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1 INTRODUCTION 
1.1. Background 

 

Heavy metals are a large group of elements that have traditionally been defined as having 

a density of more than five times that of water (Naja & Volesky 2009). They include 

metals of the transition and rare earth element series, and of a heterogenous array of 

metals and metalloids in a categorical “lead-group” (Appenroth 2010). Heavy metals have 

varying biological roles, as some of them are essential to both plant and animal life in 

trace amounts, while others are harmful even at small concentrations (Sharma & Agraval 

2005). The distribution of heavy metals in the environment varies widely by location and 

is controlled e.g. by the geochemical composition of the bedrock, of the transport of 

glacial, alluvial, and aeolian sediments, and of various human activities (Garrett 2000). 

After they have been weathered from the bedrock and ended up in the soil parent material, 

chemical weathering can result in the release of heavy metals to groundwater and soil 

water, from where they are taken up by plants, either locally or further away from their 

initial bedrock sources. The mobility of the metals varies, with some (e.g. Cd, Ni, and, 

Zn) being more mobile and others (e.g. Cu, Cr, and Pb) that are more soil-adsorbed and 

less mobile (Kabata-Pendias 2010). The amount of metals available for plant uptake – or 

their bioavailability – depends on the total amount of metals in the soil, the amount of the 

dissolved fraction in the pore water that can be taken up by plants, and of physiological 

uptake and bioaccumulation (Kim et al. 2015). The interaction between metal ions in 

solution and organic matter in peatlands is significant, as peat has a high ion-exchange 

capacity. Protons are exchanged for metal ions in solution resulting in the retention of the 

metals by the peat (Crist et al. 1996) 

 

The initial source of metals in soils, water and vegetation is the underlying bedrock. Being 

a heterogeneous mixture of various rock types, its geochemical composition is highly 

differing between geographical areas. Changes can happen abruptly on a scale of 

centimetres or gradually over hundreds of kilometres. In Finland, the most common rock 

types are granites, gneisses, metasedimentary and metavolcanic rocks (Geological Survey 

of Finland 2018), which mostly consist of a few minerals dominated by elements such as 

Si, O, Al, Na, and K, and which generally contain low amounts of heavy metals (Parker 

1967, Blatt et al. 2006). Many of these rock types with high contents of light elements 

belong to the category of felsic rocks. Along with them, there are some more unusual rock 
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types that are relatively more enriched in particular elements. Examples of these are black 

shales, which in Finland can be found in a relatively narrow 250 km long zone in the 

Kainuu-Outokumpu area in the eastern part of the country (Loukola-Ruskeeniemi 1992). 

They are formed of sediments rich in carbon and sulphur, which were deposited in former 

marine basins in anoxic and sulphidic conditions and which later were subject to 

metamorphism. (Loukola-Ruskeeniemi & Lahtinen 2013). Compared with most other 

rock types, they are enriched in several heavy metals. These enrichments have in places 

been sufficient enough to support mining activity, of which the most famous current 

example in Finland is the presently active Talvivaara Ni-Cu-Zn-Co mine. Data showing 

typical differences in metal concentrations between common rock types and black shales 

is presented in Table 1. 

 

Table 1: Range of heavy metal concentrations (ppm) in some common rock types and typical black shales, 
compared with median values of 556 drill core samples from the Talvivaara black shale ore. The felsic rocks 
in this study would be most comparable to the “Granite” type. 
 

 Basaltic1 Granites1 Shales/clays1 

Black 
shales1 

Talvivaara black 
shales2 

As 0.2–10 0.2–13.8 - - 86 

Cd 0.006–0.6 0.003–0.18 0.0–11 <0.3–8.4 16 

Co 24–90 1–15 5–25 7–100 189 

Cr 40–600 2–90 30–590 26–1000 146 

Cu 30–160 4–30 18–120 20–200 1340 

Ni 45–410 2–20 20–250 10–500 2415 

Pb 2–18 6–30 16–50 7–150 47 

Zn 48–240 5–140 18–180 34–1500 4955 
1) Cannon et al. 1978 
2) Loukola-Ruskeeniemi & Lahtinen 2013 

 

The distribution of metals from the bedrock into soil and further into available forms for 

plants varies. In terms of geological factors, it depends not only on the elemental 

composition of the bedrock, but also on the weathering resistance and mineral 

compositions of the rock types and on external factors affecting the transport of soil 

particles. Felsic rocks mostly contain relatively hard minerals that are generally quite 

resistant to weathering, while black shales are more prone to weathering due to their 

relatively abundant sulphide minerals and high carbon contents (Parviainen & Loukola-

Ruskeeniemi 2019). Together with weathering rates of rock types, the amount and type 

of soil forming particles in any given area are determined by external transporting 

processes. All soil layers in Finland have been affected by glaciation, and depending on 
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the area, individual soil particles may have remained in their initial location or been 

transported several kilometres from their bedrock source (Perttunen 1989). 

 

The aim of this work is to compare differences in heavy metal contents in peat, ditch 

water and needle samples collected from shallow, drained peatlands in areas underlain by 

bedrock composed of either felsic rock types or black shales. Justification for the study is 

partly derived from the effects that draining has on peatlands and subsequently of the 

intensified use of the peatlands for forestry purposes. Draining of peatlands by ditching 

has previously been a common practice in Finland, and it has in the Kainuu area affected 

62% (or 0.5 Mha) of the peatland area in the region (Peltola et al. 2019). While peatland 

draining has often been beneficial for forest yield, it causes environmental concern in the 

form of excessive leaching of nutrients and trace elements in runoff waters (Saarinen et 

al. 2013, Nieminen et al. 2017), which can lead to risks to aquatic food chains. The interest 

in heavy metal contents in particular is caused by their effects on living organisms in the 

environment. The biological roles of metals differ, and so do the tolerance levels that 

animals and plants have for them. Several heavy metals, such as Fe, Cu, Mn and, Zn are 

in small amounts essential for various biochemical processes, while the same nutrients at 

too high levels – and non-nutrients such as Cd and Hg at low levels – are regarded as 

toxic (Eide 2001, Sharma & Agraval 2005).  

 

While excessive amounts of heavy metals in the environment are usually encountered in 

areas with heavier industry, mining, or other human activity (Briffa et al. 2020) they can 

also have natural origins. In the case of black shales, acid rock drainage can happen where 

the sulphide-rich bedrock is exposed to atmospheric conditions, resulting in acidification 

and enrichment of metals in surface waters (Parviainen et al. 2014). These types of 

phenomena should be taken into account when planning actions that affect the natural 

water balance at potentially vulnerable sites. While draining of pristine peatlands is no 

longer practiced for forestry purposes in Finland (Aapala et al. 2013), drainage efforts 

done in previous decades have resulted in an increase of 1.5 Mha in forest land nationwide 

since the 1960s (Hölkkä et al. 2002). Many of these peatland forests have later been 

subject to harvesting, including six out of the nine sampling sites in this study. As forest 

harvesting and regeneration practises – such as mounding – cause disturbances in e.g. soil 

conditions and hydrology (Sarkkola et al. 2010), risks related to increased mobility of 

heavy metals due to these practices would likely be highest in areas with enriched 
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background concentrations of these elements, such as at sites underlain by black shale 

bedrock. 

 

This study uses data from samples collected in the years 2008–2015 as part of a Finnish 

academy funded project (Hydro-biogeochemistry of drained peatlands: impacts of 

bioenergy harvesting on trace metal transport under different hydrogeological settings 

“HYPE”) coordinated by the Finnish Forest Research Institute (2008–2014) and 

subsequently by the Natural Resources Institute Finland (2015). All samples were 

collected from nine peatland catchments, five of which are located on felsic bedrock and 

four on black shale. The data has previously been used in several publications. Kiikkilä 

et al. (2014) used the same ditch water samples to evaluate the differences in dissolved 

organic carbon (DOC), B, Al, Zn, Cu, Ni, Cr, Cd and Pb concentrations before and after 

forest harvesting with emphasis also on the underlying bedrock. Karinen (2013) 

compared concentrations of several metals in peat samples from surface to bottom layers 

between catchment and bedrock type, and further research on peat concentrations was 

done by Mäkilä et al. (2015). In all of these studies, most of the sampling sites underlain 

by black shale had higher metal concentrations than those underlain by felsic rock types. 

A paper by Ukonmaanaho et al. (2016) examined the effect of harvesting on mobilization 

of the highly toxic Hg and MeHg (methyl mercury) in ditch water samples. They found 

that harvesting had only a relatively weak effect, but they did observe a difference in the 

concentrations of Hg in ditch water samples between felsic and black shale areas.  

 

1.2. Aims and hypotheses 

 

This work, compared with the studies using the same data cited above, combines an 

analysis of both the peat and ditch water samples and previously unused tree needle 

samples to compare differences in heavy metal contents between the felsic and black shale 

areas. With peat, focus is mostly put on the differences in metal concentrations (mg/kg) 

in the samples, but also on differences in metal stocks (mg/m2) between areas. The metal 

concentrations will be recalculated to take into account ash contents of the peat samples. 

This is done in order to get a better evaluation of the intrinsic differences in heavy metal 

contents between the samples due to metal uptake, and to mask the effects on metal 

contents caused by differences in decomposition of the peat and of inclusion of mineral 

material. The connections between amounts of metals and ash in peat will be assessed by 
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looking at correlations between metal concentrations and ash contents in the samples. 

Correlations between contents of different metals in peat samples by bedrock type will 

also be evaluated in order to see which metals most often occur together in peat.  

 

The differences in heavy metal stocks (mg/m2) in peat by catchment and bedrock type 

will be based on initial instead of ash corrected metal concentrations in the samples, as 

they then more clearly show the actual metal contents in peat irrespective of the causes 

behind them. Regarding both metal concentrations and stocks, analyses on all peat 

samples will be done on the surface layers (0–40 cm depth), as the peat profiles were after 

sampling divided into common 10 cm thick samples above 40 cm depth and into samples 

of irregular thickness below that. In addition to enabling direct comparisons between 

areas due to common sample thickness, focusing on the surface layers also controls for 

the differences in metal uptake by depth, which can otherwise cause relatively large 

variations in vertical distributions between elements (Jobbágy & Jackson 2004). 

 

Comparisons of metal concentrations (µg/L or mg/L) between samples from different 

catchments and bedrock areas will similarly be made regarding ditch water. The water 

samples will also be compared by catchment in terms correlations between concentrations 

of metals, dissolved organic carbon (DOC), and the amount of precipitation during seven 

days prior to sampling. These correlations are done in order to evaluate the effects of 

potential complexation of heavy metals with DOC – resulting in increased mobility 

(Mostofa et al. 2013) – and of mass flow transport of metals off-site due to higher amounts 

of rainfall. Finally, the influence of bedrock on heavy metal uptake will be investigated 

by comparing metal concentrations in Scots pine (Pinus sylvestris L.) and Norway spruce 

(Picea abies [L.] Karst) needles. In addition to looking at them by underlying bedrock 

and by tree species, the needle samples will also be categorised by needle age in order to 

evaluate the differences in concentrations due to nutrient retranslocation (Helmisaari 

1992). Common trends in heavy metal contents in different catchments for peat, ditch 

water and needle samples will also be discussed. 

 

The general hypothesis is to find heavy metal concentrations in peat, ditch water and 

needle samples collected in catchments underlain by black shale to be statistically 

significantly higher than in samples collected in felsic areas. Heavy metal stocks in peat 

are likewise expected to be significantly higher in black shale as opposed to felsic 
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catchments. Correlations between metal concentrations and ash contents in peat samples 

are expected to be significant for all metals. Regarding ditch water samples, correlations 

between heavy metal and DOC concentrations are expected to be significant due to 

potential complexation of metals, but correlations between metal concentrations and 

precipitation amounts are thought to be weaker due to mixed effects of dilution and 

transport of metal by excess rainwater. For tree needle samples concentrations are 

expected to be significantly higher in samples collected in catchments underlain by black 

shale than by felsic bedrock, but differences are also expected to be found by tree species 

and by needle age. 

 

 

2 MATERIAL AND METHODS 

2.1. Study area and sampling locations 

 

The study area is located in the Kainuu region in eastern Finland, between the towns of 

Kajaani and Sotkamo (Figure 1). All samples have been collected in nine separate 

peatland catchments, which have been converted to forestry use in the 1960s by drying 

them with systematic ditching. Six of the catchments were harvested in the spring of 2009 

either by the stem-only or whole-tree harvesting methods, while two catchments 

underlain by felsic bedrock and one by black shale were left as unharvested control areas. 

The main tree species are either Scots pine or Norway spruce. The harvested sites were 

mounded in 2010 and sown with either Norway spruce or Scots pine seeds in 2011 

(Kiikkilä et al. 2014). All sampling sites are located within a range of 37 kilometres of 

each other. 
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Figure 1: The geographical locations of the peatland catchments/sampling sites, between the towns of 

Kajaani and Sotkamo. The circles represent the locations of peat profiles, the ditch water and needle 

samples have been taken in the same areas. Red and yellow colours refer to felsic and black shale bedrock, 

respectively. Catchments KV13 and KV14 are located close enough to each other to appear as one symbol 

at this scale. Topographic map from the file service of open data by the National Land Survey of Finland, 

modified in QGIS v. 2.18.22. 

