of
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exposure, upper bound estimate) was 8.4 µg Cr(III)/kg bw/day and 184.2 ng Cr(VI)/kg bw/
day (or 0.18 µg Cr(VI)/kg bw/day).

4.3.2 Estimated maximum acceptable annual load of Cr to a field hectare in
Finland
In estimating the maximum acceptable load of a harmful element, degradation of the soil
by accumulation of the element, degradation of the environment by increased loading of
the element via leaching and erosion and impacts on human health via increased dietary
exposure to the element need to be considered. Overall, any increases in these values can
be regarded negative. As for Cr, the model calculations showed that the Cr input allowed
for fertilizers in the EU proposal leads to an annual Cr input of roughly 32 g per ha in
mineral fertilizers, liming and deposition. This results to minor increases in the amounts
of Cr leached, eroded and taken up by the crop. Annual balance would be close to zero if
maximum Cr content in mineral fertilizers would be 60 mg Cr/kg fertilizer.
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5 Lead (Pb)
5.1

Occurrence and behavior in the environment

Pb is non-essential for all living organisms and it is toxic, teratogenic and carcinogenic (e.g.
Koljonen et al. 1992, Kabata-Pendias 2010), although the carcinogenic response is unlikely to
occur at dietary intake levels (EFSA 2010). In the environment, lead occurs predominantly as
Pb2+, but also oxidation states of 0 and +4 are known (Koljonen et al. 1992, Kabata-Pendias
2010). Pb has four naturally occurring stable isotopes (204Pb, 206Pb, 207Pb and 208Pb), 208Pb
being the most common (Reimann et al. 2014d). Natural Pb in soils originates either from
the parent material (geogenic origin) or from the decay of uranium (U) and thorium (Th)
(radiogenic origin) (Kabata-Pendias 2010). Pb is highly chalcophilic thus it forms sulphur
compounds, galena (PbS) being the main Pb mineral in bedrock (Koljonen et al. 1992, McBride
1994, Kabata-Pendias 2010, Reimann et al. 2014d). Other common Pb minerals are anglesite
(PbSO4), cerussite (PbCO3), minium (Pb3O4), pyromorphite (Pb5(PO4)3Cl) and mimetesite
(Pb5(AsO4)3Cl) (Kabata-Pendias 2010, Reimann et al. 2014d). In addition, Pb is present as an
accessory element in many minerals especially K-feldspar and feldspars in general, mica, zircon
and magnetite (Reimann et al. 2014d). In feldspars, Pb can replace potassium, strontium and
also calcium (Koljonen et al. 1992). The anthropogenic sources for Pb are e.g. mining and
smelting, coal combustion, car traffic and shooting activity (Reimann et al. 2014d). Regulations
have eliminated the use of leaded petrol in the developed countries (Kabata-Pendias and
Mukherjee 2007). In Finland, using leaded petrol was ended in 1993 (Pietarila et al. 2001) thus
decreasing the Pb emissions in Finland significantly (Finnish Environment Institute 2014).
Globally, mean Pb concentration in soils is estimated to be 27 mg/kg, background values
ranging in different countries from 18 to 32 mg/kg (Kabata-Pendias 2010). According to
Mäkelä-Kurtto et al. (2007b) Pb concentrations (aqua regia extraction) in Finnish cultivated
soils (plough layer) are on average 9.7 mg/kg DM (n=338) concentrations varying between
2.1 and 57.9 mg/kg DM. Median was 8.6 mg/kg DM. Concentrations varied between
different soil types and regionally. Clay soils (n=51) contained significantly more Pb than
coarse-textured mineral soils (n=219) or organic soils (n=68), average concentrations
being 15.4, 8.3 and 9.7 respectively. In southern Finland concentrations were higher than
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in north mainly due to the abundance of clay soils, traffic and industry in southern Finland.
Thus soil Pb concentrations reflect the regional variation in concentrations in glacial till
(Koljonen et al. 1992). The same trend in Pb concentrations in Finnish arable soils according
to soil types and regions was observed by Tarvainen and Kuusisto (1999). They also observed
that concentrations were higher in topsoils (0–25 cm) than in subsoils (50 –75 cm). According
to Reimann et al. (2012) Pb concentrations in Finnish agricultural soils are at the same level
with other Nordic countries. In general, Pb concentrations (aqua regia extraction, 0–20 cm)
are about two times lower in the Northern Europe (median 9.6 mg/kg) than in the Southern
Europe (median 20 mg/kg), mainly due to the differences in geology (Reimann et al. 2012).
At the continental level, concentrations (aqua regia extraction) vary between 1.6 and 1309
mg/kg, medians for agricultural and grazing land soils being 16 and 18 mg/kg, respectively
(Reimann et al 2014d).
The Finnish national monitoring data shows a zig-zag trend in the AAAc-EDTA extractable (easily soluble) Pb concentrations in the top layer of cultivated soils between 1974 and
2009 (Fig. 3). From 1998 towards 2009 the soil soluble Pb has decreased in all regions. In
organic soils, the soluble Pb concentrations tend to be higher than in mineral soils, and in
clay soils slightly higher than in coarser-grained soils (Table 14). Highest mean concentrations were found in the south and lowest in the north region.
a)
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Figure 3. AAAc-EDTA extractable Pb in the 20-cm surface layer of cultivated fine and coarse mineral soils, clay,
mull, and peat soils in north (a), south (b), east (c), and west (d) Finland. The graphs show estimated mean
concentrations with 95% confidence intervals.
Table 14. Easily soluble (AAAc-EDTA extractable) lead concentrations (mg/l soil) in five soil types and four geographical regions of Finland. The data is from the latest sampling campaign of the Finnish national soil survey conducted in
2009. The figures are mean estimates ± standard error. The number of samples (n) are shown in italics.
Fine mineral soils
Coarse mineral soils
Clay soils
Mull soils
Peat soils

South

East

West

North

1.6 ± 0.1

1.3 ± 0.1

1.4 ± 0.1

1.0 ± 0.1

n = 67

n = 41

n = 46

n = 16

1.6 ± 0.1

1.3 ± 0.1

1.1 ± 0.1

1.0 ± 0.1

n = 24

n = 34

n = 66

n = 49

2.6 ± 0.1

1.5 ± 0.1

1.5 ± 0.3

n = 81

n = 22

n=3

n=0

2.4 ± 0.4

2.2 ± 0.2

2.4 ± 0.2

2.0 ± 0.5

n=7

n = 15

n = 15

n=2

3.8 ± 0.7

2.9 ± 0.4

2.5 ± 0.2

1.8 ± 0.2

n=5

n=7

n = 17

n=9
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Natural Pb background concentrations in Finnish surface waters are low, the average
and median concentrations being 0.30 µg/l and 0.21 µg/l (n=1812), respectively
(Kohijoki 2013). Concentrations vary between 0-8.78 µg/l and are mainly under the
environmental quality standard limit in EU’s water framework directive (Kohijoki 2013).
According to Kohijoki (2013), Pb concentrations for the most part don’t reflect the
geological conditions. Also in Finnish drinking waters, Pb concentrations are low, median
concentrations varying between 0.05 – 5.0 µg/l (Ahonen et al. 2008). Only single samples
exceeded the limit value (10 µg/l) set by the Ministry of Social Affairs and Health (STM
2000, 2001). According to Lahermo et al. (2002) median and mean values in Finnish
dug wells (n=739) were 0.04 and 0.25 µg/l and in drilled bedrock wells (n=263) 0.15 and
0.42 µg/l, respectively. Maximum values were 18.7 µg/l and 6.96 µg/l for dug and drilled
bedrock wells, respectively. Only one sample exceeded the safe concentration limit. Thus,
the concentrations are usually so low that they don’t pose a health risk. Pb concentrations
in wells originate mainly from the technical appliances of wells rather than are geological
or anthropogenic origin (Lahermo et al. 2002).
Bioavailability and ecotoxicity of Pb depends on its reactions in soil. In general, Pb is
evaluated to be the most immobile heavy metal in soils, especially in reducing or nonacidic conditions (e.g. McBride 1994, Kabata-Pendias 2010). The main factors affecting
Pb solubility are soil pH, soil constituents/sorption capacity of soil (e.g. clay, organic
matter, Fe- and Mn-oxyhydroxides) and reduction/oxidation state. Under pH 6 the Pb2+
species becomes more dominant in soil solution, whereas at higher pH hydroxy species
(Pb(OH)+, Pb(OH)2 and Pb(OH)3-) predominate (Bradl 2004). In soil, Pb2+ can be adsorbed
electrostatically by negatively charged soil constituents (e.g. clay and metal hydroxides)
meaning that it can be replaced by competing cations and thus be returned to soil
solution which increases its bioavailability and ecotoxicity. In contrast, between the pH
range 6 – 10 the predominant species Pb(OH)+ can be sorbed to more strongly forming
complexes with Al and Fe (oxy)hydroxides (e.g. Bradl 2004). It has also been reported
that Pb2+ has a particularly high affinity for Mn oxides (McBride 1994). Thus above pH 6
Pb becomes more immobile. Pb also accumulates into the soil organic matter because
Pb2+ forms strong complexes with sulfhydryl groups (McBride 1994). Sorption to the soil
organic matter becomes more predominant with increasing pH (Kabata-Pendias 2010).
However, sorption to the soil organic matter can also, in some cases, increase the solubility
of Pb depending on the organic ligand. Complexes with fulvic acids are more soluble than
those of humic acids (Kerndorff and Schnizer 1979). In reducing conditions Pb precipitates
as PbS (e.g. McBride 1994). In conclusion, mobility of Pb is generally low, but it increases
with decreasing pH. Consequently, Pb solubility can be decreased by liming that enhances
the precipitation of Pb as hydroxides, phosphates or carbonates (Kabata-Pendias 2010).
Due to the strong sorption tendency in soil, Pb appears to be mostly unavailable to plants.
The translocation of Pb within the plant is generally low and most of the Pb concentrates
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to the root tissues (McBride 1994, Kabata-Pendias 2010). However, certain plants can
accumulate Pb (e.g. Kabata-Pendias and Mukherjee 2007). Plants can absorb Pb both from
soil and from athmospheric pollution. The take-up is passive and it is restricted by high
pH and low temperatures (Kabata-Pendias 2010). According to Kabata-Pendias (2010)
the Pb uptake is dependent on several plant (e.g. genotype) and soil factors and on the
concentration and Pb species occurring in soil. Low pH and P content in soil, presence of
organic ligands and low sorption capacity of soil may enhance plant uptake of Pb (KabataPendias and Mukherjee 2007, Kabata-Pendias 2010). Reviewed by Kabata-Pendias (2010),
root vegetables accumulate Pb usually moderately, whereas leafy vegetables are high
accumulators. In general, the Pb movement from soils to the edible parts of plants is
considered to be low (McBride 1994, Kabata-Pendias 2010). Although several toxic effects
of Pb on plant metabolism have been reported (e.g. photosynthesis, mitosis and water
adsorption), the toxic symptoms (e.g. dark green leaves, wilting of older leaves, stunted
foliage, brown short roots) are very unspecific (Kabata-Pendias 2010).

5.2 Environmental exposure to Pb
Mass balance for Pb in Finnish agricultural fields has been calculated by Mäkelä-Kurtto et
al. (2007c). In their study, data were collected from different sources and Pb concentrations
were measured from soil, plants and manure.
In this assessment, mass balance calculations were done by applying the same methodology
as used with Cd (see 3.2 Environmental exposure to Cd) and used parameters are listed in
Table 15. Total concentration of Pb in soil was based on aqua regia extractions by MäkeläKurtto et al. (2007b). Pb input was summed from fertilization, deposition and liming. Annual
liming demand was set to 400 kg/ha (http://www.farmit.net/kasvinviljely/kalkitus-jamaanparannus/kalkitussanastoa) and Pb concentration in liming materials, 1.5 mg/kg, was
taken from Mäkelä-Kurtto et al. (2007c). Deposition was set to 8.6 g/ha (Mäkelä-Kurtto et al.
2007c). Fertilizer rate was based on the current recommended P rate for spring wheat, 10 kg
P/ha. With the average P-content in fertilizers (3.2%) reported in Mäkelä-Kurtto et al (2007c)
and thus total fertilizer application would be 310 kg/ha.
Following calculations were done:
1. The current dose of Pb from the commonly used mineral fertilizers
in Finland was calculated according to average Pb concentrations,
1 mg/kg DM, reported in Mäkelä-Kurtto et al. (2007c). Pb
concentration against NP content of fertilizers averaged to 31 mg/
kg P and 6 mg/kg N.
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2. The current maximum dose of Pb was calculated according to the
maximum allowed Pb concentration in fertilizers based on the
Finnish law of fertilizer products, 100 mg/kg DM.
3. Third possible dose of Pb was calculated according to the EU
legislation proposal, where maximum 150 mg/kg DM is accepted for
mineral fertilizers.
The output of Pb was summed from uptake in harvested yield and losses via leaching and
eroded soil material. Calculation was done for 100 years, using spring wheat as the crop.
Plant uptake in harvested part was based on soil-plant transfer coefficient (SPTC):

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑢𝑢𝑢𝑢𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑌𝑌𝑌𝑌 × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

Where Cplant is the total Pb concentration in harvested plant part per dry matter and Csoil
is the aqua regia extractable Pb concentration per dry matter in 0–20 cm top layer of the
soil. Yield level was set to the average yield during 2010–2014. Transfer coefficient from
soil to wheat grains was taken from the results reported by Mäkelä-Kurtto et al. (2007a).
Leaching was based on distribution coefficient (Kd), which shows the relationship between
the total soil concentration (Csoil, aqua regia or HNO3/HF extractable) and soil pore water
(Cwater). In case of Kd-values for Pb from the Finnish agricultural soils, values were only
found for sandy soils (Lahdenperä 2014) where total Pb was extracted by HNO3/HF.

𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿ℎ𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

Annual runoff was set as 200 mm and annual erosion as 500 kg/ha that were used in
previous Cd mass balance calculations (Finnish Environment Institute 2000). The amount
of eroded element was calculated:

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶 × 𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑒𝑒𝑒𝑒𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
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Table 15. Parameters used in the mass balance calculations of Pb.
Model parameters

Source

Soil concentration, mg Pb/kg

8.6

Mäkelä-Kurtto et al. 2007b, Table 1

Deposition, g Pb/ha/a

8.6

Mäkelä-Kurtto et al. 2007c, Table 40

Liming kg/ha/a

400

Recommended liming rate

Concentration in liming materials, mg Pb/kg

1.5

Mäkelä-Kurtto et al. 2007c, Table 17

Fertilizer rate, kg/ha

310

10 P kg/ha, and 3.2% P concentration

0.001

Median from Mäkelä-Kurtto et al. 2007a,
Table 60

Yield kg/ha, 14% moisture

3750

Finnish agricultural statistics 2010 – 2014

Kd

15900

Lahdenperä 2014, Appendix 4c

Annual runoff, m /ha

2000

Finnish Environment Institute 2000

Annual erosion, kg/ha

500

Finnish Environment Institute 2000

Transfer function, plant/soil

3

After running the model calculations for 100 years using a code programmed by SAS
statistical package, following output values were reported: Pb concentration in soil water,
annual Pb leaching and erosion, Pb concentration in yield and annual Pb uptake in yield, soil
Pb concentration and annual Pb balance.

Table 16. Output values for 100-years mass balance calculations of Pb.
mg Pb/ kg
fert. DM
0.19
100
150