 

The bedrock in the surrounding area of the sampling sites is composed of a variety of 

rock types (Figure 2), all of which are of various ages and origins, and have different 

characteristics. The felsic rocks underneath five of the sampling sites are Archean (>2.5 

Ga) metamorphic tonalitic migmatites and arkosic quartzites, with some sites closely 

surrounded by Paleoproterozoic (1.8–2.5 Ga) pegmatitic granites (Geological Survey of 

Finland 2018). Their properties are similar enough to be grouped together as felsic rocks 

in this study, as they all have low amounts of heavy metals and as they all are resistive to 

weathering. The black shales beneath the rest of the catchments were formed in 

Paleoproterozoic times by anoxic depositions of muds rich in organic material, sulphur, 

and metals, which were later modified by metamorphic and hydrothermal processes 

(Loukola-Ruskeeniemi & Heino 1996, Loukola-Ruskeeniemi & Lahtinen 2013). The 

formations are typically tens to hundreds of metres wide on the surface and the bedrock 

around them is mostly composed of Paleoproterozoic sedimentary greywackes, quartz-

wackes, metamorphic biotite paraschists, and quartzites (Geolgical Survey of Finland). 
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These surrounding rock types around the black shales are by their chemical and physical 

properties closely related to the felsic rocks mentioned above.  

 

 

Figure 2: Bedrock map showing the rock types present near the sampling sites. Beige colours (undotted) = 

tonalitic migmatite, light beige with small dots = arkosic quartzite, dotted yellow = quartzite, pink colours 

= granites, light blue = metamorphic sedimentary rocks, brown = mafic units. The black shale formations 

are narrow and marked with a purple colour. Bedrock map from the Geological Survey of Finland (DigiKP 

200), insert map from the file service of open data by the National Land Survey of Finland. Maps modified 

in QGIS v. 2.18.22. 

 

The mineral soil above the bedrock in the Sotkamo area is mostly covered by basement 

till, the thickness ranging from 0 to 12 metres (Kumpulainen 2001). The till material has 

been eroded from the local bedrock by glaciers, but the transport distances in the region 

are typically small, being less than 200 metres for the fine fraction (<60 µm) near 

Talvivaara in the southern end of the study area (Mäkilä et al. 2012). As an example of 

the direction of sediment transport during the latest glaciation in the area, striation marks 

left by glaciers of 293–312° have been measured in bedrock on the Vuokatti hill close to 

catchments KV13 and KV14 (Kilpi 1934 as cited in Kumpulainen 2001). The topography 

in the region is variable. It is dominated by several hills and W–NW oriented eskers, with 

abundant peatlands in lower areas (Häikiö et al. 1997). Peat formation in the area started 

after the retreat of glaciers and the discharge of water from the former Sotkamo ice-lake 
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some 9760–9860 years ago (Saarelainen & Vanne 1997). The expanse of vegetation 

quickly followed the retreating glaciers, and peatlands were mainly formed by 

paludification. By type, the peatlands in the Sotkamo region belong to the Pohjanmaa 

aapa mires, although there are also some occasional raised bogs in the area (Häikiö et al. 

1997). The mean annual temperature in the study area is 2.2°C (1981–2010) and the 

annual precipitation is around 620 mm (Pirinen et al. 2012). The site types vary from 

nutrient-poor low shrub-drained peatland forest types to more fertile Vaccinium myrtillus-

drained peatland forest types (Ukonmaanaho et al. 2016). Characteristic information 

about the studied catchments and peat profiles is shown in Table 2. 

 

Table 2: Characteristics of the studied catchments and peat profiles at 0–40 cm depth. Peat types assigned 

based on the most common type in four individual 10 cm layers. Humification levels (according to the von 

Post classification), ash contents, bulk densities, pH values, and C/N ratios calculated as averages of 

samples at 0–40 cm depth. A mixed peat type refers to the combination of Sphagnum, Carex and wood 

components. STH = stem-only harvesting, WTH = whole-tree harvesting. 

 

Bedrock Catchment Profile Harvesting Tree species Peat type 
von 
Post 

Ash 
(%) 

Peat bulk 
density  
(kg/m3) pH C/N 

Felsic KV13 P1 No Pine Sphagnum 5.8 2.9 132.3 3.2 37.3 

Felsic KV13 P2 No Pine Sphagnum 5.0 2.7 111.5 3.1 33.5 
           

Felsic KV14 P1 WTH Pine Sphagnum 4.8 2.1 79.7 3.1 39.1 

Felsic KV14 P2 WTH Pine Sphagnum 5.0 1.9 93.1 3.1 34.5 

Felsic KV14 P3 WTH Pine Sedge 3.5 3.0 100.5 3.7 21.2 
           

Felsic S39 P1 No Pine Sphagnum 3.5 2.0 46.9 3.0 41.2 
           

Felsic KV22 P1 WTH Pine Sedge 4.8 5.7 55.5 3.7 21.3 

Felsic KV22 P2 WTH Pine Sedge 5.8 6.3 69.5 3.8 21.4 
           

Felsic S24 P4 STH Pine/spruce Sphagnum 4.3 2.7 77.2 3.1 37.5 

Felsic S24 P1 STH Pine/spruce Sedge 4.8 3.2 83 3.4 26.0 
           

B. shale M10 P1 STH Pine Sphagnum 5.3 1.8 100.4 2.9 40.5 

B. shale M10 P2 STH Pine Sphagnum 3.5 1.3 75.2 2.9 40.2 

B. shale M10 P4 STH Pine Sphagnum 5.3 1.7 89.7 2.8 43.6 
           

B. shale ML07 P1 WTH Spruce Sedge 6.0 5.4 87.5 4.1 23.0 

B. shale ML07 P2 WTH Spruce Mixed 5.3 7.1 111.3 4.2 22.6 
           

B. shale ML09 P2 No Pine Mixed 4.3 6.5 59.7 4.5 29.9 
           

B. shale ML10 P1 WTH Spruce Mixed 6.0 5.4 110.4 3.3 22.8 

B. shale ML10 P2 WTH Spruce Sedge 5.3 5.9 142.7 4.1 20.0 
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2.2. Sampling and laboratory analytical methods 

2.2.1. Peat samples 

 

The peat samples were in all nine catchments taken with a 5 cm diameter side-filling 

Russian peat core sampler in June 2010. The amounts of cores taken from each catchment 

varied from one to three, totalling in 19 cores, 10 of which were from felsic areas and 9 

from areas underlain by black shale. All cores reached from the surface until the bottom 

of the peat layers, with thicknesses varying from 80 to 395 cm. Peat types and proportions 

of their constituents were determined in the field, as was the degree of humification by 

the 0–10 von Post scale (von Post 1922). The topmost surface layer of peat including 

living mosses (0–2 cm) was discarded. Each core was then divided into four standard 10 

cm samples in the 0–40 cm layer of peat proper, after which the parts of cores reaching 

from below 40 cm until the bottom were divided into layers by peat type.  

 

Before chemical analyses, the samples were stored in dark conditions in a temperature of 

4°C until they were dried at 40°C and milled. After milling, the samples were digested in 

HNO3 acid in a microwave and analysed by either inductively coupled plasma mass 

spectroscopy (ICP-MS, used for analyses of As, Cd, Co, Cr, Cu, Mn, Ni, Pb, and U) or 

atomic mass spectroscopy (ICP-AES, used for analyses of Zn) (Karinen 2013, Mäkilä et 

al. 2015). Water contents in peat were calculated as percentage differences between wet 

and dry samples (105°C). Ash contents were measured as loss-on-ignition (LOI) at 

550°C. The sum of peat samples from 0–40 cm depth (excluding 0–2 cm surface samples 

and replicates) totalled in 74. Four of these samples from profile 1 of catchment ML09 

were excluded in this study because they had considerably higher inorganic matter (ash) 

contents than samples from any other profile or catchment. Of the remaining 70 peat 

samples used, 38 were from felsic areas and 32 from catchments underlain by black shale.  

 

2.2.2. Ditch water samples 

 

The ditch water samples were taken from the same nine catchment areas as the peat 

samples (Figures 1 and 2). They were collected in 500 ml acid-washed polyethylene 

bottles during snow-free time (April to November) just upstream of 8 m long discharge 

gauges of 30 cm diameter installed to the outlet ditches of each catchment (Kiikkilä et al. 

2014, Ukonmaanaho et al. 2016). The initial sample amount collected in the years 2008–
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2015 totalled in 1092, but as a result of a minor change in the laboratory equipment used 

for analyses after 2010, only samples collected in 2011–2015 have been used in this study. 

This data included in total 634 samples, 357 of which were from felsic areas and 277 from 

black shale catchments. Between the nine catchments, sample amounts ranged from 64 

to 85.  

 

Prior to laboratory analysis, the water samples were stored in a refrigerator (4°C) for no 

more than one week and filtered through a glass microfiber filter (1.0 µm pore size). Metal 

concentrations of Cd, Cr, Cu, Mn, Ni, Pb, and Zn were analysed with the ICP-AES 

method and DOC concentrations using a TOC-V CPH/CPN analyser. Sulphate 

concentrations (SO4-S) were analysed by ion chromatography and pH values with a glass 

electrode pH meter (Denver Instrument, model 220) (Ukonmaanaho et al. 2016). The 

water samples were acidified with concentrated nitric acid before ICP analysis (Kiikkilä 

et al. 2014).  

 

2.2.3. Needle samples 

 

The needle samples were collected from eight of the same nine catchment areas as the 

peat and ditch water samples, excluding one catchment area located on felsic bedrock 

(S39). Tree-specific (Pinus sylvestris L. or Picea abies [L.] Karst) sample branches with 

current (C) and previous-year (C+1) needles were collected with a pruning device from 

the uppermost third of predominant or dominant trees (n = 5) on each study plot once in 

January 2008. The branches were taken to the laboratory and stored in a freezer (–18°C) 

during the period between sampling and pre-treatment. In the pre-treatment procedure, 

the branches were cut into separate shoot sections bearing different needle-year classes. 

Shoots with the same needle-year class from each tree were pooled and subsequently 

treated as a separate sample. At laboratory the shoots were dried at 60°C for 10 days and 

the needles then removed from the shoots. The dry needles were milled using an 

ultracentrifugal mill (mesh size 1 mm). Current and previous year’s needles were 

analysed by tree (methods by Ukonmaanaho, L., personal communication, 08.10.2020). 

The dried samples were milled and wet digested using microwave-assisted digestion in a 

mixture of HNO3 + H2O2. Metal concentrations were determined by inductively coupled 

plasma atomic emission spectrometry (ICP-AES) (Ukonmaanaho et al. 2008). The needle 

data used in this study includes measured concentrations of Cr, Cu, Mn, Ni, and Zn. In 
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total, there were 80 needle samples, of which 56 were of Pinus sylvestris L and 24 of 

Picea abies [L.] Karst. Areas underlain by felsic and black shale bedrock yielded 40 

needle samples each, half of which were current and half previous-year’s needles. 

 

2.3. Data handling and statistical analyses 

2.3.1. Peat samples 

 

Statistical analyses of peat sample data were done in order to test for differences in heavy 

metal concentrations (mg/kg) in the surface layers (0–10, 10–20, 20–30, 30–40 cm) by 

bedrock type, for the correlations between ash contents and metal concentrations by 

bedrock, and for the correlations between metals by bedrock. Differences in heavy metal 

stocks (mg/m2) by bedrock and by catchment were also be evaluated. The elements to be 

studied were As, Cd, Co, Cr, Cu, Mn, Ni, Pb, U, and Zn. Even though its classification as 

a metalloid, As is for simplicity referred to as a heavy metal in this study. Since the 

analysis results in most cases did not follow the normal distribution, differences in metal 

concentrations and stocks by bedrock type were statistically tested with the Mann–

Whitney U test, and correlations between metal concentrations and ash contents were 

evaluated by calculating Pearson correlation coefficients of Log10 converted values. 

Correlations between metal concentrations were evaluated as Spearman’s rank order 

correlation coefficients. 

 

For the purpose of comparing differences between samples by bedrock type and 

catchment, the concentrations of all metals in peat samples were recalculated to take into 

account the ash contents of the samples, as there was often found to be a correlation 

between the two factors. The recalculated values were predictions of unstandardized 

univariant general linear models, calculated separately for each metal. The aim of the 

recalculation was to diminish the effect of ash contents on metal concentrations, which is 

seen to mask the initial effects of the geochemical composition of the underlying bedrock. 

The recalculated values were used for comparisons of metal concentrations between 

areas, but not for correlations between metal amounts and ash contents, or for 

comparisons of metal stocks between areas. 
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The peat sample metal stocks (mg/m2 to a depth of 40 cm) were based on the initial values 

of metal concentrations (i.e. not corrected for ash contents) and were calculated according 

to the formula:  

 

Stock = Cmetal * BD * (h/100) 

 

where Cmetal is the initial metal concentration (mg/kg) of the peat sample, BD is the dry 

bulk density (kg/m3) of peat and h is the thickness of the sample in centimetres.  

 

2.3.2. Ditch water samples 

 

The metals to be analysed in ditch water samples were Cd, Cr, Cu, Mn, Ni, Pb, and Zn, 

with additional interest for dissolved organic carbon (DOC), sulphate (SO4-S) and pH. 

The differences in measured concentrations (µg/L or mg/L) in samples were compared 

by bedrock type and statistically tested with the Mann–Whitney U test, and descriptive 

comparisons of mean, median, and minimum and maximum values by box and whisker 

plots were made between samples from different catchment areas. In the analyses of 

especially Cd and Pb concentrations, several samples had values below the detection limit 

in laboratory analyses and were therefore substituted with half detection limit values. 

Additionally, correlations between metal and DOC concentrations and precipitation were 

evaluated by using Spearman’s rank order correlation. The amounts of precipitation were 

based on daily rainfall data acquired from the Finnish Meteorological Institute, summed 

together to get cumulative amounts for the seven days prior to sampling.  

 

2.3.3. Needle samples 

 

Analyses of needle samples were based on concentrations of Cr, Cu, Mn, Ni, and Zn. 

They were compared based on mean, median, and minimum and maximum values in box 

and whisker plots by bedrock type, catchment, tree species, and needle age. Differences 

in concentrations in samples by bedrock type, tree species and needle age were also 

evaluated by the Mann–Whitney U test. Some of the analyses of Cr showed values below 

the detection limit, and were substituted with half the detection limit value. All statistical 

analyses in this study were performed with IBM SPSS Statistics (v.27), and all statistical 

figures created with the OriginPro 2020 software.   
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3 RESULTS 

3.1. Heavy metal concentrations and stocks in surface peat layers 

3.1.1. Correlations between heavy metal concentrations 

 

Correlation matrices based on the initially measured heavy metal concentrations without 

corrections for ash contents in peat samples from 0–40 cm depth are presented separately 

for samples from felsic and black shale bedrock (Tables 3 and 4). The strengths of the 

correlations indicate how likely it is for two different elements to be present in high 

concentrations in the analysed peat samples. The results are quite variable both between 

metals and bedrock types. Looking at correlations of elements in samples taken from 

areas underlain by felsic bedrock (Table 3), As correlates relatively well with most other 

analysed metals, most notably with Pb, Cd, and Cu. Cd has in a similar way quite positive 

correlations with most metals, the strongest ones in addition to As being with Cu and Ni. 

More variation is seen with Co, which strongly correlates with U, Ni, Cu, and Cr, but 

which practically has no correlation with Pb and Zn. Cr shows quite similar results, being 

relatively strongly connected with Ni, U, Co, and Mn but not much at all with Pb and Zn. 

Correlations between Cu and other metals are moderately to strongly positive in most 

cases, especially for Ni, Cd, and U, but the connection with Zn is weak. 

 

Mn has mildly positive correlations with several metals, the strongest being with Cr and 

Cd, while weaker correlations are seen with Pb, U, and Zn. Universally more strong 

correlations are seen between Ni and most other metals, especially with Cu, U, and Cr. 

Compared with this, Pb is much more divided, having quite strong correlations with As, 

Cd and Zn, but very weak connections with U, Co, and Cr. U shows similarly varying 

correlations between metals, being strongly connected with Co, Ni, Cu, and Cr, but not 

much at all with Mn, Pb, and Zn. On average the clearly weakest correlations are seen 

between Zn and other elements, as with the exception of Pb, As, and Cd, the correlations 

are not statistically significant. 
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Table 3: Correlation matrix (Spearman’s rank-order correlation) of metal concentrations in peat samples 

from 0–40 cm depth from areas underlain by felsic bedrock. Concentrations not corrected for ash content. 

Statistically significant correlations are underlined (p<0.05). 

 

  As Cd Co Cr Cu Mn Ni Pb U Zn 

As 1 0.754 0.589 0.47 0.658 0.406 0.612 0.844 0.567 0.368 

Cd 0.754 1 0.575 0.505 0.768 0.668 0.713 0.679 0.535 0.364 

Co 0.589 0.575 1 0.69 0.693 0.359 0.778 0.275 0.867 -0.135 

Cr 0.47 0.505 0.69 1 0.63 0.681 0.799 0.182 0.71 -0.274 

Cu 0.658 0.768 0.693 0.63 1 0.587 0.892 0.524 0.716 0.24 

Mn 0.406 0.668 0.359 0.681 0.587 1 0.653 0.345 0.29 0.194 

Ni 0.612 0.713 0.778 0.799 0.892 0.653 1 0.444 0.804 0.079 

Pb 0.844 0.679 0.275 0.182 0.524 0.345 0.444 1 0.298 0.632 

U 0.567 0.535 0.867 0.71 0.716 0.29 0.804 0.298 1 -0.099 

Zn 0.368 0.364 -0.135 -0.274 0.24 0.194 0.079 0.632 -0.099 1 

 

Correlations between elements in samples collected in black shale catchments are 

somewhat different than those in samples taken in felsic areas (Table 4). Here, As shows 

much weaker correlations with all metals than what was seen in samples from felsic 

catchments, as the only element with which it has a statistically significant correlation is 

Pb. Cd shows more varying results by having strong correlations with Ni and Zn and 

weak ones with As, Cr, and U. Co is strongly associated with Ni and correlates well with 

Cu, Mn, and Cd while having weaker correlations with Zn, Pb, and As. Cr is relatively 

strongly connected with Cu, Mn, and U, but has a weakly negative correlation with Zn 

and Pb. Cu is also divided in terms of correlations, being quite strongly connected with 

U, Cr, and Ni, but at the same time having no statistically significant correlations with 

As, Pb, and Zn. 

 

Mn is most strongly associated with Cr, Cu, and Co and has close to zero correlations 

with As, Zn, and Pb. Ni is relatively divided in terms of correlations. It’s strongly 

associated with Co and quite well with Cd and Cu but does not much correlate with Pb 

and As. Pb has few statistically significant correlations, the only exceptions being the 

moderately positive correlations with Zn, Cd, and As. U correlates well with Cu and Cr 

and moderately with Co and Ni, but has weak correlations with the rest of the elements. 

Finally, Zn shows weak connections with most metals, but has a quite strong correlation 

with Cd and is moderately associated with Pb and Ni. 
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Table 4: Correlation matrix (Spearman’s rank-order correlation) of metal concentrations in peat samples 

from 0–40 cm depth from areas underlain by black shale bedrock. Concentrations not corrected for ash 

content. Significant correlations are underlined (p<0.05). 

 

  As Cd Co Cr Cu Mn Ni Pb U Zn 

As 1 0.267 0.198 0.201 0.142 0.069 0.132 0.434 -0.146 0.215 

Cd 0.267 1 0.612 0.24 0.447 0.345 0.761 0.519 0.163 0.758 

Co 0.198 0.612 1 0.514 0.724 0.615 0.855 0.242 0.543 0.377 

Cr 0.201 0.24 0.514 1 0.791 0.758 0.429 -0.061 0.69 -0.128 

Cu 0.142 0.447 0.724 0.791 1 0.663 0.756 0.041 0.794 0.12 

Mn 0.069 0.345 0.615 0.758 0.663 1 0.499 -0.022 0.408 0.07 

Ni 0.132 0.761 0.855 0.429 0.756 0.499 1 0.199 0.491 0.564 

Pb 0.434 0.519 0.242 -0.061 0.041 -0.022 0.199 1 -0.121 0.588 

U -0.146 0.163 0.543 0.69 0.794 0.408 0.491 -0.121 1 0.176 

Zn 0.215 0.758 0.377 -0.128 0.12 0.07 0.564 0.588 0.176 1 

 

 

3.1.2. Dependence of heavy metal concentrations on ash contents 

 

Correlations between metal concentrations and ash contents in peat samples from 0–40 

cm depths were calculated both in order to evaluate how well ash contents measured in 

the samples predict the amounts of heavy metals in them, and in order to evaluate the 

origins of the metals in the peat. Stronger correlations were thought to possibly imply of 

higher decomposition rates of the peat or of inclusions of either local or aerially 

transported mineral material in it, both of which are factors that do not directly reflect the 

intrinsic influence of geochemical compositions of the bedrock. The ash contents in peat 

samples are here first presented as a box and whiskers plot in Figure 3 in order to see how 

the amounts vary by underlying bedrock and by sample depth, and the dependences of 

metal concentrations on ash contents by bedrock type are shown in a series of scatter plots 

and calculations of Pearson correlation coefficients (Figures 4–13). The metal 

concentrations and ash contents were Log10 transformed before evaluating correlations. 

As most correlations were statistically significant (p<0.05), cases where significance was 

not met are mentioned separately. 

 

The results for ash contents by bedrock and sample depth in Figure 3 show that the mean 

and median amounts in samples from felsic areas are slightly lower than in those from 

black shale catchments, and that there is a decreasing trend in ash contents with increasing 

depth in felsic samples. Samples from catchments underlain by black shale have a larger 

spread of minimum and maximum values, and contrary to samples from felsic areas, they 
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show a slowly rising trend by mean and median values with increasing depth. The 

differences between bedrock groups are, however, not significantly different at any depth 

(Mann–Whitney U test). By individual areas, ash contents in samples from catchment 

KV22 had quite clearly higher values compared to samples from the other felsic 

catchments, which otherwise had relatively low and stable amounts between them 

(Appendix 1). Of black shale areas, samples from catchment M10 had comparatively very 

low ash contents, while samples from catchment ML09 had the highest overall contents 

by median value. 

 

 
Figure 3: Box and whisker plots of peat profile ash contents presented by sampling layer depth (in cm) and 
underlying bedrock geology. The boxes define the 25th and 75th quartiles, the horizontal lines are the 50th 
quartiles (median). Square symbols indicate the mean values. The whiskers define the total ranges. 

 

The results for Log10 As concentrations plotted against ash contents are shown in Figure 

4. They reveal quite large differences between samples collected on felsic versus black 

shale bedrock. The correlation in samples from felsic areas is strong (r=0.80) and the 

scatter plot shows a relatively coherent positive trend. Samples from black shale areas, 

however, only have a moderately positive trend with a Pearson correlation of 0.46. The 

scatter plot shows sample points with both high As concentrations and low ash contents 

and vice versa, causing the overall correlation to be weaker. The correlations of Cd and 

ash in Figure 5 show similar results, as samples from felsic areas have a relatively strong 

positive correlation (r=0.74) and as the trend in the scatter plot is steadily rising. Samples 

collected on black shale, however, have a much weaker correlation (r=0.36) and the 

scatter plot shows quite a small difference in Cd concentrations between samples with 

lower and higher ash contents. 
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Figure 4: Log10 As concentrations vs. Log10 ash 

contents in peat samples from 0–40 cm depth 

collected above felsic (n=38, r=0.80) and black 

shale (n=32, r=0.46) bedrock. 

Figure 5: Log10 Cd concentrations vs. Log10 ash 
contents in peat samples from 0–40 cm depth 
collected above felsic (n=38, r=0.74) and black 
shale (n=32, r=0.36) bedrock.

 

Smaller differences between samples from the two bedrock areas are found within the 

correlations between Co concentrations and ash contents in Figure 6. Samples collected 

on felsic and black shale catchments both have quite strong positive correlations (r=0.78 

and r=0.68, respectively) and the plots show relatively stable trends. In comparison, 

correlations between Cr and ash in Figure 7 are more variable. Samples from felsic areas 

have a relatively strong correlation (r=0.78) and form a somewhat coherent scatter plot, 

but the connection between the two variables in samples from black shale areas is weaker 

(r=0.58). The trend in the black shale scatter plot is first rising when looking at samples 

with lower ash contents, but as there also are samples that have more ash but low Cr 

concentrations, the overall correlation remains weaker than in samples from felsic areas. 

 

  

Figure 6: Log10 Co concentrations vs. Log10 ash 
contents in peat samples from 0–40 cm depth 
collected above felsic (n=38, r=0.78) and black 
shale (n=32, r=0.68) bedrock. 

Figure 7: Log10 Cr concentrations vs. Log10 ash 
contents in peat samples from 0–40 cm depth 
collected above felsic (n=38, r=0.78) and black 
shale (n=32, r=0.58) bedrock.
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Cu and ash go well together in samples collected from both felsic and black shale areas 

(Figure 8), although the correlation in the former group is quite clearly stronger (r=0.80 

vs. r=0.55 respectively).  Samples from felsic areas have a larger variation in terms of Cu 

concentrations, while the range in samples from black shale areas is smaller.  Although 

the black shale samples do show a rising trend with increasing ash contents, the scatter 

plot is not so steep, explaining the lower overall correlation. The trends seen for Mn and 

ash in Figure 9 are slightly differing from most other metals. Here, samples from black 

shale catchments have a stronger correlation (r=0.66) than samples collected in felsic 

areas (r=0.48). Samples from black shale areas plot as a somewhat uncoherent group in 

Figure 9, but as the overall trend is relatively steep and positive, the correlation is quite 

strong. Samples from felsic areas have quite widely spread Mn concentrations with less 

variation in ash contents, yielding a lower overall correlation. 

 

 
 
Figure 8: Log10 Cu concentrations vs. Log10 ash 
contents in peat samples from 0–40 cm depth 
collected above felsic (n=38, r=0.80) and black 
shale (n=32, r=0.55) bedrock. 

 
Figure 9: Log10 Mn concentrations vs. Log10 ash 
contents in peat samples from 0–40 cm depth 
collected above felsic (n=38, r=0.48) and black 

shale (n=32, r=0.66) bedrock. 

 

Ni concentrations correlate quite well with ash contents in samples collected from both 

felsic and black shale catchments (Figure 10), although the ranges are different between 

the sample groups in terms of Ni contents. Samples from felsic areas have a Pearson 

correlation of 0.83 and show a relatively mild but steady increase in Ni concentration with 

increasing ash contents. Samples from black shale catchments are comparatively much 

more diverse in terms of Ni concentrations, but as the samples that are most enriched in 

Ni also tend to have higher ash contents, the overall correlation is quite strong (r= 0.62). 

Compared with Ni, the correlation of Pb and ash differs much more between samples 

from felsic and black shale areas (Figure 11). While samples collected on catchments 
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underlain by felsic bedrock have a moderately positive correlation (r=0.56), the ones 

taken on black shale bedrock have a very weak negative correlation (r=-0.12, not 

statistically significant).  Thus, no estimate about Pb concentrations can be made based 

on ash contents of the samples taken on black shale. 

 

 
 

Figure 10: Log10 Ni concentrations vs. Log10 ash 
contents in peat samples from 0–40 cm depth 
collected above felsic (n=38, r=0.83) and black 
shale (n=32, r=0.62) bedrock. 
 

Figure 11: Log10 Pb concentrations vs. Log10 ash 
contents in peat samples from 0–40 cm depth 
collected above felsic (n=38, r=0.56) and black 
shale (n=32, r=0.-0.12) bedrock. Correlations for 
samples from black shale areas are not 
statistically significant.