Year

Soil water
µg/l

Leached g/
ha/a

Eroded
g/ha/a

Yield
µg/kg DM

Yield
g/ha/a

Soil
mg/kg

Annual
balance
g/ha

1

0.54

1.08

4.30

8.60

0.03

8.60

4.10

100

0.55

1.11

4.40

8.80

0.03

8.80

3.97

1

0.54

1.08

4.31

8.62

0.03

8.62

34.68

100

0.65

1.30

5.15

10.31

0.03

10.31

33.62

1

0.54

1.08

4.31

8.62

0.03

8.63

50.18

100

0.70

1.39

5.53

11.07

0.04

11.07

48.64

In the 100-year time scale, the current realization of Pb inputs would lead to small positive Pb balance, and the change in the amounts of Pb leached, eroded and taken up by the
crop would be minimal (Table 16). All the other scenarios with higher Pb inputs generate a
positive Pb balance. Using the current maximum level of Pb input (100 mg/kg fertilizer), the
environmental loading (Pb leached and eroded) and Pb concentrations in crop yields would
increase around 20 % from the level of the current realization. With the Pb inputs allowed in
the EU proposal, the corresponding increases would be higher, close to 30 %.
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5.3 Risk assessment on Pb at increased levels of exposure
Pb accumulates in the human body, mainly in the skeleton where its biological half-time can be
as high as two decades. However, changes in the bone metabolism caused by e.g. pregnancy
can release the accumulated lead back to the circulation. Thus the foetus or newborn can be
exposed to lead taken up by the mother many years previously (Flora et al. 2011).
Lead is a known neurotoxicant and especially toxic to developing nervous system of
foetuses and children. Other harmful effects are e.g. nephrotoxicity, anaemia caused by
disruption of heme biosynthesis, disruptions of the reproductive system, disruption of
bone mineralization, and increasing blood pressure.
Knowledge on the toxicity of lead has increased during the last decade. On the basis of
new toxicological information EFSA has recognized that the previous tolerable intake
levels have not been low enough to protect all consumers from the harmful effects of
lead as there is no evidence of a threshold for a number of critical health effects. EFSA
has published a BMDL1 value of 0.5 µg Pb/kg bw/day (or 12 µg Pb/l blood) based on
developmental neurotoxicity, and a BMDL10 value of 0.63 µg/kg bw/day based on kidney
effects (EFSA 2010). These values are lower uncertainty limits to doses which already
increase the risk of harmful effect.
IARC has in 1987 classified Pb as a Group 2A carcinogen, i.e., possibly causing cancer to
humans. Pb does not react directly with DNA, but it disturbs its repair mechanisms and
can cause oxidative stress.
Similarly as for humans, Pb is toxic to other animals, plants and micro-organisms.
According to the review by Demayo et al. (1982) toxicity symptoms in plants (inhibition of
growth, reduction of photosynthesis, mitosis and water absorption) appear at relatively
high soil Pb concentrations. Decreases in yield have been observed at concentrations
exceeding 50–125 mg Pb/kg but detrimental effects occur only at total Pb concentrations
of several hundred mg/kg of soil. A Health and Environmental Investigation Level of
300 mg/kg soil has been presented for Pb (Markus and McBradney 2001). In aquatic
ecosystems, Pb concentrations of 1 to 500 mg/l cause acute lethality in invertebrates and
fish but adverse sublethal effects are known to occur already at concentrations of 0.007
to 0.020 mg/l (Demayo et al. 1982). Chronic exposure to Pb concentrations over 0.01–0.02
mg/l likely have detrimental effects on aquatic populations.

5.3.1 Estimates of dietary intake and its sources
The exposure of consumers to lead has decreased significantly in the years after leadcontaining fuels were banned.
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EFSA estimated in 2012 the Pb dietary exposure in the European population from national
consumption data and concentration data collected from the EU Member States. The mean
dietary exposures (middle bound estimate) of Finnish toddlers, other children and adults
were estimated by EFSA to be 1.35, 1.17 and 0.54 µg/kg bw/day. The 95th percentiles of
dietary exposure for these age groups were 2.84, 1.76 and 0.92 µg/kg bw/day. The mean
exposure of the toddlers was slightly above the European median, but the high exposure
was highest of the surveys. The estimates for other children and adults were slightly above
the European median. Important lead sources in the diet according to the EFSA assessment
were grains and grain-based products, milk and dairy products, non-alcoholic beverages,
and vegetables and vegetable products. The relative contributions of these groups were
different for the different age groups, with tap water and potatoes contributing most to
the toddlers and the contribution of bread and beverages increasing among the older
consumers. (EFSA 2012b)
In a recent national risk assessment (Suomi et al. 2015), based on nationally collected
concentration data and individual consumption data of children between 1 and 6 years of
age, the mean Pb exposure was 0.58 to 0.77 µg/kg bw/day for 1-year-olds, 0.40 to 0.61 µg/kg
bw/day for 3-year-olds and 0.34 to 0.50 µg/kg bw/day for 6-year-olds. The values are lower
than those calculated by EFSA, mainly because of lower concentrations in the national data.
The Pb levels in Finnish milk has decreased over the years, and the lower exposure values
were calculated using milk data only from the last 6 years (when all results were below the
limit of detection) while the larger exposure had milk data spanning over 12 years. The 95th
percentile of exposure was determined to be 1.25, 0.83 and 0.68 µg/kg bw/day for children
aged 1, 3 and 6 years, respectively (Suomi et al. 2015). Due to the high consumption of milk
and dairy products, the part of the age group exceeding the BMDL value 0.5 µg/kg bw/
day (based on developmental neurotoxicity) was over 80% of 1- and 3-year-olds and over
50 % of 6-year-olds when milk data spanning over 12 years were used in the calculations.
With use of the more recent milk data, only 14 % of 3-year-olds and 1 % of 6-year-olds had
exposure above the BMDL.
The main lead sources in the national risk assessment were cereals, milk (although as seen
above, the contribution of milk products has decreased in the last years due to declining
concentrations), meat and beverages. The contribution of drinking water was minimal,
thanks to very low levels of lead in Finnish tap water.

Effect of change in the Pb concentrations during 100 years
The effect on the total dietary exposure of Finnish children was estimated on the
assumption that only the concentration in cereals would change and all other sources
of exposure, as well as consumption habits of the children, would remain unchanged.
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Comparison was made with the total dietary exposure (including exposure from drinking
water) of 3-year-old Finnish children (calculated in Suomi et al., 2015).
With the current realization of Pb inputs, leading to an increase of 2% in the Pb content of
cereals), the total dietary exposure of 3-year-old Finns would increase by 0.6% at age group
median and by 0.4% at the 95th percentile, corresponding to the high-intake group. The Pb
input level allowed in the EU proposal would increase the cereal Pb content by 29 %. This
would lead to an increase of total exposure by 9% at age group median level and by 6 % at
the 95th percentile.

5.3.2 Estimated maximum acceptable annual load of Pb to a field hectare in
Finland
In estimating the maximum acceptable load of a harmful element, degradation of the soil
by accumulation of the element, degradation of the environment by increased loading of
the element via leaching and erosion and impacts on human health via increased dietary
exposure to the element need to be considered. Overall, any increases in these values can
be regarded as negative. As for Pb, annual inputs exceeding ca. 0.5 g Pb/ha from mineral
fertilizers, liming and deposition lead to increased amounts of Pb leached, eroded and
taken up by the crop. Although Pb emissions have decreased considerably during the
last decades, Pb deposition is still main source of Pb into the Finnish soils (Ruoho-Airola
et al. 2014). Deposition alone seems to lead to positive Pb balance and increase in soil Pb
concentrations.
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6 Mercury (Hg)
6.1 Occurrence and behavior in the environment
Hg is non-essential, highly toxic global pollutant, that bioaccumulates in the food chain in
methylated form (Reimann et al. 2014e). The oxidation states of Hg are 0, +1, +2 and +3,
of which the oxidation state of +2 is the dominant form in nature (Reimann et al. 2014e).
According to Reimann et al. (2014e) Hg has seven naturally occurring isotopes, 202Hg, 200Hg,
199
Hg and 201Hg being the most abundant forms. Hg is chalcophile and thus it has a tendency
to form sulphur compounds, the most common mineral being cinnabar (HgS) (McBride
1994, Kabata-Pendias 2010). According to Reimann et al. (2014e), Hg concentrations are
very low in the most common rock types except in black shale. In soil environment Hg is
originated both from natural (parent material and volcanic activity) and anthropogenic
sources (Kabata-Pendias 2010, Reimann et al. 2014e). The main anthropogenic sources are
coal burning, waste incineration, crematoria, chlor-alkali production, paper factories, metal
smelters and mining (Kabata-Pendias 2010, Reimann et al. 2014e). Earlier it has also been
used as fungicidal seed treatment and some sewage sludges can also contain elevated Hg
concentrations. (Reimann et al. 2014e). In Finland, atmospheric emissions have decreased
between 1990 and 2012 from 1.2 t to 0.8 t, variation being 0.5–1.2 t (Finnish Environment
Institute 2014). The main Hg sources in 2012 were energy production and industrial
processes (Finnish Environment Institute 2014). According to Kyllönen et al. (2014), the
domestic anthropogenic emissions are a minor Hg source to Finnish people.
Worldwide average Hg concentration in soils is estimated to be 1.1 mg/kg, with a range
from 0.58 to 1.8 mg/kg (Kabata-Pendias 2010). According to Mäkelä-Kurtto et al. (2007b)
the mean Hg concentration (aqua regia extraction) in Finnish agricultural soils (plough
layer) is on average 0.047 mg/kg DM (n=338), concentrations varying from 0.008 to 0.143
mg/kg DM, and median being 0.039 mg/kg DM. Concentrations varied between different
soil types and also regionally. The highest Hg concentrations were in organic soils (0.072
mg/kg DM, n=68), almost twice as high as in coarse-textured mineral soils (0.040 mg/
kg DM, n=219) and clay soils (0.045 mg/kg DM, n=51). Therefore, regionally the highest
contents were found in the peat-dominated regions. In general, Hg is concentrated in
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surface soils (Kabata-Pendias 2010). According to Reimann et al. (2014e) Hg concentrations
in Finnish agricultural soils are at the same level than in other Scandinavian countries. The
median Hg concentration (aqua regia extraction, 0–20 cm) in northern Europe is 0.024
mg/kg and in southern Europe 0.036 mg/kg, although there are local Hg anomalies in
Scandinavia (Ottesen et al. 2013). The Hg concentrations in Scandinavia are related to
organic rich soils to which Hg has a strong tendency to be bound (Ottesen et al. 2013). At
the continental level, Hg concentrations in European agricultural soils (0–20 cm, n=2108)
vary between <0.003 and 1.6 mg/kg, and in grazing land (0–10 cm, n=2024) soils between
<0.003 and 3.1 mg/kg (Ottesen et al. 2013). The median for agricultural soils is 0.030 mg/kg,
and 0.035 mg/kg for grazing land (Ottesen et al. 2013).
The easily soluble (AAAc-EDTA extractable) Hg concentrations tend to be higher in organic
than mineral soils and somewhat lower in the north than in other regions in Finland.