 

In a similar way to Pb, the correlations between U and ash are very different when 

comparing samples collected on the two bedrock types (Figure 12). Samples from felsic 

areas show a quite strong correlation (r=0.69), while those from black shale catchments 

have a weak one (r=0.33, not statistically significant). Looking at the scatter plots, 

samples from felsic areas first seem widely spread in terms of U concentrations, but as 

the most enriched samples also have the highest ash contents, the overall correlation is 

strong. Meanwhile, the U concentrations in samples from black shale catchments are 

more scattered with increasing ash contents. Finally, looking at correlations between Zn 

and ash (Figure 13), the connections can be seen to be very weak. Samples from felsic 

areas do not have any form of correlation either as a calculational value (r=-0.05) or in 

the scatter plot. And while the correlation in samples from black shale areas shows a 

slightly more positive trend (r=0.21), the scatter plot in Figure 13 suggests it to be derived 

from a small group of samples having both the highest Zn concentrations and ash 

contents. Correlations between Zn and ash were not statistically significant for samples 

from either bedrock area. 
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Figure 12: Log10 U concentrations vs. Log10 ash 
contents in peat samples from 0–40 cm depth 
collected above felsic (n=38, r=0.69) and black 
shale (n=32, r=0.33) bedrock. Correlations for 
samples from black shale areas are not 
statistically significant. 

 

Figure 13: Log10 Zn concentrations vs. Log10 ash 

contents in peat samples from 0–40 cm depth 

collected above felsic (n=38, r=-0.05) and black 

shale (n=32, r=0.21) bedrock. Correlations are 

not statistically significant. 

 

3.1.3. Bedrock related differences in heavy metal concentrations 

 

The results for heavy metal concentrations in the peat samples are presented here as box 

and whisker plots showing the statistical distributions of metal concentrations in the four 

10 cm thick layers to the depth of 40 cm (Figures 14–23). Profiles underlain by felsic and 

black shale bedrock are shown separately. All concentrations in peat samples have been 

recalculated from their initial laboratory analyses by correcting for their ash contents with 

a univariate general linear covariate model. These corrections have been made in order to 

control for the positive correlation between ash contents and concentration of most of the 

analysed metals shown in section 3.1.2. Compared to initial concentrations, the ash 

corrected metal concentrations better indicate the intrinsic difference in metal amounts in 

the peat due to uptake, which is more related to metal concentrations in the underlying 

bedrock than ash-related factors, such as the degree of peat decomposition or inclusions 

of external mineral material. Tables of ash corrected metal concentrations of all peat 

samples are shown in Appendix 1. The results in figures 14–23 were based on 38 peat 

samples from areas underlain by felsic bedrock and on 32 samples from areas located on 

black shale, but due to the samples from the felsic catchment S39 having been taken in a 

more sparse interval of 0–20 and 20–40 cm, they have been counted twice to be 

incorporated to the 0–10 and 10–20 cm, and 20–30 and 30–40 cm layers, respectively. 
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3.1.3.1. As 

 

Concentrations of As show slightly varying depth trends between samples from felsic and 

black shale areas (Figure 14). In samples collected in felsic areas, the concentrations 

decrease from shallower to deeper layers, with an abrupt change seen between the 10–20 

cm and 20–30 cm layers. In samples collected over black shale, there is a more gradual 

decrease in concentrations going from the 10–20 cm to the 30–40 cm layers. The 

concentrations in samples collected on each bedrock type are significantly different in the 

0–40 cm range as combined (p<0.01, Mann–Whitney U test), and individually in the 

samples from the 20–30 cm layer (p<0.05). By catchment, the highest concentrations 

were seen in samples from the black shale sites ML07, ML09, and ML10, as well as is 

samples from the felsic site KV22 (Appendix 1). Compared to other black shale sites, 

comparatively low values were measured for sample from catchment M10.

 

3.1.3.2. Cd 

 

Cd concentrations are consistently higher in every depth layer in the peat samples 

collected above black shale compared to those taken above felsic bedrock (Figure 15). 

There is a general decreasing trend in concentrations with increasing depth, especially for 

samples from felsic areas. The differences between bedrock areas are large enough to be 

statistically significantly different in samples from the 20–30 cm layer (Mann–Whitney 

U test, p<0.05) and in the 0–40 cm layer as combined (p<0.01). Concentration in 

individual samples were somewhat variable (Appendix 1). Samples from the black shale 

catchments ML07, ML09, and ML10 had quite consistently high values, while the 

concentrations in samples from catchment M10 were much lower. The mean 

concentrations of samples from catchment KV22 were typically roughly twice as high as 

in those from rest of the felsic sampling areas. 
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Figure 14: Box and whisker plots of peat profile 
As concentrations corrected for ash content 
presented by sampling layer depth (in cm) and 
underlying bedrock geology (Felsic n=10, Black 
shale n=8 in each layer). The boxes define the 
25th and 75th quartiles, the horizontal lines are 
the 50th quartiles (median). Square symbols 
indicate the mean values. The whiskers define 
the total ranges. 

 
Figure 15: Box and whisker plots of peat profile 
Cd concentrations corrected for ash content 
presented by sampling layer depth (in cm) and 
underlying bedrock geology (Felsic n=10, Black 
shale n=8 in each layer). The boxes define the 
25th and 75th quartiles, the horizontal lines are 
the 50th quartiles (median). Square symbols 
indicate the mean values. The whiskers define 
the total ranges. 

 

3.1.3.3. Co 

 

Concentrations of Co are relatively stable between depths, and they are consistently 

higher in terms of mean, median and extreme values in samples collected in black shale 

catchments compared to those from felsic areas (Figure 16). Despite of seemingly clear 

dissimilarities, however, statistically significant differences between concentrations in 

samples by bedrock were observed only in the combined 0–40 cm range (p<0.01, Mann–

Whitey U test) and not in any of the individual 10 cm layers. By catchment, the highest 

concentrations were measured in samples form catchments ML09 and ML07, while 

values in samples from catchment M10 were low compared to other black shale sites 

(Appendix 1). Of sites located on felsic bedrock, samples from catchment KV22 had 

again the clearly highest concentrations.

3.1.3.4. Cr 

 

Differences in ash corrected Cr concentrations are relatively low between samples from 

felsic and black shale catchments (Figure 17). Although samples from the latter areas 

have consistently higher mean and median values, concentrations in samples were not 

statistically significantly different by bedrock type (Mann–Whitney U test). There is no 

clear pattern of Cr contents varying with depth, either. The concentrations by catchment 
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showed similar results to several other metals in this study (Appendix 1), as samples from 

the three black shale catchments ML07, ML09, and ML10, and from the felsic catchment 

KV22 had again the highest values. However, the differences in sample values between 

catchments were relatively lower than seen for most other metals, which coincides with 

no significant differences being detected between samples by bedrock overall. 

 

 

Figure 16: Box and whisker plots of peat profile 
Co concentrations corrected for ash content 
presented by sampling layer depth (in cm) and 
underlying bedrock geology (Felsic n=10, Black 
shale n=8 in each layer). The boxes define the 
25th and 75th quartiles, the horizontal lines are 
the 50th quartiles (median). Square symbols 
indicate the mean values. The whiskers define 
the total ranges.  

Figure 17: Box and whisker plots of peat profile 
Cr concentrations corrected for ash content 
presented by sampling layer depth (in cm) and 
underlying bedrock geology (Felsic n=10, Black 
shale n=8 in each layer). The boxes define the 
25th and 75th quartiles, the horizontal lines are 
the 50th quartiles (median). Square symbols 
indicate the mean values. The whiskers define 
the total ranges.  

 

3.1.3.5. Cu 

 

The ash corrected Cu concentrations are quite even between samples from both bedrock 

areas (Figure 18). Looking closer, the mean and extreme values are higher in samples 

from the felsic sites compared with those from black shale catchments in the surface layer, 

but with increasing depth, samples collected on black shale bedrock start to have 

comparatively higher concentrations. The differences are relatively low, however, and no 

statistically significant differences by bedrock were found in any depth layer. 

Concentrations in individual samples were typically highest in in catchments KV22, 

ML07, and ML09, while the overall lowest amounts were measured in samples from 

catchment M10 (Appendix 1).
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3.1.3.6. Mn 

 

Concentrations of Mn are on a relatively similar level between samples from both felsic 

and black shale catchments, although they are higher in each of the four layers in samples 

taken in the latter areas (Figure 19). Both groups are most enriched in the surface layer, 

which is especially notable in samples taken in sites underlain by black shale. Below that, 

samples from felsic areas show more of a decreasing trend in concentrations with 

increasing depth, while the amounts in samples taken on black shale bedrock remain quite 

stable. Concentrations between the groups were significantly different in the 0–40 cm 

range as a whole (Mann–Whitney U test, p<0.05) but not in any of the individual 10 cm 

layers. Concentrations in individual samples were quite variable (Appendix 1). The 

highest mean values were measured for samples from the black shale catchments ML10 

and ML09, followed by samples from catchment ML07 and from the felsic site KV22. 

Samples from the black sale catchment M10 had a lower median concentration than 

samples from any other site. 

 

 

 

 

 

 
 
 
 
 
Figure 18: Box and whisker plots of peat profile 
Cu concentrations corrected for ash content 
presented by sampling layer depth (in cm) and 
underlying bedrock geology (Felsic n=10, Black 
shale n=8 in each layer). The boxes define the 
25th and 75th quartiles, the horizontal lines are 
the 50th quartiles (median). Square symbols 
indicate the mean values. The whiskers define 
the total ranges. 

 
 
 
 
 
Figure 19: Box and whisker plots of peat profile 
Mn concentrations corrected for ash content 
presented by sampling layer depth (in cm) and 
underlying bedrock geology (Felsic n=10, Black 
shale n=8 in each layer). The boxes define the 
25th and 75th quartiles, the horizontal lines are 
the 50th quartiles (median). Square symbols 
indicate the mean values. The whiskers define 
the total ranges.  
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3.1.3.7. Ni 

 

The box and whisker plots for Ni concentrations show quite clear differences between 

samples taken on felsic and black shale bedrock in all four depth layers (Figure 20). The 

maximum values in samples from felsic areas are in all cases lower than the mean and 

median values in samples taken on black shale bedrock. In both groups, concentrations 

are relatively stable between different depths. The differences in Ni amounts were 

significantly different between bedrock types in all layers (Mann–Whitney U test, 

p<0.05). The concentrations in samples by peat profile showed similar results, as the 

samples from three of the four black shale catchments had higher concentrations in terms 

of Ni compared to all other sites (Appendix 1). However, concentrations in samples from 

the fourth black shale catchment, M10, were again comparatively low. Of felsic 

catchments, samples from the area KV22 had high concentrations compared to the other 

sites of similar lithology, while the sites KV14 and S39 yielded the most depleted 

samples.

3.1.3.8. Pb 

 

Concentrations of Pb show similar decreasing patterns with increasing depth in samples 

from both bedrock areas (Figure 21). In the surface layer, the mean and median values 

are higher in samples from felsic areas than in the ones from areas underlain by black 

shale, but deeper down the concentrations between bedrock types are relatively similar. 

This could also be seen by the high p-value for the differences between the sample groups 

in the 0–40 cm range (0.856 Mann–Whitney U test), which indicates of a close to random 

distribution of concentrations in samples regarding bedrock type.  

 

Looking at concentrations in individual samples (Appendix 1), the values varied 

somewhat within peat profiles, but they were overall unusually similar between 

catchments compared to most other metals in this study. Although samples from 

catchment KV22 were again more enriched than samples from the other felsic areas, the 

differences to the other catchments were not that large. Between black shale areas, the 

difference between concentrations measured for samples from catchment M10 and the 

other sampling sites was clearly smaller than for other metals, also indicating of a 

geographically more uniform distribution of Pb. 
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Figure 20: Box and whisker plots of peat profile 
Ni concentrations corrected for ash content 
presented by sampling layer depth (in cm) and 
underlying bedrock geology (Felsic n=10, Black 
shale n=8 in each layer). The boxes define the 
25th and 75th quartiles, the horizontal lines are 
the 50th quartiles (median). Square symbols 
indicate the mean values. The whiskers define 
the total ranges. 
 

Figure 21: Box and whisker plots of peat profile 
Pb concentrations corrected for ash content 
presented by sampling layer depth (in cm) and 
underlying bedrock geology (Felsic n=10, Black 
shale n=8 in each layer). The boxes define the 
25th and 75th quartiles, the horizontal lines are 
the 50th quartiles (median). Square symbols 
indicate the mean values. The whiskers define 
the total ranges.  

 

3.1.3.9. U 

 

Concentrations of U are generally on roughly similar levels between samples from both 

bedrock areas (Figure 22), but there are some marked differences. Although the mean and 

median values in samples from felsic catchments do not vary much between depth layers, 

the spreads of minimum and maximum U concentrations are relatively large. In samples 

collected on black shale, there is a general increase in concentrations with increasing 

depth. The spread of concentrations in them is smaller than in samples from felsic areas, 

except for the 30–40 cm layer. Overall, the differences in U concentrations by bedrock 

were large enough to be statistically significant in the 0–40 cm layer, with samples from 

areas underlain by felsic bedrock having higher values (Mann–Whitney U test, p<0.05). 