Table 17. Easily soluble (AAAc-EDTA extractable) Hg concentrations (mg/l soil) in five soil types and four geographical regions of Finland. The data is from the third sampling campaign of the Finnish national soil survey conducted
in 1998. The figures are mean estimates ± standard error. The numbers of samples (n) are shown in italics.
Fine mineral soils
Coarse mineral soils
Clay soils
Mull soils
Peat soils

South

East

West

North

0.04 ± 0.00

0.03 ± 0.00

0.03 ± 0.00

0.03 ± 0.00

n = 37

n = 20

n = 20

n=5

0.04 ± 0.00

0.04 ± 0.00

0.03 ± 0.00

0.02 ± 0.00

n = 22

n = 47

n = 30

n = 21

0.05 ± 0.00

0.04 ± 0.01

0.03 ± 0.01

n = 42

n=3

n=2

n=0

0.08 ± 0.01

0.07 ± 0.01

0.06 ± 0.01

0.04 ± 0.01

n=4

n = 10

n=7

n=2

0.09 ± 0.02

0.09 ± 0.01

0.07 ± 0.01

0.07 ± 0.01

n=3

n = 12

n = 14

n=6

Hg concentrations in Finnish surface waters are usually low and according to the report by
Verta et al. (2010) median concentrations vary between 0.001 and 0.011 µg/l, concentrations being higher in humus rich waters. Verta et al. (2010) also reviewed methylmercury
concentrations reported in different studies. Concentrations varied between 0.01–14 ng/l.
The Hg concentrations in drinking water from waterworks and single wells are in general
low. According to the study by Ahonen et al. (2008) Hg concentrations are under the limit value (1.0 µg/l) set by the Ministry of Social Affairs and Health (STM 2000, 2001). In the
study median concentrations varied between 0.1–0.2 µg/l.
The behavior of Hg in soils is highly dependent on its species, which is affected by several
factors including soil conditions (e.g. redox potential, pH, organic matter content, soil
type) and the concentrations of Hg and other ions (e.g. Gabriel and Williamson 2004,
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Kabata-Pendias 2010). According to the review by Gabriel and Williamson (2004) dissolved
ions, pH and redox potential are the main factors affecting the Hg speciation in solution.
In general, Hg has strong tendency to be complexed with Cl-, OH- and S2-, as well as
S-containing functional groups of organic ligands (Schuster 1991). Gabriel and Williamson
(2004) reviewed that the main Hg species under naturally occurring pH- and redox-range
and Cl- concentrations are Hg(OH)2, HgCl2, HgS, Hg0 and HgOHCl0. According to Schuster
(1991), HgCl2 and Hg(OH)2 are the most predominant forms appearing in wide pH range,
whereas HgS is precipitated in reducing conditions. Furthermore, Hg can be methylated
in soils to methyl-Hg (CH3Hg+) and di-methyl-Hg ((CH3)2Hg), from which di-methyl-Hg is
highly volatile and insoluble in water, whereas methyl-Hg is more water soluble (Gabriel
and Williamson 2004). Methylated forms occur under intermediate redox conditions
(Kabata-Pendias 2010), but usually methyl-Hg concentrations are low (Gabriel and
Williamson 2004). According to Gabriel and Williamson (2004), methyl-Hg has a propensity
for significant bioaccumulation even at low concentrations.
In soils, Hg can be bound to mineral and organic surfaces, methylated, oxidized/reduced,
volatilized or precipitated. In general, Hg is bound strongly to soil constituents, especially
to organic matter and oxides (Gabriel and Williamson 2004). The Hg sorption is dependent
on pH, sorption being highest in the pH range of 4 to 5 (Kabata-Pendias 2010). According
to Schuster (1991) organic material predominates as a sorbent for inorganic Hg in acid
soils, whereas in neutral and alkaline soils and soils with low organic matter content,
iron oxides and clay minerals are more important. The predominance of organic material
as a sorbent for Hg is due to its S-containing functional groups, to which Hg has high
affinity for (Schuster 1991). Methyl-Hg is less strongly bound to soil than Hg2+ (Gabriel and
Williamson 2004). Due to the strong binding to soil constituents, Hg concentrations in
soil solution are often low (Schuster 1991, Kabata-Pendias 2010), about 2.5 µg/l (KabataPendias 2010). However, Cl- ions in soil solution decrease Hg sorption due to formation
of highly stable Hg-Cl complexes that are quite poorly sorbed (Schuster 1991, Gabriel
and Wiliamson 2004, Kabata-Pendias 2010). Therefore, leaching is possible when Clconcentrations are increased and/or pH decreased, although in general Hg leaching from
topsoil is generally insignificant (Schuster 1991, Gabriel and Williamson 2004). Leaching
becomes more probable in acidic soils with low organic matter content (Schuster 1991).
Transformation of organomercury compounds (especially methylation) is the most
important step in Hg cycling in the environment, due to bioavailability of methyl-Hg
(Kabata-Pendias 2010). Hg methylation by different bacteria and fungi occurs in both
anaerobic and aerobic conditions in soils (Gabriel and Williamson 2004, Kabata-Pendias
2010), but it can also happen abiotically (Kabata-Pendias 2010). According to KabataPendias (2010) organic matter can either enhance or reduce methylation. Labile methyl
groups can be released from organic matter and form organomercury molecules, but
organic matter has also been reported to convert organic Hg and Hg2+ ions to the
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elemental Hg. However, demethylation (abiotic or biotic) is much slower process than
methylation (Kabata-Pendias 2010).
Reduction of Hg2+ to Hg0 is also an environmentally important process due to the Hg0
volatilization (Gabriel and Williamson 2004). In general, reduction occurs under reducing
conditions abiotically (e.g. Fe2+ and humic and fulvic compounds as reductants) or
biotically (Gabriel and Williamson 2004). According to Gabriel and Williamson (2004)
availability of electron donors, low redox potential and sunlight intensity are some of
the most important factors affecting the abiotic reduction intensity. Furthermore, Hg
adsorption decreases the readiness for biological transformations because bound Hg
is less available for reduction (Gabriel and Williamsson 2004). In general, Hg reduction
and evaporation decrease with increasing organic matter and Cl- content (Gabriel and
Williamsson 2004). Also decreased moisture content reduces Hg reduction (Gabriel and
Williamsson 2004). The volatilization of Hg0 is influenced mainly by soil structure, sorption
and the temperatures of air and soil (Gabriel and Williamson 2004).
In general, Hg availability to plants is low due to the strong binding to the soil constituents
(Patra and Sharma 2000). Therefore mainly the same factors (e.g. organic matter and oxide
content) that affect Hg sorption in the soil, affect the plant uptake (Patra and Sharma
2000). Often concentrations in plants increase together with increased Hg concentrations
in soil, but also specific local soil conditions influence accumulation of Hg in plants
(Kabata-Pendias 2010). In addition to the soil factors, plants differ in their ability to take up
Hg (Kabata-Pendias and Mukherjee 2007, Kabata-Pendias 2010) and some plant species
(e.g. lichens, carrots, lettuce) tend to take up more Hg than others (Kabata-Pendias and
Mukherjee 2007). Some plants are also more sensitive to Hg than others (Kabata-Pendias
and Mukherhee 2007, Kabata-Pendias 2010), as example sugar beets, corn and roses are
the most sensitive plants (Kabata-Pendias and Mukherjee 2007). Within the plant, Hg is
translocated between various plant tissues, although it is strongly bound to amino acids
in many proteins and enzymes (Kabata-Pendias 2010). Plants can also take up Hg0 from
the atmosphere (Kabata-Pendias and Mukherjee 2007, Kabata-Pendias 2010). In plant,
the airborne Hg0 is converted into Hg2+ and translocated within the plant so that most
of it is located in leafy parts of plants (Kabata-Pendias and Mukherjee 2007). When taken
up from soil, Hg tends to accumulate in roots (Patra and Sharma 2000). As for the organic
Hg compounds, those having a relatively small degree of dissociation and adsorbability
(e.g. methylated Hg), are taken up readily by plants (Kabata-Pendias 2010). The most toxic
Hg species to plants are volatile Hg0 and methylated Hg forms (Kanata-Pendias 2010). Hg
toxicity symptoms are severe stunting of seedlings and roots, leaf chlorosis, browning of
leaf points, inhibition of photosynthesis and K uptake, which results to yield reductions
(Kabata-Pendias and Mukherjee 2007, Kabata-Pendias 2010). According to Kabata-Pendias
(2010) the high affinity to Hg of sulfhydryl groups is the main reason for the metabolic
disruptions in plants caused by Hg.
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6.2 Environmental exposure to Hg
Mass balance for Hg in Finnish agricultural fields has been calculated by Mäkelä-Kurtto et
al. (2007c). In their study, data were collected from different sources and Hg concentrations
were measured from soil, plants and manure.
In this assessment, mass balance calculations were done by the methodology used with
cadmium (see 3.2 Environmental exposure to Cd) and used parameters are listed in Table
18. Soil total concentration was based on aqua regia extractions by Mäkelä-Kurtto et al.
(2007b). Hg input was summed from fertilization, deposition and liming. Annual liming
demand was set to 400 kg/ha (http://www.farmit.net/kasvinviljely/kalkitus-ja-maanparannus/kalkitussanastoa) and Hg concentration in liming materials, 0.01 mg/kg, was taken
from Mäkelä-Kurtto et al. (2007c). Deposition was set to 0.052 g/ha (Kyllönen et al. 2012).
Fertilizer rate was based on the current recommended P rate for spring wheat, 10 P kg/ha.
With the average fertilizer P-concentrations (3.2%) reported in Mäkelä-Kurtto et al (2007c)
this means that fertilizer rate of 310 kg/ha leads to 10 P kg/ha.
Following calculations were done:
1. The current dose of Hg from the commonly used mineral fertilizers
in Finland was calculated according to average Hg concentrations,
0.01 mg/kg DM, reported in Mäkelä-Kurtto et al. (2007c). Hg
concentration against NP content of fertilizers averaged to 0.40
mg/kg P and 0.07 mg/kg N.
2. The current maximum dose of Hg was calculated according to the
maximum allowed Hg concentration in fertilizers based on Finnish
law of fertilizer products, 1.0 mg/kg DM.
3. Third possible dose of Hg was calculated according to the EU
legislation proposal, where maximum 2.0 mg/kg DM is accepted for
mineral fertilizers.
The output of Hg was summed from uptake in harvested yield and losses via leaching and
eroded soil material. Calculation was done for 100 years, using spring wheat as the crop.
Plant uptake in harvested organ was based on soil-plant transfer coefficient (SPTC):