These enrichments appear to mostly be due to the comparatively very high U amounts in 

samples from the felsic catchment KV22 (Appendix 1). Similarly contributing to the 

differences by bedrock type are the consistently low concentrations measured in samples 

from the felsic catchment M10. 
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3.1.3.10. Zn 

 

Zn concentrations in peat are consistently higher in samples collected in black shale 

catchments than in areas underlain by felsic bedrock (Figure 23). Both sample groups 

show a clearly decreasing trend in concentrations with increasing depth. The ranges of 

minimum and maximum values are also low in most depth layers, irrespective of the 

bedrock type. The differences in concentrations by bedrock type were large enough to be 

statistically significant in every individual depth layer as well as in the combined 0–40 

cm layer (Mann–Whitney U test, p<0.01). This observation is supported by 

concentrations in individual samples (Appendix 1), which are on average much higher in 

samples collected on black shale bedrock, including samples from catchment M10. The 

variation in concentrations is relatively low between samples collected on similar bedrock 

types. The observation of decreasing concentrations with increasing depth is also 

unusually strong, as in case of Zn it is seen in every individual peat profile. 

 

Figure 22: Box and whisker plots of peat profile 
U concentrations corrected for ash content 
presented by sampling layer depth (in cm) and 
underlying bedrock geology (Felsic n=10, Black 
shale n=8 in each layer). The boxes define the 
25th and 75th quartiles, the horizontal lines are 
the 50th quartiles (median). Square symbols 
indicate the mean values. The whiskers define 
the total ranges.  

Figure 23: Box and whisker plots of peat profile 
Zn concentrations corrected for ash content 
presented by sampling layer depth (in cm) and 
underlying bedrock geology (Felsic n=10, Black 
shale n=8 in each layer). The boxes define the 
25th and 75th quartiles, the horizontal lines are 
the 50th quartiles (median). Square symbols 
indicate the mean values. The whiskers define 
the total ranges.

3.1.4. Heavy metal stocks in surface peat layers 

 

The stocks of heavy metals for the 0–40 cm layer were calculated from the initial metal 

concentrations (not corrected for ash contents) and bulk density values of the peat 

samples. The results are presented separately for each individual peat profile in Table 5, 
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along with mean and median stocks from all profiles by underlying bedrock. The values 

by peat profile in Table 5 have also been used to calculate statistical differences for stocks 

of each metal by bedrock type, using the Mann–Whitney U test. 

 

Starting with stocks of As, it can be seen that the largest values were calculated for the 

two peat profiles of the black shale catchment ML10, followed by profiles 1 and 2 of the 

felsic catchments KV13 and KV22, respectively (Table 5). Differences in stocks between 

catchments are notable, the variations between black shale catchments being more 

substantial than between felsic catchments. The variation between profiles within 

individual catchments is largest for the site KV13. The mean and median As stocks are 

larger for black shale sites, but the overall differences in stocks by bedrock type are not 

statistically significant (p=0.168). Compared with As, stocks of Cd show more clear 

variations between catchments and profiles. The by far largest stocks were measured for 

profile 2 of the black shale catchment ML07, the value being notably higher than what 

was calculated for profile 1 of the same catchment. The smallest stocks where measured 

for catchment S39 and for two profiles of catchment KV14, all of them underlain by felsic 

bedrock. As a note of the scale, the difference between the very largest and smallest stocks 

is roughly 40-fold. Overall, the Cd stocks in felsic catchments were by their mean and 

median values roughly half as large as those from black shale catchments. All profiles 

considered, the differences by bedrock were not large enough to be statistically significant 

(p=0.197). 

 

As for Cd, the largest stocks of Co were likewise calculated for catchment ML07, based 

on both peat profiles from the site. The values at this catchment can be seen as 

anomalously high compared to any other site, regardless of the underlying bedrock. 

Similarly noteworthy is the value measured for profile 2 of catchment KV22, which is 

clearly higher compared to the value seen for profile 1 of the same catchment, or to the 

stocks of any other felsic catchment. The clearly lowest stocks were measured for 

catchment S39 and for profile 1 of catchment KV14, as well as for profile 2 of the black 

shale catchment M10. Due to anomalous values seen for catchments from both bedrock 

areas, the mean and median value are quite differing. Although stocks in black shale 

catchments seem generally higher, the differences by bedrock are not statistically 

significant (p=0.110). The stocks of Cr are in some ways similar to those of Co, as some 

of the highest values were measured for catchment ML07 and for profile 2 of catchment 



 

36 
 

KV22, and as low values were calculated for the same profiles as for Co. For Cr, however, 

large stocks were also measured for both profiles of catchment ML10 and low values 

were seen for catchment ML09. The stocks measured for black shale catchments are by 

their mean and median values larger than those measured for felsic catchments, but as the 

values between profiles were quite variable, the differences by bedrock were not overall 

statistically significant (p=0.424). 

 

The stocks of Cu were largest at catchment KV22, as values calculated based on samples 

from both profiles were high. Anomalous values were also measured for catchment 

ML07, and to a lesser extent for catchment ML10. The relative variation between 

catchments is smaller than for most metals, but some notably lower values were measured 

for catchments S39 and KV14 in terms of felsic sites, and for catchment ML09 and for 

profile 2 of catchment M10 in terms of black shale sites. Overall, the mean and median 

values were higher in profiles taken on black shale catchments, but the differences by 

bedrock were not statistically significant (p=0.374). Compared to Cu, stocks of Mn were 

more diverse between profiles and catchments. They also measured the largest total stocks 

of all metals assessed in this study. The variation between profiles in black shale 

catchments is especially clear, as the highest calculated value (profile 1 of catchment 

ML07) is more than 50 times larger than the lowest one (profile 4 of catchment M10). 

The variation between felsic sites is smaller, although the differences between the largest 

(profile 2 of catchment KV22) and smallest (profile 2 of catchment 14) is still 

considerable. The mean values for black shale sites are clearly higher than for felsic sites, 

largely due to the effect of catchment ML07. However, by median value the stocks are 

very similar. As such, the differences by bedrock were not statistically significant 

(p=0.722). 

 

Looking at stocks of Ni, the exceptionally high value calculated for profile 2 of catchment 

ML07 is quite distinctive. It is more than 13 times higher than what was measured for 

profile 1 of the same site, signifying of a very large variation within one catchment. 

Compared to the lowest measured value (profile 1 of catchment KV14), the difference is 

close to 150-fold. And while smaller than at site ML07, stocks of Ni at other black shale 

catchments are also relatively large compared to felsic sites, with the exception of the 

slightly anomalous profiles 1 and 2 of catchment KV22. Although the mean Ni stocks for 

black shale catchments are strongly affected by the extreme value seen for catchment 
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ML07, the overall difference by bedrock with all profiles taken into account is large 

enough to be statistically significant (p=0.010). As a contrast to Ni, stocks of Pb are 

comparatively even between catchments and profiles, regardless of bedrock type. The 

difference between the profiles yielding the single largest (profile 1 of catchment KV13) 

and smallest (profile 2 of catchment KV14) Pb stocks is less than 5-fold. The mean and 

median values are slightly higher for felsic catchments, but no statistical differences by 

bedrock type can be obtained (p=1.00). 

 

The stocks of U are highly variable between catchment areas. Variations occur on sites 

underlain by both bedrock types, although there are two felsic catchments with clearly 

enriched values (KV22 and S24) versus one black shale catchment (ML07). The value 

calculated for profile 2 of catchment KV22 is over 170 times larger compared to the 

smallest measured stocks. The mean stocks measured for felsic catchments are relatively 

high due to catchments KV22 and S24, but as lower values are measured for catchments 

regardless of bedrock type, the median values are quite similar between felsic and black 

shale sites. The differences by bedrock are not statistically significant (p=0.790). As for 

U, stocks of Zn are variable between catchments and profiles. The value measured for 

profile 2 of catchment ML07 forms a clear anomaly, as it is more than 20 times larger 

than the stocks measured based on samples from profile 1 of the same catchment. 

Relatively large variations between profiles are also seen for the felsic catchment KV14. 

An exception compared to most other metals is that low values were measured for 

catchment KV22. Sites located on black shales yield higher stocks when looking at mean 

values of all profiles due to the enrichment of profile 2 of catchment ML07, but by median 

values there is not much variation by underlying bedrock. The differences are not 

statistically significant (p=0.286). 
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Table 5: Heavy metal stocks (mg/m2) for the 0–40 cm layer by catchment and peat profile.  

 

Catchment Profile Bedrock As Cd Co Cr Cu Mn Ni Pb U Zn 

KV13 P1 Felsic 33.4 10.5 32.3 51.0 162.1 1588.2 80.0 517.2 2.6 685.0 

KV13 P2 Felsic 18.6 10.0 18.3 58.1 129.0 2080.3 64.3 303.4 3.3 667.5 

KV14 P1 Felsic 10.6 5.7 7.2 27.0 95.3 803.9 39.2 198.3 1.1 472.8 

KV14 P2 Felsic 10.8 1.8 13.3 40.6 83.2 268.0 47.0 106.4 1.4 155.9 

KV14 P3 Felsic 18.0 2.2 13.1 67.4 61.3 1496.5 45.9 177.0 1.4 96.7 

KV22 P1 Felsic 23.8 11.2 44.7 101.3 495.8 1156.1 119.3 188.7 42.7 101.5 

KV22 P2 Felsic 33.2 27.9 195.8 411.8 531.4 3041.4 178.5 370.6 86.6 109.2 

S24 P4 Felsic 19.2 5.3 16.4 33.6 147.2 710.7 57.3 295.8 49.6 457.2 

S24 P1 Felsic 26.1 5.4 60.3 62.8 141.8 1315.3 73.5 401.3 70.4 369.7 

S39 P1 Felsic 10.3 1.9 3.6 13.3 44.6 1445.9 20.7 169.4 0.3 367.3 
             

 Mean Felsic 20.4 8.2 40.5 86.7 189.2 1390.6 72.6 272.8 25.9 348.3 

 Median Felsic 18.9 5.6 17.4 54.5 135.4 1380.6 60.8 247.1 2.9 368.5 

             

M10 P1 B. shale 20.2 10.7 26.0 61.9 162.9 552.2 127.9 291.9 5.1 441.8 

M10 P2 B. shale 18.6 4.3 8.9 31.3 75.1 619.1 47.9 233.5 0.5 563.0 

M10 P4 B. shale 15.2 9.2 26.8 46.2 95.9 346.8 105.8 256.4 2.8 436.6 

ML07 P1 B. shale 24.1 18.8 300.1 293.4 504.8 17600.0 430.6 255.8 44.0 323.6 

ML07 P2 B. shale 24.8 71.9 260.5 187.6 360.0 5125.6 5826.0 359.0 12.5 6972.0 

ML09 P2 B. shale 26.3 14.3 53.9 20.0 87.5 995.4 390.6 193.7 0.5 1238.7 

ML10 P1 B. shale 52.0 5.4 51.8 271.1 239.4 1800.7 150.3 265.4 7.8 318.8 

ML10 P2 B. shale 56.5 5.5 45.6 221.7 239.8 6337.7 174.3 197.1 2.7 181.6 
             

 Mean B.shale 29.7 17.5 96.7 141.7 220.7 4172.2 906.7 256.6 9.5 1309.5 

  Median B.shale 24.4 10.0 48.7 124.8 201.1 1398.0 162.3 256.1 4.0 439.2 

 

3.2. Concentrations in ditch water samples 

 

Metal concentrations in ditch water were measured from samples collected in the same 

catchments as the peat samples presented above. The samples were taken at a rate of 2–3 

per month during snow-free time in the years 2011–2015, with a total of 64–85 samples 

per catchment. Of the laboratory analyses made on the samples, this study covers the 

results of measurements of concentrations of dissolved organic carbon (DOC), Cd, Cr, 

Cu, Mn, Ni, Pb, Zn, and sulphate (SO4-S), and of pH values. The results are presented as 

box and whisker plots in Figures 24–33, along with compilations of median metal 

concentrations reported for Finnish stream waters (Lahermo et al. 1996).  

 

Starting first with DOC concentrations (Figure 24), the measured amounts in samples 

from different catchments are relatively even. The mean concentrations range from 

slightly over 20 mg/L in the felsic catchment KV13 to roughly 50 mg/L in the black shale 
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catchment M10, which also shows the highest median and second highest maximum 

values. Of felsic areas, the highest concentrations are found in samples taken from 

catchment KV14. As the variation between all catchments is in general relatively small, 

the differences between felsic and black shale catchments were not found to be 

statistically significant (Mann–Whitney U test, p=0.375). Compared to DOC 

concentrations, amounts of Cd are more variable (Figure 25). Here, catchment ML07 is 

very different compared to other sampling locations by having higher mean and median 

values than the maximum concentration measured in samples taken from any other 

catchment. As the measured concentrations of Cd in general were low, altogether 536 of 

the measured 634 samples remained under the detection limit of 0.025 µg/L. These were 

given a value of half of the limit (0.0125 µg/L), including all samples collected in 

catchments KV13 and S39, and all except one in catchments S24, ML09 and ML10, and 

all but two samples collected in catchment KV14. Statistically significant differences 

between samples from the two bedrock types were obtained (Mann–Whitney U test, 

p<0.001), due to the higher concentrations measured in catchments ML07 and M10. 

 

 
 

Figure 24: DOC concentrations in ditch water 

samples by catchment and underlying bedrock. 

N (felsic) = 357; n (black shale) = 277. The boxes 

define the 25th and 75th quartiles, the 

horizontal lines are the 50th quartiles (median). 

Squares mark mean values. The whiskers define 

the total ranges. 