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑢𝑢𝑢𝑢𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑌𝑌𝑌𝑌 × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

Where Cplant is the total Hg concentration in harvested plant organ per dry matter and
Csoil is the aqua regia extractable Hg concentration in 0 – 20 cm top layer of the soil. Yield
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level was set to the average yield during 2010 – 2014. Transfer coefficient from soil to
wheat grains was taken from the results reported by Sheppard (2011).
Leaching was based on distribution coefficient (Kd), which shows the relationship between
the the total (Csoil, aqua regia or HNO3/HF extractable) concentration in soil and concentration
in soil pore water (Cwater). Kd-values for Hg were found from the study of Sheppard et al. 2011
in Sweden, where the Kd value of glacial clay with 10% organic matter content and 35 % clay
content was selected. They had extracted total Hg with HNO3/HCl/HF solution.

𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿ℎ𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
Annual runoff was set as 200 mm that was used in previous Cd mass balance calculations
(Finnish Environment Institute 2000) and annual erosion based on the same source to 500
kg/ha. The amount of eroded element was calculated:

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶 × 𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑒𝑒𝑒𝑒𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
Table 18. Parameters used in the mass balance calculations of Hg.
Model parameters

Source

Soil concentration, mg Hg/kg

0.047

Mäkelä-Kurtto et al. 2007b, Table 1

Deposition, g Hg/ha/a

0.052

Kyllönen et al. 2012

Liming kg/ha/a

400

Recommended liming rate

Concentration in liming materials, mg Hg/kg

0.01

Mäkelä-Kurtto et al. 2007c, Table 17

310

10 P kg/ha, and 3.2 % P concentration

Fertilizer rate, kg/ha
Transfer function, plant/soil

0.025

Sheppard et al. 2011 Table 3 – 7

Yield kg/ha, 14% moisture

3750

Finnish agricultural statistics 2010 – 2014

Kd

3000

Sheppard et al. 2011. Table 3 – 3

Annual runoff, m3/ha

2000

Finnish Environment Institute 2000

Annual erosion, kg/ha

500

Finnish Environment Institute 2000

After running the model calculations for 100 years using a code programmed by SAS
statistical package, following output values were reported: Hg concentration in soil water,
annual Hg leaching and erosion, Hg concentration in yield and annual Hg uptake in yield,
soil Hg concentration and annual Hg balance.
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Table 19. The effect of Hg concentrations in fertilizers on Hg concentrations in soil water, yield and soil, and on
leaching, erosion, yield uptake and annual balance of Hg in 100-years mass balance calculations.
mg Hg/ kg
fert. DM

Year

Soil water
µg/l

Leached
g/ha/a

Eroded
g/ha/a

Yield
µg/kg DM

Yield
uptake
g/ha/a

Soil
mg/kg

Annual
balance
g/ha

0.01

1

0.016

0.031

0.024

1.18

0.004

0.047

0.005

100

0.016

0.032

0.024

1.18

0.004

0.047

0.005

1
2

1

0.016

0.031

0.024

1.18

0.004

0.047

0.311

100

0.021

0.041

0.031

1.55

0.005

0.062

0.294

1

0.016

0.032

0.024

1.18

0.004

0.047

0.621

100

0.026

0.051

0.039

1.92

0.006

0.077

0.586

In the 100-year time scale, the current realization of Hg inputs would lead to small positive
Hg balance and the change in the amounts of Hg leached, eroded and taken up by the
crop would be minimal (Table 19). All the other scenarios with higher Hg inputs generate
a positive Hg balance. Using the current maximum level of Hg input (1 mg/kg fertilizer)
the environmental loading (Hg leached and eroded) and Hg concentrations in crop yields
would increase around 32% from the level of the current realization. With the Hg inputs
allowed in the EU proposal, the corresponding increases would be clearly higher, 64 %.

6.3 Risk assessment on Hg at increased levels of exposure
Mercury is found in nature both as inorganic compounds and as organic compounds.
Organic mercury is the main form in fish and seafood, but it is hardly found in other foods.
These different forms have different toxic effects in the human body. Inorganic Hg is less
toxic than organic Hg species, especially methylmercury. Inorganic Hg is most toxic to
the kidney while methyl mercury is a strong neurotoxicant and also may cause premature
delivery or other reproductive system effects, and developmental immunotoxicity (EFSA
2012c). Inorganic Hg also affects the nervous system, although less strongly than the
organic form. Methyl mercury has also been linked to cardiovascular toxicity.
US EPA has determined a safe reference dose for methyl mercury: 0.1 µg/kg bw/day. JECFA
has set a provisional tolerable weekly intake value for methyl mercury at 1.6 µg/kg bw/
week and EFSA at 1.3 µg/kg bw/week. For inorganic mercury EFSA and JECFA have set the
same tolerable weekly intake value: 4 µg/kg bw/week expressed as Hg. (EFSA 2012c) The
guidance values of methyl mercury have been determined on the basis of neurological
effects (mainly cohort studies of humans) and that of inorganic mercury on the basis of
kidney effects (in animal tests).
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Ecotoxicity of Hg depends highly on its chemical form, the organic compounds being
more toxic than the inorganic species (e.g. Ullrich et al. 2001). Boening (2000) presents
the following concentration levels for detrimental effects induced by Hg: harmful effects
to microorganisms in culture medium at 5 µg/l of inorganic Hg and 0.5 µg/l of organoHg compounds, no-observed-effect-level for freshwater microorganisms 1–50 µg/l
inorganic Hg and 10-100 times less for organo-Hg compounds, for aquatic plants 1
mg/l for inorganic Hg and 10-100 less for organic Hg. As for fish, lethal responses occur
in freshwater fish kept in static conditions at Hg concentrations exceeding 30 µg/l, and
in sensitive aquatic invertebrates, acute toxicity is caused at Hg levels of 1–10 µg/l of
inorganic Hg and less than 0.04 µg/l for methyl-Hg. Aquatic organisms readily accumulate
Hg and it tends to enrich in the food chain. For terrestrial organisms, Hg is likewise toxic
affecting e.g. microbial degradation (Patra and Sharma 2000). The absorption of Hg from
soil by plants is restricted and terrestrial plants are rather insensitive to Hg (Boening 2000).