 
 

 
Figure 25: Cd concentrations in ditch water 
samples by catchment and underlying bedrock. 
N (felsic) = 357; n (black shale) = 277. The boxes 
define the 25th and 75th quartiles, the 
horizontal lines are the 50th quartiles (median). 
Squares mark mean values. The whiskers define 

the total ranges. Median concentration in 
Finnish stream waters <0.02 µg/L (Lahermo 
et al. 1996).
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Concentrations of Cr are quite stable between catchments, but they do show some 

variations at felsic sites (Figure 26). Between them, catchment KV22 has the highest 

mean, median and maximum values, followed by catchments KV14 and S24. The values 

measured from samples taken from catchments S39 and KV13 are comparatively clearly 

lower. Looking at black shale catchments, the measured concentrations are on an even 

level in three of the four sampling sites. The one exception, ML09, is by mean and median 

values on the level of the most depleted felsic catchments. However, as catchments M10, 

ML07, and ML10 are on a similar level to the most enriched felsic catchment, 

concentrations by bedrock were statistically significantly different (Mann–Whitney U 

test, p<0.01).  

 

A more diverse distribution in concentrations measured in the water samples is seen for 

Cu (Figure 27). While the mean and median values are relatively low and do not differ 

dramatically between catchments, the measured maximum concentrations are in 

comparison often very high. This is seen especially for samples collected in felsic areas. 

While all of them have median concentrations of well below 2.0 µg/L, samples with more 

than 15 µg/L Cu have been measured in four out of five felsic catchments. Samples 

collected on black shale catchments, in turn, show slightly less variation. While the 

maximum concentration measured in a sample from catchment ML09 is on the same level 

as the most enriched samples from felsic areas, the overall range of minimum and 

maximum samples is black shale catchments is generally smaller. On average, however, 

samples from black shale catchments tended to have slightly higher concentrations than 

the ones from felsic areas, and the difference between the bedrock areas is statistically 

significant (Mann–Whitney U test, p=0.0133). 
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Figure 26: Cr concentrations in ditch water 

samples by catchment and underlying bedrock. 

N (felsic) = 357; n (black shale) = 277. The boxes 

define the 25th and 75th quartiles, the 

horizontal lines are the 50th quartiles (median). 

Squares mark mean values. The whiskers define 

the total ranges. Median concentration in 

Finnish stream waters = 0.50 µg/L (Lahermo 

et al. 1996). 

Figure 27: Cu concentrations in ditch water 

samples by catchment and underlying bedrock. 

N (felsic) = 357; n (black shale) = 277. The boxes 

define the 25th and 75th quartiles, the 

horizontal lines are the 50th quartiles (median). 

Squares mark mean values. The whiskers define 

the total ranges. Median concentration in 

Finnish stream waters = 0.64 µg/L (Lahermo 

et al. 1996).

 

Concentrations of Mn were quite variable between samples, and the results are therefore 

presented on a Log10 scale in Figure 28. The differences are seen between catchments in 

both bedrock types. Among felsic areas, the results measured in samples collected in 

catchment S39 are noticeably low, as their median value is over one order of magnitude 

below the median values measured in any other felsic catchment. The highest 

concentrations among samples from felsic catchments are found in area KV14, which 

also shows the largest range between minimum and maximum values, as they differ by a 

factor of 340. Differences between samples collected in black shale areas are equally 

large. Catchment ML07 is in terms of mean and median concentrations clearly enriched 

compared to any other area, and the contrast to the low values measured in samples from 

catchments M10 and ML09 is very large. But, although Mn concentrations differ greatly 

between catchments, they do not do so between bedrock types. The p-value in the Mann–

Whitney U test between samples from felsic and black shale areas was 0.930, indicating 

no statistical effect by bedrock on Mn concentrations.  

 

Like for Mn, the concentrations of Ni are also presented on a Log10 scale (Figure 29). The 

reasons for this are the samples collected from the black shale catchment ML07, which 

have a median Ni concentration roughly 17 times higher than the samples collected from 
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the catchment with the second highest median value (M10). Between other catchments, 

the differences are relatively smaller. The very lowest amounts are seen in the felsic areas 

KV13, KV14 and S39, in which the samples yielded a median value of roughly 1/3 of the 

ones in the most enriched felsic catchment (KV22). Overall, the differences in Ni 

concentrations by bedrock were significantly different, tested both with and without 

catchment ML07 (Mann–Whitney U test, p<0.0001). 

 

 
 

Figure 28: Mn concentrations in ditch water 
samples by catchment and underlying bedrock 
presented on Log10 scale. N (felsic) = 357; n 
(black shale) = 277. The boxes define the 25th 
and 75th quartiles, the horizontal lines are the 
50th quartiles (median). Squares mark mean 
values. The whiskers define the total ranges. 
Median concentration in Finnish stream waters 
= 0.029 mg/L (Lahermo et al. 1996). 

 
Figure 29: Ni concentrations in ditch water 
samples by catchment and underlying bedrock 
presented on Log10 scale. N (felsic) = 357; n 
(black shale) = 277. The boxes define the 25th 
and 75th quartiles, the horizontal lines are the 
50th quartiles (median). Squares mark mean 
values. The whiskers define the total ranges. 
Median concentration in Finnish stream waters 
= 0.52 µg/L (Lahermo et al. 1996).

 

Concentrations of Pb are generally quite low and do not vary too much between 

catchments (Figure 30). The most notable exception is the black shale catchment ML07, 

in which the samples were very depleted in Pb compared to samples from other 

catchments. Of all 634 analysed samples, there were 222 that remained under the 

detection limit of 0.3 µg/L and were thus given a value of 0.15 µg/L. In addition to ML07, 

most of these samples were collected from catchments KV13 and KV22. The felsic 

cathment KV14 is notable by having a single sample with a very high value of 5.64 µg/L, 

but otherwise the ranges of minumun and maximum concentrations between samples are 

quite small. Overall, as samples from felsic and black shale catchments yielded relatively 

similar values, concentrations by bedrock area were not statistically significantly different 

(p=0.380, Mann–Whitney U test). Compared with Pb, more deviations between high and 

low concentrations in samples can be seen for Zn (Figure 31). Atlhough the mean and 

median amounts in samples from most catchments are on a relatively even level, many of 
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them have yielded individual samples with comparatively high concentrations. The 

overall concentrations are clearly highest in samples collected from catchment ML07, 

and results from catchment ML10 can be seen as enriched, too. Due mostly to the higher 

amounts measured in these areas, the differnce in Zn concentrations between felsic and 

black shale areas was statistically significantly different, with a p-value of <0.0001 

(Mann–Whitney U test). Overall, the Zn concentrations measured for the samples 

presented in this study are clearly higher than the median concentrations in Finnish stream 

waters (Lahermo et al. 1996). 

 

 

Figure 30: Pb concentrations in ditch water 

samples by catchment and underlying bedrock. 

N (felsic) = 357; n (black shale) = 277. The boxes 

define the 25th and 75th quartiles, the 

horizontal lines are the 50th quartiles (median). 

Squares mark mean values. The whiskers define 

the total ranges. Median concentration in 

Finnish stream waters = 0.23 µg/L (Lahermo et 

al. 1996). 

 

Figure 31: Zn concentrations in ditch water 

samples by catchment and underlying bedrock. 

N (felsic) = 357; n (black shale) = 277. The boxes 

define the 25th and 75th quartiles, the 

horizontal lines are the 50th quartiles (median). 

Squares mark mean values. The whiskers define 

the total ranges. Median concentration in 

Finnish stream waters = 0.0036 mg/L (Lahermo 

et al. 1996).

 

With concentrations of sulphate, most attention is generated towards the high values 

measured for samples from catchment ML07 (Figure 32). They are clearly different 

compared to the samples from any other site, as the lowest value measured there is higher 

than the maximum concentration from any other catchment. The differences between the 

rest of the catchments are much smaller, but the concentrations at black shale sites can 

nonetheless be observed to be higher compared to felsic areas. Especially low 

concentrations are measured for samples from catchments KV14 and S39. Overall, 

differences in sulphate concentrations were statistically significant between bedrock 

types (Mann–Whitney U test, p<0.0001). Looking finally at the pH values measured for 
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the samples, some variations can be seen between catchments (Figure 33). The values are 

overall acidic, with a range from 3.7 to 6.7. By mean and median values, higher pH is 

measured for samples from the felsic catchments KV13, KV14, and KV22, and for 

samples from the black shale catchments ML07, ML09, and ML10. The lowest total 

values are seen for samples from catchment M10. While variation is seen between both 

felsic and black shale catchments, the values were on average slightly lower in samples 

from felsic areas. The differences by bedrock were statistically significant (Mann–

Whitney U test, p<0.01).  

 

  

 
Figure 32: Sulphate (SO4-S) concentrations in 
ditch water samples by catchment and 
underlying bedrock. N (felsic) = 357; n (black 
shale) = 277. The boxes define the 25th and 75th 
quartiles, the horizontal lines are the 50th 
quartiles (median). Squares mark mean values. 
The whiskers define the total ranges. 

 
Figure 33: pH values in ditch water samples by 
catchment and underlying bedrock. N (felsic) = 
357; n (black shale) = 277. The boxes define the 
25th and 75th quartiles, the horizontal lines are 
the 50th quartiles (median). Squares mark mean 
values. The whiskers define the total ranges. 

 

3.3. Correlations between heavy metal concentrations, DOC and precipitation 

 

In order to evaluate possible reasons behind the measured heavy metal concentrations in 

ditch water samples, correlations between heavy metal and DOC concentrations and the 

amounts of precipitation during the last 7 days before sampling have been calculated 

(Tables 6 and 7). The results are presented separately by catchment to get more detailed 

information, as both the concentrations of different metals and DOC were relatively 

variable between areas. The values are calculated as Spearman’s rank order correlations 

due to most measured concentrations following non-linear distributions.  
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Looking at correlations between metal and DOC concentrations in Table 6, it is evident 

that the values vary greatly between elements and catchments. Of metal concentrations, 

the correlation between Cd and DOC could only be calculated for two catchments due to 

only 98 of the of 634 samples having concentrations higher than the detection limit in 

laboratory analysis. Of the catchments yielding results, the correlation in the area M10 is 

close to 0 and in catchment ML07 it is moderately negative, suggesting DOC not to be a 

factor promoting Cd concentrations. Another relationship is seen for Cr and DOC, as the 

correlations between these variables are in several catchments strongly positive. Except 

for catchment ML09, all black shale catchments show correlations of over 0.8, and the 

general trend among felsic catchments is moderately positive as well. The only exception 

of a weaker correlation is seen for catchment S39. Differing from Cr, the relationship 

between Cu and DOC is weak, as the only statistically significant correlation is seen for 

catchment ML07. Predictions of Cu concentrations in ditch water samples in this study 

can thus not be made based on DOC contents. 

 

Correlations between Mn and DOC vary between catchments from weak and not 

statistically significant to strongly positive. The clearest relationship is seen in samples 

from catchment KV13, with two other felsic (KV22 and S24) and one black shale 

catchment (M10) also showing quite strong correlations. However, as weak correlations 

are seen in both felsic and black shale catchments, there are no clear differences in 

correlations between bedrock areas. Large differences between catchments are seen for 

the connections between Ni and DOC, too. Correlations vary from non-existent -0.08 

(KV13) to relatively strong 0.75 (M10). With the exception of catchment KV22, the 

correlations are generally weaker in felsic catchments than in black shale ones. However, 

in the Ni-enriched catchment ML07 the correlation with DOC is only 0.20. Equally 

varying results are seen for the correlation between Pb and DOC, which also range from 

weakly negative (KV13) to clearly positive (S39). As the correlations differ between 

catchments in both felsic and black shale areas, no distinctions in correlations can be 

made based on the type of bedrock. Finally, correlations between Zn and DOC are weak, 

ranging from -0.07 (catchment S39) to 0.37 (KV22). As such, no predictions about Zn 

contents in water samples in catchments from either bedrock type can accurately be made 

based on the measured DOC concentrations.  
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Table 6: Spearman correlations between metal concentrations (greater than detection limit) and DOC in 

drainage ditch water samples by catchment. Significant (α=0-05) correlations are underlined. 

 

Bedrock Catch- Cd vs Cr vs Cu vs Mn vs Ni vs Pb vs Zn vs 

  ment DOC DOC DOC DOC DOC DOC DOC 

Felsic KV13 - 0.54 -0.08 0.83 -0.08 -0.16 0.31 

Felsic KV14 - 0.61 -0.07 0.16 0.18 0.37 0.20 

Felsic KV22 - 0.87 0.20 0.78 0.74 0.41 0.37 

Felsic S24 - 0.59 -0.01 0.66 0.31 0.57 0.27 

Felsic S39 - 0.35 -0.14 0.32 0.18 0.74 -0.07 

     
 

   

Black shale M10 0.08 0.81 0.04 0.75 0.75 0.36 0.18 

Black shale ML07 -0.61 0.93 0.50 0.43 0.20 0.10 -0.16 

Black shale ML09 - 0.43 0.23 0.39 0.54 0.14 0.13 

Black shale ML10 - 0.85 0.01 0.49 0.51 0.72 0.12 

 

Compared with DOC in Table 6, the correlations between concentrations and amounts of 

precipitation are often weaker (Table 7). Starting with DOC and precipitation, the general 

correlations between them vary from a low of 0.20 in catchment M10 to a maximum of 

0.56 in catchment ML09, with most correlations being statistically significant. As the 

strengths of the correlations vary between both felsic and black shale catchments, the 

bedrock type does not seem to affect the connections between DOC and precipitation. 

With Cd, there were only two catchments that yielded enough samples higher than the 

detection limit, and the correlations with precipitation in them were weak and not 

statistically significant. The situation for Cr is slightly different, as the range between 

minimum and maximum correlations of 0.17 to 0.45 shows there to be a weak relationship 

between concentrations and precipitation in samples from most catchments, although 

many correlations are not statistically significant. No difference can be seen between 

felsic and black shale areas. Compared with Cr, the correlations between Cu and 

precipitation are close to zero in all catchments. As the maximum calculated value is 0.2 

(catchment ML07), the relationship between rainfall and Cu concentrations can be seen 

as completely random. Mn and precipitation show more varying correlations, ranging 

from weakly negative (ML07) to moderately positive (KV13). There is a tendency of 

samples from felsic catchments to have somewhat stronger correlations compared to 

samples from black shale areas. The overall correlations are, however, weak and rarely 

statistically significant. 
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The correlations between Ni concentrations and precipitation are quite similar to those 

seen for Mn. They wary from weakly negative to weakly positive, with the strongest 

correlation of 0.35 measured for samples from catchment ML09. But even in samples 

from this area, no accurate predictions about Ni contents could be made based on the 

amount of rainfall. Among the correlations measured for Pb and precipitation, samples 

from the felsic catchments S24 and S39 are the only ones with statistically significant 

values. Correlations in other catchments are just below or over zero, indicating Pb 

concentrations to generally have no connection to amounts of precipitation. Even lower 

correlations are seen for concentrations of Zn. As no catchment has a statistically 

significant correlation, the concentrations of Zn do not show any patterns of being related 

to rainfall, regardless of the underlying bedrock. 

 
Table 7: Spearman correlations between metal concentrations (greater than detection limit) in drainage 
ditch water samples and precipitation (sum of rainfall during 7 days prior to sampling) by catchment. 
Significant (α=0-05) correlations are underlined. 
 

Bedrock Catch- DOC vs Cd vs Cr vs Cu vs Mn vs Ni vs Pb vs Zn vs 

  ment Precip. Precip. Precip. Precip. Precip. Precip. Precip. Precip. 

Felsic KV13 0.54 - 0.45 0.07 0.50 -0.12 0.15 0.22 

Felsic KV14 0.37 - 0.21 0.11 0.26 -0.03 0.10 0.00 

Felsic KV22 0.33 - 0.25 0.10 0.26 0.22 0.10 0.08 

Felsic S24 0.38 - 0.17 0.07 0.13 0.16 0.41 -0.02 

Felsic S39 0.49 - 0.38 -0.01 0.24 0.02 0.46 0.04 

      
 

   

Black shale M10 0.20 0.02 0.18 0.02 0.12 0.00 0.08 -0.08 

Black shale ML07 0.39 -0.11 0.39 0.20 -0.11 0.25 -0.18 0.05 

Black shale ML09 0.56 - 0.35 0.07 0.19 0.35 0.23 0.05 

Black shale ML10 0.26 - 0.18 0.11 0.04 0.15 0.06 -0.01 

 

3.4 Heavy metal concentrations in needle samples 

 

The analyses of metal concentrations in tree needles included measurements of Cr, Cu, 

Mn, Ni and Zn. The samples were collected from the same catchments as the peat and 

ditch water samples presented above, with the exception of the felsic catchment S39 that 

was left out. All samples were gathered from five trees per catchment, the species being 

either Scots pine (Pinus sylvestris L.) or Norway spruce (Picea abies [L.] Karst.).  The 

results are presented below as box and whisker plots separated by catchment, tree species 

and needle age (Figures 34–38). For comparison, mean values of concentrations of each 

metal measured in pine needles in a study in the Kainuu region are presented together 

with the figures (Laatikainen & Seppänen 2017). 
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Looking at concentrations of Cr in Figure 34, the values measured for samples from both 

age groups and species between different catchments are not that differing. The total 

range of minimum and maximum concentrations between all samples varies from a value 

of 0.106 mg/kg set for samples that measured under the detection limit (0.212 mg//kg) to 

a maximum of 0.664 measured in one pine needle sample from the felsic catchment 

KV13. The lowest total mean and median values were measured for pine needles from 

the felsic catchment KV14, in which only one of the ten samples overcame the detection 

limit. As samples from black shale areas had concentrations between those measured from 

felsic areas, differences between bedrock areas were not statistically significant (p=0.284, 

Mann–Whitney U test). A pattern is, however, found when looking at the age groups of 

the samples, as the previous year’s pine needles mostly yielded higher concentrations than 

current year’s ones. The differences are statistically significant, with a p-value of 0.0146. 

Difference by age for spruce needles are not statistically significant. 

 

 

 
 

Figure 34: Box and whisker plots showing Cr concentrations in needle samples collected in catchments 

underlain by felsic (red) and black shale (grey) bedrock. The boxes define the 25th and 75th quartiles, the 

horizontal lines are the 50th quartiles (median). Squares mark mean values. The whiskers define the total 

ranges. C refers to current year’s needles, C+1 to needles from the previous year. Catchment KV22 contains 

samples of both pine (n=3) and spruce (n=2) needles, other catchments only from one species (n=5). Mean 

concentrations in pine needles in the Kainuu region = 0.40 mg/kg (Laatikainen & Seppänen 2017). 
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Concentrations of Cu have a relatively small variation between sample types, but some 

differences between the groups are observable (Figure 35). In both current and previous 

year’s samples, needles collected from pine trees are more varying in their Cu 

concentrations than those collected from spruce. Some differences are also seen by 

bedrock type. The highest concentrations in general were measured in fresh pine needles, 

with samples from felsic catchments having both higher and lower concentrations than 

those from black shale areas. The overall lowest amounts were measured in older spruce 

needles, with the black shale catchment ML10 yielding the altogether lowest 

concentrations. Although the variation between the most enriched and depleted samples 

show a small difference in amounts of Cu, statistically significant differences between 

sample types were observed. Concentrations were higher in samples collected on felsic 

than on black shale bedrock (p=0.0223) and in pine versus spruce needles (p<0.001). By 

needle age, current year’s pine needles had higher concentrations than last year’s ones 

(p<0.001), but no differences by age were observed for spruce needles. 

 

 

Figure 35: Box and whisker plots showing Cu concentrations in needle samples collected in catchments 

underlain by felsic (red) and black shale (grey) bedrock. The boxes define the 25th and 75th quartiles, the 

horizontal lines are the 50th quartiles (median). Squares mark mean values. The whiskers define the total 

ranges. C refers to current year’s needles, C+1 to needles from the previous year. Catchment KV22 contains 

samples of both pine (n=3) and spruce (n=2) needles, other catchments only from one species (n=5). Mean 

concentrations in pine needles in the Kainuu region = 2.56 mg/kg (Laatikainen & Seppänen 2017). 
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Compared with Cu, concentrations of Mn are more variable between catchments (Figure 

36). The range between minimum and maximum samples is generally slightly smaller in 

pine than in spruce needles and the mean values are often lower in them, although 

variations between catchments are larger. The highest concentrations are in all four 

groups found in samples from catchment KV22, and low values are seen in results from 

catchments KV14 and ML10. Statistically, differences between samples from felsic and 

black shale areas are far from being significant (p=0.722). More variation is, however 

found between age and species groups, as older pine needles had statistically significantly 

higher concentrations than fresh ones (p<0.05) and spruce needles had higher 

concentrations than pine needles (p<0.05), Mann–Whitney U test). 

 

 
 

 
 

Figure 36: Box and whisker plots showing Mn concentrations in needle samples collected in catchments 

underlain by felsic (red) and black shale (grey) bedrock. The boxes define the 25th and 75th quartiles, the 

horizontal lines are the 50th quartiles (median). Squares mark mean values. The whiskers define the total 

ranges. C refers to current year’s needles, C+1 to needles from the previous year. Catchment KV22 contains 

samples of both pine (n=3) and spruce (n=2) needles, other catchments only from one species (n=5). Mean 

concentrations in pine needles in the Kainuu region = 602 mg/kg (Laatikainen & Seppänen 2017). 
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With concentrations of Ni (Figure 37), attention is drawn to the very high concentrations 

seen in samples taken from the black shale catchment ML07. The mean and median 

values measured in both current and last year’s samples from this area are over one order 

of magnitude higher than in samples from most other catchments. Looking at other 

sampling sites, comparatively high concentrations are also observed in the felsic 

catchment KV22, both in needles from pine and spruce trees. Between the rest of the 

catchments, the concentrations are on a relatively low and even level. Differences in Ni 

amounts between bedrock types differ strongly whether catchment ML07 is included or 

not. With it taken into account, the differences between the bedrock areas are statistically 

significantly different (p<0.01) but without it they are not (p=0.164, Mann–Whitney U 

test). Differences in Ni concentrations by needle age within the species groups are not 

statistically significant regardless of the involvement of samples from catchment ML07. 

Differences by species were not determined, due to the low amount of spruce needle 

samples if catchment ML07 was excluded. 

  

 
Figure 37: Box and whisker plots showing Ni concentrations in needle samples collected in catchments 

underlain by felsic (red) and black shale (grey) bedrock. The boxes define the 25th and 75th quartiles, the 

horizontal lines are the 50th quartiles (median). Squares mark mean values. The whiskers define the total 

ranges. C refers to current year’s needles, C+1 to needles from the previous year. Catchment KV22 contains 

samples of both pine (n=3) and spruce (n=2) needles, other catchments only from one species (n=5). Mean 

concentrations in pine needles in the Kainuu region = 0.97 mg/kg (Laatikainen & Seppänen 2017). 
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Concentrations of Zn (Figure 38) are relatively stable between catchments, but they do 

show some variation between species. In all four sample categories, the lowest mean and 

median amounts are by a small margin found in needles from catchment KV22, and the 

overall highest ones in the older pine needles collected in catchment KV13. Although 

catchment ML07 does have individual samples with comparatively high concentrations, 

needles collected in black shale catchments have overall similar concentrations as those 

from felsic areas.  The differences by bedrock are not statistically significant (p=0.885). 

The ages of the needles do not cause large enough differences in Zn concentrations to be 

significant either, but the amounts measured in pine needles are high enough compared 

to the concentrations in spruce needles to be statistically significantly different (p<0.01, 

Mann–Whitney U test). 

 

 

 
 

Figure 38: Box and whisker plots showing Zn concentrations in needle samples collected in catchments 

underlain by felsic (red) and black shale (grey) bedrock. The boxes define the 25th and 75th quartiles, the 

horizontal lines are the 50th quartiles (median). Squares mark mean values. The whiskers define the total 

ranges. C refers to current year’s needles, C+1 to needles from the previous year. Catchment KV22 contains 

samples of both pine (n=3) and spruce (n=2) needles, other catchments only from one species (n=5). Mean 

concentrations in pine needles in the Kainuu region = 35.2 mg/kg (Laatikainen & Seppänen 2017). 
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4 DISCUSSION 
4.1. Differences in heavy metal concentrations and stocks in peat 

 

When work on this study began and before more systematic analysis of the data had been 

started, the hypothesis was that the amounts of heavy metals would in general be higher 

in samples collected in areas underlain by black shale than in those located above felsic 

bedrock. This turned out to mostly be true, but the results were in some cases variable 

and not always as anticipated. A few earlier studies done in the same area provided some 

pre-information. In his Master’s thesis based on the same peat sample data as used in this 

study, Karinen (2013) found that concentrations of As, Cd, Co, Fe, Mn, Ni, and S were 

higher in areas underlain by black shale compared with felsic areas, while the opposite 

was observed for Cu and U. Most elements were enriched in the bottom layers of the 

peatlands, deeper than the 0–40 cm sequence studied in this work. Further insight was 

offered by the publication of Mäkilä et al. (2015), who did similar research on the same 

data. They found the concentrations of As, Co, Cu, Hg, Mn, Ni, S, Zn, and the ash contents 

to be significantly different between samples from the two bedrock areas, amounts always 

being higher in samples from catchments underlain by black shale. Like Karinen (2013), 

Mäkilä et al. (2015) also noted metal concentrations to generally increase with increasing 

depth.  

 

As this study focused on the heavy metal amounts in the surface peat layers and as the 

concentrations here were recalculated to take into account the dependence of 

concentrations on ash contents, the results from the previous works are not directly 

comparable. However, the main patterns seen in the results were still similar to the earlier 

publications. Statistically significant differences between samples taken down to a depth 

of 40 cm from felsic and black shale areas were found for seven metals, the ash corrected 

concentrations of As, Cd, Co, Mn, Ni, and Zn being higher in black shale areas and those 

of U being higher in felsic areas (Mann–Whitney U test). Ash corrected concentrations 

of Cr, Cu, and Pb did not differ significantly by underlying bedrock. And although their 

differences were not statistically significant, the contents of Cr and ash were generally 

higher in samples form catchments underlain by black shale. The contents of As, Cd, Mn, 

Pb and especially Zn decreased when going deeper in the 0–40 cm range, while 

concentrations of Co, Cr, and Ni stayed on relatively similar levels at each depth layer. 

The changes by depth did not seem to be much affected by bedrock type, although 
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concentrations of Cu were seen to decrease with depth only in samples from black shale 

areas while the opposite was observed for ash contents in the peat samples. And as the 

only observation of increasing contents with increasing depth, concentrations of U in 

samples collected on black shale bedrock were found to be higher in deeper as opposed 

to surface layers. 

 

Thus, for most metals in this study, there were differences in the ash corrected 

concentrations by bedrock type. While samples from most black shale catchments showed 

higher metal concentrations than those from felsic catchments, two notable exceptions 

were areas KV22 and M10. Of these, the felsic catchment KV22 yielded samples with 

higher concentrations in terms of every studied element, often comparable to the more 

enriched black shale catchments. On the other hand, samples from the black shale 

catchment M10 had almost always low metal concentration. This same phenomenon was 

observed by Karinen (2013) and Mäkilä et al. (2015). For catchment KV22, they 

discussed the reasons for the higher concentrations possibly to be due to its location next 

to a hillside and relatively close to a black shale formation, enabling metal-rich surface 

and groundwater flow from higher topography to affect the peat forming vegetation, and 

possibly portions of black shale derived till to be present at the area. The high ash content 

and Carex-rich peat would also make a difference. About the lower concentrations 

measured in samples from catchment M10, they speculated them to be due to its 

topographically higher location near a water-divide, its Sphagnum-rich peat and a weak 

contact to the underlying bedrock. 