6.3.1 Estimates of dietary intake and its sources
According to Varo and Koivistoinen (1980) the average daily supply of Hg from Finnish
foods was 5.7 µg, of which over 60% was derived from fish.
In 2012 EFSA estimated the dietary exposure of European consumers to mercury and
methylmercury. In the estimation, relative amounts of inorganic and organic mercury
were for the most part estimated as most of the concentration data was available as total
mercury. The high-intake consumer groups had methyl mercury exposure at the levels of
the TWI (1.3 µg/kg bw/week, based on developmental neurotoxicity), and consumers who
eat plenty of fish in Europe may exceed the TWI up to approximately six-fold.
Methyl mercury is mainly found in fish and seafood, and the main component in other
food groups is the less toxic inorganic mercury. In the EFSA 2012c estimate, the exposure
of Finnish children and adults to inorganic mercury was above the EU median for the 95th
percentile of exposure, but the estimated exposure to inorganic mercury from dietary
sources does not exceed the TWI (4.0 µg/kg bw/week, based on kidney damage).
According to a recent national risk assessment (Suomi et al. 2015) on the dietary heavy
metal intake of Finnish children, the main sources of inorganic mercury exposure
were foods for which there were no national concentration data available and mean
values reported in the EFSA risk assessment were used instead. The main sources were
vegetables, meat and beverages. Also in the national risk assessment, the mercury
exposure levels were clearly below the TWI. The 95th percentile of exposure to inorganic
mercury was 1.4 µg/kg bw/week for 1-year-old children, and that of older children was still
lower.
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Effect of change in the Hg concentrations during 100 years
The effect on total dietary exposure of Finnish children was estimated on the assumptions
that only the concentration in cereals would change and all other sources of exposure,
but otherwise consumption habits would remain unchanged. Comparison was made with
the total dietary exposure (including exposure from drinking water) of 3-year-old Finnish
children (calculated in Suomi et al., 2015).
Mercury content in most Finnish cereals, including wheat, is currently below the limit
of detection. For this reason it is impossible to estimate the effect of an increase in the
Hg content by 64%, as calculated from Hg concentration based on the EU proposal. It is
likely that this increase would lead to concentrations above the LOD, but their value and
distribution are unknown. With the currently available data, an increase of 64% in the Hg
content of cereals corresponds to an increase of 2% to the total dietary exposure. The true
value would likely be higher, due to the contribution from e.g. wheat.

6.3.2 Estimated maximum acceptable annual load of Hg to a field hectare in
Finland
In estimating the maximum acceptable load of a harmful element, degradation of the soil
by accumulation of the element, degradation of the environment by increased loading of
the element via leaching and erosion and impacts on human health via increased dietary
exposure to the element need to be considered. Overall, any increases in these values can
be regarded negative. As for Hg, annual inputs exceeding circa 60 mg Hg/ha from mineral
fertilizers, liming and deposition lead to increased amounts of Hg leached, eroded and
taken up by the crop. Again to the high proportion of acceptable Hg from deposition,
only the low Hg concentrations of local fertilizers (Mäkelä-Kurtto et al. 2007c) keep the Hg
balance close to zero.
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7 Nickel (Ni)
7.1

Occurrence and behavior in the environment

Ni occurs in nature in oxidation states of +1, +2 and +3, Ni2+ being the predominant form
in soils (Koljonen et al. 1992). It has five naturally occurring isotopes (58Ni, 60Ni, 61Ni, 62Ni,
64
Ni), of which 58Ni and 60Ni are the most abundant ones (Reimann et al. 2014f ). Ni is both
chalcophilic and siderophilic thus it has great affinity to iron and sulphur (Kabata-Pendias
2010). Ni occurs in several minerals like nickeline (NiAs), ullmannite (NiSbS), kullerudite
(NiSe2), gersdorffite (NiAsS), millerite (NiS) and pentlandite ((Fe, Ni)9S8) (Reimann et al.
2014f ). Furthermore, it is present as an accessory element in many common minerals (e.g.
olivine, mica) and its concentrations in the common sulphide minerals (e.g. galena) can be
substantial (Reimann et al. 2014f ). In soils, Ni is largely originated from the parent material,
the primary anthropogenic sources being mining and smelting and combustion of coal
and oil products (Kabata-Pendias 2010, Reimann et al. 2014f ). Related to agricultural soils,
phosphorus fertilizers can also contain Ni (Nziguheba and Smolders 2008). In Finland,
atmospheric emissions have decreased significantly with time. According to Finnish
Environment Institute (2014) the atmospheric emissions of Ni have reduced from 63 t to
19 t during the period of 1990 – 2012. In 2012 the main sources were energy production
and industrial processes (Finnish Environment Institute 2014).
Mean Ni concentrations in different countries in uncontaminated soils have reported to vary
between 13 to 37 mg/kg (Kabata-Pendias 2010). In Finland, mean total concentration in till is
27.2 ± 19 ppm (median 24.1 ppm), concentrations being higher in northern Finland due to
geological reasons (Koljonen et al. 1992). According to Mäkelä-Kurtto et al. (2007b) average
Ni concentration (aqua regia extraction) in Finnish cultivated soils (n=338) is 13.8 mg/kg
DM, concentrations varying between 1.2 and 46.4 mg/kg DM, according to region and soil
type. Ni concentrations were two times higher in clay soils (28 mg/kg DM) than in coarsetextured mineral soils (11.4 mg/kg DM) or in organic soils (10.9 mg/kg DM). Regionally the
highest concentrations were found in southwestern, eastern and northern parts of Finland,
which reflects roughly the regional variation of till (Koljonen et al. 1992). According to
Tarvainen and Kuusisto (1999) Ni concentrations don’t vary significantly between top- and
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subsoil, median concentrations being 8.08 and 10.6 mg/kg, respectively. Compared to the
other Nordic countries, Ni concentrations in Finnish agricultural soils are at the same level
(Reimann et al. 2014f). According to Reimann et al. (2014f) Ni concentrations (aqua regia)
are much lower in northern Europe (median 8.2 mg/kg) than in southern Europe (median
21 mg/kg) due to geological reasons. At the continental level, Ni concentrations vary greatly
between different countries as concentrations in the plough layer (n=2108) range from <0.1
to 2475 mg/kg and in the topsoil of grazing lands (0–10 cm, n=2024) from 0.28 to 2466 mg/
kg. Medians for both types of agricultural soils are ca. 15 mg/kg.
The natural background concentrations of Ni in Finnish surface waters are low, the average
and median being 1.17 µg/l and 0.44 µg/l (n=1812), respectively (Kohijoki 2013). The
concentrations vary between 0 – 135 µg/l and are mainly under the environmental quality
standard limit in EU’s water framework directive (Kohijoki 2013). According to Kohijoki
(2013), the highest Ni concentrations result from geology and soil conditions. Also in
Finnish drinking water, Ni concentrations are mainly quite low, median concentrations
being between 0.4 and 10 µg/l (Ahonen et al. 2008). However, concentrations exceeding
the safe concentration limit (20 µg/l) set by the Ministry of Social Affairs and Health have
been detected (STM 2000, 2001). According to Lahermo et al. (2002) median and mean
concentrations, respectively, were 0.84 and 0.60 µg/l in dug wells (n=739), and 3.3 and 1.8
µg/l in drilled bedrock wells (n=263). The maximum values for dug and drilled bedrock
wells were 277 and 67.5 µg/l, respectively. Only in 2.2 % of measured concentrations in
dug wells and 1.1 % of drilled bedrock wells exceeded the safe concentration limit (20
µg/l). In most cases, high Ni concentrations are a consequence of technical appliances
used in the wells, although the geological conditions are also an important Ni source in
ground waters (Lahermo et al. 2002).
As with other heavy metals, the solubility and bioavailability of Ni depends on various soil
factors like soil pH and type, redox-conditions, cation exchange capacity and amount of
organic matter and metal oxides (e.g. Kabata-Pendias 2010). The solubility of Ni is very low,
when pH is over 6, but increases in acidic conditions (e.g. MacBride 1994, Siebielec and
Chaney 2006). Below pH 6, Ni is adsorbed electrostatically by the negatively charged soil
constituents (e.g. clays and metal hydroxides), whereas at higher pH values Ni is sorbed
more strongly (i.e. chemisorbed) on oxides, noncrystalline aluminosilicates and clays (e.g.
McBride 1994). According to Reimann et al. (2014f ) Ni is highly mobile under acidic and
oxidizing conditions whereas under reducing environment it can form insoluble sulphides,
restricting its mobility. On the other hand, Fe and Mn oxides are reduced in reducing
conditions thus enhancing the solubility of Ni. Furthermore, organic matter can have either
negative or positive effect on Ni availability. Organic matter provides sorption sites, on
one hand, but it can also mobilize Ni depending on the organic ligand on the other hand
(e.g. McBride 1994). For example, sludge applications have usually found to increase the
mobility of Ni in soils mainly because of the complexation with dissolved organic matter
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(Kabata-Pendias 2010). Ni can occur in soil solution as Ni2+, NiOH+, HNiO2-, Ni(OH)3- and in
complex compounds like Ni(OH)20 and NiSO40 (Kabata-Pendias 2010 and references therein).
The easily soluble, AAAc-EDTA extractable concentrations of Ni in the 20-cm surface layer
of cultivated soils in Finland have been followed in the national soil survey since 1974
(Sippola and Tares 1978). In the north, the mean easily soluble Ni concentrations have
begun to increase over the last decade (Figure 4a). In other parts of Finland, the trends in
soil Ni depend on the region and soil type (Fig 4 b–d). In clay soils, no significant changes
can be seen in the easily soluble Ni. In the fine and coarse mineral soils of the south, the
Ni concentrations have started to decrease after a slightly increasing trend. The organic
soils of the south show an opposite trend, though the number of samples is very low.
In the east, soil Ni concentrations have increased in mull and coarse mineral soils, but
show no significant changes in other soil types. In the west, the soil Ni concentrations are
increasing except for the clay soils.
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Figure 4. AAAc-EDTA extractable Ni in the 20-cm surface layer of cultivated fine and coarse mineral soils, clay,
mull, and peat soils in north (a), south (b), east (c), and west (d) Finland. The graphs show estimated mean
concentrations with 95% confidence intervals.
Regional examination of the AAAc-EDTA extractable concentrations of Ni analyzed from
the most recent sampling of the Finnish national survey of cultivated soils shows no
consistent differences between south, east, west and north Finland (Table 20). The mean
soluble Ni concentrations range between 0.6 mg/l in coarse mineral soils and 2.6 mg/l
found in clay soils.
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Table 20. Easily soluble (AAAc-EDTA extractable) Ni concentrations (mg/l soil) in five soil types and four geographical
regions of Finland. The data is from the latest sampling campaign of the Finnish national soil survey conducted in
2009. The figures are mean estimates ± standard error. The number of samples (n) are shown in italics.
Fine mineral soils
Coarse mineral soils
Clay soils
Mull soils
Peat soils

South

East

West

North

0.7 ± 0.0

0.7 ± 0.1

1.0 ± 0.1

0.8 ±0.1

n = 67

n = 41

n = 46

n = 16

0.6 ± 0.0

0.6 ± 0.0

0.6 ± 0.0

0.7 ± 0.1

n = 24

n = 34

n = 66

n = 49

1.7 ± 0.1

1.2 ± 0.1

2.6 ± 0.8

n = 81

n = 22

n=3

n=0

2.4 ± 0.4

2.4 ± 0.3

1.6 ± 0.2

1.6 ± 0.5

n=7

n = 15

n = 15

n=2

2.0 ± 0.4

1.3 ± 0.2

1.5 ± 0.2

0.8 ± 0.1

n=5

n=7

n = 17

n=9

As discussed above, several soil factors (e.g. pH, soil type, redox state) control the solubility
and thus phytoavailability of Ni to plants. Furthermore, origin and species of Ni and plant
species have an effect on phytoavailability (Sauerbeck and Hein 1991, Kabata-Pendias
2010). In addition, total content of Ni in soils affects the accumulation of Ni into plants
(Hooda et al. 1997). However, among the soil factors, pH is considered to be the most
significant factor related to the Ni phytoavailability (Hooda et al. 1997, Kabata-Pendias
2010). Because increasing the soil pH reduces the solubility of Ni in soils, liming can
decrease Ni concentrations in plants (e.g. Siebielec and Chaney 2006), but this is not always
the case. For example in the study of Hooda et al. (1997) liming soils to pH 7 decreased
Ni amounts in carrots and spinach but liming to pH 6.5 had no effect on wheat grains.
However, phytoavailability is greater in coarse-textured acidic soils than in clayey textured
soils with neutral pH values (Hooda et al. 1997). In general, plants take up Ni very easily
from soil thus causing potential environmental and health risks (Kabata-Pendias and
Mukherjee 2007). Ni2+ is thought to be absorbed more readily than its complexes, and Ni2+
is also more toxic (Kabata-Pendias 2010). When absorbed to plants, Ni is very mobile and
it accumulates in both leaves and seeds (Kabata-Pendias and Mukherjee 2007, KabataPendias 2010). According to Sauerbeck and Hein (1991) and Lübben and Sauerbeck (1991)
Ni concentrations are higher in the reproductive than in the vegetative plant parts, highest
concentrations being found in plant roots. Like in the case of other heavy metals, sensitivity
for Ni concentrations range widely among plant species and cultivars, some of the plants
being capable to hyperaccumulate Ni (e.g. Sauerbeck and Hein 1991, Kabata-Pendias and
Mukherjee 2007, Kabata-Pendias 2010). According to the review of Kabata-Pendias (2010)
the most common Ni phytotoxicity symptom is Fe-induced chlorosis but also gray-green
leaves, brown and stunted roots and restricted plant growth can appear especially in cereals
which are sensitive to Ni. Elevated Ni concentrations can cause Fe deficiency because Ni
inhibits the translocation of Fe from roots to shoots. According to Kabata-Pendias (2010)
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Ni concentrations of 1–10 mg/kg in mature leaf tissue are tolerable in agronomic crops,
whereas concentrations above that are excessive or toxic in most plants.

7.2 Environmental exposure to Ni
Mass balance for Ni in Finnish agricultural fields has been calculated by Mäkelä-Kurtto et
al. (2007c). In their study, data were collected from different sources and Ni concentrations
were measured from soil, crop plants and manure.
In this assessment, mass balance calculations were done by the methodology used with
cadmium (see 3.2 Environmental exposure to Cd) and used parameters are listed in Table 21.
Soil total concentration was based on aqua regia extractions by Mäkelä-Kurtto et al. (2007b).
Ni input was summed from fertilization, deposition and liming. Annual liming demand was set
to 400 kg/ha (http://www.farmit.net/kasvinviljely/kalkitus-ja-maanparannus/kalkitussanastoa)
and Ni concentration in liming materials, 8.3 mg/kg, was taken from Mäkelä-Kurtto et al.
(2007b). Deposition was set to 14 g/ha (Mäkelä-Kurtto et al. 2007c). Fertilizer rate was
based on the current recommended P rate for spring wheat, 10 P kg/ha. With the average
fertilizer P-concentrations (3.2%) reported in Mäkelä-Kurtto et al (2007c), which means that a
fertilizer rate of 310 kg/ha leads to 10 P kg/ha.
Following calculations were done:
1. The current dose of Ni from the commonly used mineral fertilizers
in Finland was calculated according to average Ni concentrations,
1 mg/kg DM, reported in Mäkelä-Kurtto et al. (2007c). Ni
concentration against NP content of fertilizers averaged to 68 mg/
kg P and 11 mg/kg N.
2. The current maximum dose of Ni was calculated according to the
maximum allowed Ni concentration in fertilizers based on Finnish
law of fertilizer products, 100 mg/kg DM.
3. Third possible dose of Ni was calculated according to the EU
legislation proposal, where maximum 120 mg/kg DM is accepted for
mineral fertilizers.
The output of Ni was summed from uptake in harvested yield and losses via leaching and
eroded soil material. Calculation was done for 100 years, using spring wheat as the crop.
Plant uptake in harvested organ was based on soil-plant transfer coefficient (SPTC):
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𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑢𝑢𝑢𝑢𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑌𝑌𝑌𝑌 × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

Where Cplant is the total Ni concentration in harvested plant organ per dry matter and Csoil
is the aqua regia extractable Ni concentration per dry matter in 0 – 20 cm top layer of the
soil (Mäkelä-Kurtto et al. 2007a). Yield level was set to the average yield during 2010–2014.
Transfer coefficient from soil to wheat grains was taken from the results reported by Mäkelä-Kurtto et al. (2007a).
Leaching was based on distribution coefficient (Kd), which shows the relationship between
the total (Csoil, aqua regia or HNO3/HF extractable) concentration in soil and the concentration
in soil pore water (Cwater). Kd-values for Ni were found from the study of Sheppard et al. 2011
in Sweden, where the Kd value of glacial clay with 10% organic matter content and 35 % clay
content was selected. They had extracted total Ni with HNO3/HCl/HF solution.

𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿ℎ𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

Annual runoff was set as 200 mm that was used in previous Cd mass balance calculations
(Finnish Environment Institute 2000) and annual erosion set to 500 kg/ha (Finnish
Environment Institute 2000). The amount of eroded element was calculated:

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶 × 𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑒𝑒𝑒𝑒𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

Table 21. Parameters used in the mass balance calculations of Ni.
Model parameters
Soil concentration, mg Ni/kg

Source
14

Mäkelä-Kurtto et al. 2007b, Table 1

Deposition, g Ni/ha/a

1.63

Mäkelä-Kurtto et al. 2007c, Table 40

Liming kg/ha/a

400

Recommended liming rate

Ni concentration in liming materials, mg Ni /kg

8.3

Mäkelä-Kurtto et al. 2007c, Table 17

Fertilizer rate, kg/ha

310

10 kg P/ha, and 3.2 % P concentration

Transfer function, plant/soil

0.008

Mäkelä-Kurtto et al. (2007a), Table 60

Yield kg/ha, 14% moisture

3750

Finnish agricultural statistics 2010 – 2014

Kd

1500

Sheppard et al. 2011. Table 3 – 3

Annual runoff, m3/ha

2000

Finnish Environment Institute 2000

Annual erosion, kg/ha

500

Finnish Environment Institute 2000
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After running the model calculations for 100 years using a code programmed by SAS
statistical package, following output values were reported: Ni concentration in soil water,
annual Ni leaching and erosion, Ni concentration in yield and annual Ni uptake in yield,
soil Ni concentration and annual Ni balance.

Table 22. The effect of Ni concentrations in fertilizers on Ni concentrations in soil water, yield and soil, and on
leaching, erosion, yield uptake and annual balance of Ni in 100-years mass balance calculations.
mg Ni/ kg
fert. DM

Year

Soil water
µg/l

Leached
g/ha/a

Eroded
g/ha/a

Yield
µg/kg DM

Yield
uptake
g/ha/a

Soil
mg/kg

Annual
balance
g/ha

1

1

9.33

18.7

7.00

112

0.36

14.0

-20.4

100

8.69

17.4

6.52

104

0.34

13.0

-18.6

100
120

1

9.34

18.7

7.01

112

0.36

14.0

9.79

100

9.65

19.3

7.24

116

0.37

14.5

8.93

1

9.35

18.7

7.01

112

0.36

14.0

16.0

100

9.85

19.7

7.39

118

0.38

14.8

14.6

In the 100-year time scale, the current realization of Ni inputs would lead to negative
Ni balance and the change in the amounts of Ni leached, eroded and taken up by the
crop would decrease 6.9 % (Table 22). In the other scenarios, high Ni inputs generate a
positive Ni balance. Using the current maximum level of Ni input (100 mg/kg fertilizer)
the environmental loading (Ni leached and eroded) and Ni concentrations in crop yields
would slightly increase and would be 3.4% higher compared to the level of the current
realization. With the Ni inputs allowed in the EU proposal, the corresponding increases
would be slightly higher, by 5.5 %.

7.3 Risk assessment on Ni at increased levels of exposure
Nickel can cause contact dermatitis. Additional health effects for workers exposed to Ni
are nephrotoxic effects and increase of cancer risk, even though WHO considered that
there is little or no detectable risk in most sectors of the Ni industry at current exposure
level (WHO 1991). Even though Ni compounds are classified as carcinogenic to humans
(IARC 2012) through pulmonary exposure, oral exposure has not been shown to be
carcinogenic to test animals. Intake of Ni via the gastrointestinal tract can be high, and
the estimated average daily dietary intake of Ni was estimated to be around 200 µg (WHO
1991), corresponding to ca. 2.9 µg/kg bw/day for a person weighing 70 kg. High dietary
intake of Ni increases its elimination.
Even though Ni is essential for many species of microorganisms, plants and vertebrates,
excess Ni causes physiological alterations and diverse toxicity symptoms. An extensive
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risk assessment on Ni has been compiled in the EU (ECB 2008). The predicted no-effect
concentration values in EU soils vary from 4.3 to 96.2 mg Ni/kg (NiPERA 2015). For surface
waters, an Environmental Quality Standard value of 4 µg bioavailable Ni/l has been
proposed to replace the current level of 20 µg total Ni/l (NiPERA 2014).
EFSA (2015) has estimated a tolerable daily intake value of 2.8 µg/kg bw/day for nickel
based on a concentration causing a 10% increase in post-implantation fetal loss in rat tests
and a safety factor of 100. Also other studies link nickel exposure to damage to fetus or
to genital damage in animals. An acute reference dose for short-term exposure, 1.1 µg/kg
bw/day, was determined based on systemic contact dermatitis after dietary exposure in
nickel sensitive humans (EFSA 2015). For nickel sensitive individuals, a margin of exposure
of 10 (i.e., nickel exposure 0.11 µg/kg bw/day or less) corresponds to an insignificant
health risk, according to the EFSA experts. The prevalence of allergic contact dermatitis
can be as high as 15% of the population, and it is often undiagnosed. With the current
estimates of dietary exposure in Europe, it is possible that some individuals can have
eczematous flare-up skin reactions from dietary nickel (EFSA 2015).

7.3.1 Estimates of dietary intake and its sources
Varo and Koivistoinen (1980) reported an average daily supply of 130 µg Ni from Finnish
foods. Majority of the Ni supply deriving from cereals (46%) and vegetable foods (33 %).
The exposure of Finnish adults was estimated to be 2.4 to 3.0 µg/kg bw/day at population
mean level and 4.5 to 5.4 µg/kg bw/day at 95th percentile of exposure (EFSA 2015). Even
the population mean level can exceed the tolerable daily intake (2.8 µg/kg bw/day) and
will exceed the reference dose for contact dermatitis (1.1 µg/kg bw/day). Vegetarians were
estimated to have a slightly higher nickel exposure than non-vegetarians, although the
estimate was based on less than 60 individuals.

7.3.2 Estimated maximum acceptable annual load of Ni to a field hectare in
Finland
In estimating the maximum acceptable load of a harmful element, degradation of the soil
by accumulation of the element, degradation of the environment by increased loading of
the element via leaching and erosion and impacts on human health via increased dietary
exposure to the element need to be considered. Overall, any increases in these values can
be regarded negative. As for Ni, annual inputs of roughly 34 g/ha from mineral fertilizers,
liming and deposition increase the amounts of Ni leached, eroded and taken up by the
crop only slightly. This input level is reached with the current limit of Finnish Fertilizer
product act, 100 mg/kg. Ni balance would be close to zero, when Ni limit is 70 mg/kg
fertilizer.
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Appendix 1. Mass balance calculations for Cu an Zn
Similar mass balance calculation for wheat in 100-year rotation was conducted for Cu and
Zn comparable to other heavy metals. The parameters used are shown in table A1 and
results for Cu in table A2 and for Zn in table A3.

Table A1. Parameters used in the mass balance calculations of Cu and Zn.
Model parameters

Cu

Zn

Reference

Soil concentration, mg/kg

21

55

Mäkelä-Kurtto et al. 2007b, Table 1

Deposition, g/ha/a

5.54

26.6

Mäkelä-Kurtto et al. 2007c, Table 40

Liming kg/ha/a

400

400

Recommended liming rate

Concentration in liming materials, mg/kg

3.5

23.0

Mäkelä-Kurtto et al. 2007c, Table 17

Fertilizer rate, kg/ha

310

310

10 P kg/ha and 3.2 % P concentration

Transfer function, plant/soil

0.23

0.24

Median from Mäkelä-Kurtto et al. 2007a,
Tables 39 and 58

6

285

Mäkelä-Kurtto et al. 2007c, Table 13

Suggested content in the prepared EU legislation,
mg/kg

600

1500

Finnish law of fertilizer products and the
proposal of fertilizing products

Yield kg/ha, 14% moisture

3750

3750

Finnish agricultural statistics 2010-2014

Kd

650

6000

Cu: Lahdenperä 2014;
Zn: Sheppard et al. 2011, Table 3-3.

Annual runoff, m3/h

2000

2000

Finnish Environment Institute 2000

Annual erosion, kg/ha

500

500

Finnish Environment Institute 2000

Content of mineral fertilizers in Finland, mg/kg

Table A2. Output values for 100-years mass balance calculations of Cu.
mg Cu/
kg fert. DM

Year

Soil water
µg/l

Leached
g/ha/a

Eroded
g/ha/a

Yield
µg/kg DM

Yield uptake
g/ha/a

Soil
mg/kg

Annual
balance
g/ha

6

1

32.3

64.6

10.5

4830

18.1

21.0

-84.2

100

26.6

53.1

8.63

3969

14.9

17.2

-67.6

1

32.5

64.9

10.6

4851

18.2

21.1

98.9

100

39.2

78.4

12.8

5863

22.0

25.4

79.4

600

Table A3. Output values for 100-years mass balance calculations of Zn.
mg Zn/
kg fert.
DM

Year

Soil water
µg/l

Leached
g/ha/a

Eroded
g/ha/a

Yield
µg/kg DM

Yield
uptake
g/ha/a

Soil
mg/kg

Annual
balance
g/ha

285

1

9.17

18.4

27.5

13209.

49.5

55.0

15.0

100

9.29

18.6

27.9

13380

50.2

55.7

13.8

1500

1

9.21

18.4

27.6

13256

49.7

55.2

404

100

12.40

24.8

37.2

17858.7

67.0

74.4

371
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