 

Together with concentrations, another way to look at heavy metals in peat are the 

evaluations of metal stocks, which were calculated with the aim of assessing the 

magnitudes of heavy metal amounts stored in peat layers, and the differences in them 

between catchments and peat profiles. Stocks essentially show the metal amounts stored 

at a given unit area and layer thickness extrapolated around the point where the samples 

were taken, in this case per m2 at the topmost 40 cm of the peat, equalling to a volume of 

0.4 m3. Major differences compared to the metal concentrations in peat presented in this 

study were that the calculations of metal stocks were based on initial rather than ash 

corrected metal concentrations, and that they take into account the bulk densities of the 

peat samples. These densities, as could be seen in Table 2, were quite variable between 

catchments. Reasons behind the variations are most likely due to the differences in peat 
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forming vegetation and degree of humification (Shotyk 1996), and to the amount of 

inorganic material in the samples. As the peat bulk density is directly multiplied with 

metal concentrations in the calculation of metal stocks, differences in bulk densities in 

samples between areas have a clear role in the outcome. 

 

Looking at the values of the metal stocks, the results were quite variable between 

catchments and peat profiles, much more so than for the ash corrected metal 

concentrations. By mean and median values, the stocks at black shale catchments were in 

terms of almost every metal larger than the stocks at felsic sites, but due to the large 

variation between peat profiles, statistically significant differences by bedrock type were 

obtained only for the stocks of Ni. Like what was seen for the ash corrected metal 

concentrations, the felsic catchment KV22 often yielded larger stocks compared to other 

felsic sites. This was especially noted for profile 2 of the catchment. The highest values 

between black shale sites were often seen for catchment ML07, but the enrichments of 

the stocks in its two profiles were more specific between metals, as profile 1 was clearly 

anomalous especially in terms of Mn and U, while profile 2 had very large stocks of Ni 

and Zn. Large variations in stocks within catchments signify that the distributions of 

metals in peat are rather complex and that they – in addition to the underlying bedrock – 

are controlled by many other factors.  

 

Regarding the initial sources of metals in the bedrock, there are valid reasons to examine 

the elemental differences in the areas where the samples for this work were gathered. The 

black shales in the region are part of a notable lithological unit even by global standards. 

They host the Talvivaara mining site, located about 8 kilometres west of catchment S24. 

It is the biggest deposit of its kind in the world, and is subject to active mining of Ni, Cu, 

Zn, and Co (Loukola-Ruskeeniemi & Lahtinen 2013). In addition to these mined metals, 

all other elements included in this study (As, Cd, Cr, Mn, Pb, and U) are also known to 

in places be enriched in black shales compared to the average bedrock (Table 1) (Loukola-

Ruskeeniemi 1999, Virtanen & Lerssi 2006). These clear contrasts in metal 

concentrations between black shales and felsic bedrock were the base for the initial 

hypothesis of this study. While they are well understood, possible changes in the 

geochemical uniformities within these lithological units could be a source of uncertainty. 

For example, the geochemical composition of the bedrock at the studied black shale 

catchments can’t be assumed to be the same as that of the Talvivaara mine, which 
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represents more anomalous metal concentrations. Locally present high or low 

concentrations of specific metals in bedrock could also be present on small scales within 

some of the study sites, affecting the results of this study. 

 

Another possible uncertainty regarding geology would be the exact boundaries of the rock 

types underneath the study sites. The bedrock at each catchment was determined based 

on existing bedrock maps and field observations and checked against geophysical 

information of total magnetic intensity and frequency-domain electromagnetism, which 

give different values for black shales and felsic rock types (Mäkilä et al. 2015). However, 

as the bedrock at the study sites was covered by peat and thus inaccessible for direct 

sampling, possible influences of felsic bedrock on black shale sites – or of black shale on 

felsic sites – could not be completely ruled out. This would likely be a bigger risk at black 

shale sites, as the black shale formations are relatively limited in their spatial extent 

(Geological Survey of Finland 2018).  

 

A strong correlation between metal amounts in peat samples and the distribution of 

bedrock types would indicate that the influence of bedrock on the accumulation of metals 

in peat was high. A lack of this kind of correlation, however, would imply that the effect 

of bedrock-influenced passive uplift of metals in peat was smaller than that of other 

additional inputs, such as of lateral flow, deposition, metal chemistry, or of preferences 

of plant matter to accumulate specific elements. Although statistically significantly 

different values were obtained between samples from felsic and black shale areas in the 

ash corrected concentrations in terms of most metals, effects of non-geologic factors do 

play a role when comparing concentrations between individual catchments and peat 

profiles. This would be most notable for samples from catchments KV22 and M10, which 

deviated the most in terms of their metal concentrations compared to other samples from 

felsic and black shale catchments. Indications of the effects of non-geologic factors on 

metal contents between and within catchments can best be noted by assessing the 

differences in metal stocks, for which the variations between peat profiles were typically 

bigger than for the ash corrected metal concentrations. 

 

An example of non-geologic factors affecting the metal distributions between sampling 

sites are the properties of the peat material, which is known to vary in its nutrient and 

elemental composition based on the type of the vegetation forming it. Peatlands 
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themselves can in broad terms be classified into minerotrophic fens fed mostly by 

groundwater and into ombrotrophic bogs fed by precipitation (Rydin & Jeglum 2006, 

Finlayson 2018, Lindsay 2018). Due to their main water source being connected to the 

mineral soil, fens tend to be more nutrient rich than bogs, which in turn are more acidic 

and typically less humified (Rydin & Jeglum 2006). As bogs in turn are dependent on 

nutrients received only from precipitation and dry deposition, and have a weak contact to 

the bedrock, the heavy metal contents in them could be assumed to be lower than in fens. 

Judging by their pH values in Table 2, all of the sampling sites located on felsic bedrock 

and the black shale catchment M10 can be classified as bogs, while black shale 

catchments ML07, ML09 and partly ML10 can be categorised as either bogs or poor fens 

(Rydin & Jeglum 2006). The view is slightly changed when categorized by the main peat 

type, as Carex peat is typically present in minerotrophic areas, while Sphagnum is more 

prevalent at ombrotrophic sites (Rydin & Jeglum 2006, Väliranta et al. 2017). As the peat 

in catchment KV22 was mainly formed of remnants of Carex, it could imply a 

minerotrophic environment and partly explain why samples from that particular site 

yielded so much more metal-enriched samples than the other felsic areas. Also, M10 is 

the only black shale catchment to be dominated by Sphagnum peat, possibly partly 

explaining the low metal concentrations in samples gathered in there.  

 

While the origins of their water are an important factor determining the nutrient balances 

of peatlands, the biological functions and the rather complex chemical behaviours of 

individual metals are also to be considered. These can vary according to conditions, as 

for example the mobilities of metals are affected by pH and redox conditions, while 

bioaccumulation in plants is mostly determined by how essential different elements are 

for plant survival (Shotyk 1988, Kabata-Pendias 2010). Some elements are also more 

bound to be inherited from mineral than atmospheric sources. As an example of some 

metals of interest here, Shotyk et al. (1992) determined the order of inorganic association 

in Sphagnum peat in eastern Canada to be Ni>Cr>Mn>Cu=U>Zn>Pb, meaning that Ni 

was the most likely to be derived from mineral matter and Pb from atmospheric sources, 

respectively. This order does agree quite well with the results seen in this study. The 

concentrations of Ni, Cr, and Mn had fairly good correlations with ash contents indicating 

an inorganic association, while the correlations with ash for Zn and Pb were weaker.  But 

noting on the other hand that concentrations of Zn were clearly enriched in samples taken 

on black shale compared to felsic areas while the amounts of Pb were more similar by 
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bedrock type, atmospheric sources alone would likely not explain the distributions of 

these metals, especially of Zn. And while Zn is regarded to be a widely mobile element 

in nature and essential for many plants (Kabata-Pendias 2010), and Pb in Sphagnum is 

seen as immobile (Ville et al. 1999), these physical and biological differences would 

likely not differ between lithological areas. As Zn is found in high enough concentrations 

to be mined in the black shale bedrock near the study sites, the initial differences in its 

amounts in black shale and felsic bedrock could be speculated to be high enough to cause 

the difference seen in peat samples, despite of the metal usually seen as mostly being 

derived from atmospheric sources. 

 

Together with Zn, the biggest differences in peat samples by bedrock were seen in the 

ash corrected concentrations of Ni, Co, Cd, and Mn, all of which were more enriched in 

samples from catchments underlain by black shale. This would seem reasonable when 

compared to which metals are known to be enriched in black shale bedrock (Loukola-

Ruskeeniemi & Lahtinen 2013) and based on correlations with ash contents in this study, 

these metals also seem to be fairly well connected to the amount of mineral matter. 

However, the concentrations of Cu were relatively similar in samples irrespective of the 

underlying bedrock and amounts of U were higher in samples collected in felsic rather 

than black shale areas. This would be contradictory to the known enrichment of Cu in the 

black shale bedrock, and also to the commonly mildly elevated U contents in it (Lecomte 

et al. 2013). In their study of Sphagnum peat profiles, Shotyk et al. (1992) concluded Cu 

and U to not have a strong correlation with the amount of mineral matter and for their 

amounts to be more related to atmospheric deposition. In this study, the correlations 

between Cu concentrations and ash contents were moderately strong, and more so in 

samples taken on felsic than in black shale areas. For U the differences were bigger, as 

the concentrations in samples from felsic areas had a quite strong correlation with ash 

contents, while samples from black shale catchments showed weak relations between U 

and ash. 

 

Comparing the correlations between metal and ash contents in peat in a case where metal 

concentrations in the bedrock are as differing as between black shale and felsic rock types 

might thus be more problematic than in a region with more homogeneous bedrock. 

Correlations between different metals themselves were also found to be quite varying by 

underlying lithology. If looked at average correlations of one metal with all others, they 
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were in nine out of ten cases stronger in peat samples taken in felsic areas. Only the 

correlations of Zn with other metals were on average stronger in samples from black shale 

catchments. The biggest differences were seen in the behaviour of As, which correlated 

well with most metals in samples from felsic areas, but poorly in samples from black 

shale catchments. On the other hand, metals that correlated universally well with other 

metals irrespective of the underlying lithology were Cu, Co and Ni.  

 

What comes to atmospheric deposition, the population in the Kainuu region is relatively 

low and heavy metal pollution has on average been lower than in the rest of Finland. The 

biggest sources of atmospheric deposition in the area have been mining, industry, energy 

production, and traffic, with the largest single source in later years being the open-pit 

Talvivaara mine (Piispanen et al. 2017). According to studies made on living moss, the 

mine has mostly increased the concentrations of Ni and Cu but not Zn (Piispanen et al. 

2017), while atmospheric pollution in the wider Kainuu region has after the early 2000s 

increased in terms of Zn and Cu, but not of Ni (Laatikainen 2017). Of the sampling sites 

in this study, catchment S24 is closest to Talvivaara and located about 8 kilometres east 

from the mine, while catchments ML10 and ML09 are furthest from it, both located 

approximately 30 kilometres to the north. In addition to metal-rich dust being blown from 

the mining site itself, pollution from transportation of the mined material can also be a 

source of contamination. This would be most likely for catchments ML07 and M10, 

which are located relatively close to a quite heavily trafficked highway also used by trucks 

transporting material from Talvivaara. The closest distance to the road was measured for 

profile P2 of catchment ML07, which only parted from it by a 40 metre wide patch of 

forest. 

 

Although the open-pit Talvivaara mine undoubtedly causes an increase to the aerial metal 

deposition in its surroundings, its effect on the peat samples studied in this work are likely 

to be small, and evident only in the topmost peat layers. This is due to the short time frame 

when any pollution would have had an effect, as the mine was opened in April 2008 

(Riekkola-Vanhanen 2013) and the peat samples were taken in June 2010. But had the 

mine been active for longer, its effects would likely be more notable. As an example from 

other areas, indications of the effect of aerial deposition from point-sources on metal 

concentrations in peat have been studied in Finland by e.g. Rausch et al. (2005). They 

examined contents of different metals in peat near a previously active Cu mine and near 
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a long-active Cu-Ni smelter and noticed clear enrichments in the respective metals near 

the surface compared to deeper peat layers that had been formed before any human 

activity. But at the same time, results were in some cases found to be metal-specific, as 

e.g. Zn and Cd were not enriched in peat in proportion to their emissions at the smelter. 

An explanation for this was seen in the leaching of these elements, indicating how 

variably different metals behave after deposition (Rausch et al. 2005). 

 

Physical factors affecting peat itself also have their impacts on metal concentrations. A 

major change compared to natural conditions in all catchments in this study is that they 

have been drained for forestry purposes by ditching in the 1960s. As a consequence, the 

water levels in the peatlands have dropped. Decreasing water levels, in turn, cause the 

surface peat layers to subside due to increased compaction and decomposition, and forest 

species to start to take over due to drier conditions (Landry & Rochefort 2012). This also 

affects elemental conditions in the peat layers in several ways. For instance, the 

subsidence and compaction of the peat means that peat material that used to be deeper 

down is closer to the surface after draining (Laiho & Laine 1994). This would itself 

change the relative elemental contents in the peat compared to undrained conditions, as 

most heavy metals have been seen to increase in concentration deeper down. What’s 

more, the relative amount of solid metal particles is likely to increase in relation to 

enhanced decomposition of organic material (Rausch et al. 2005). But on the other hand, 

some metals might at the same time leach away from the system due to changed 

conditions and some elements might be taken up by surface vegetation (Laiho & Laine 

1995). All thing considered, the net change in heavy metal concentrations after drainage 

is complex, and the overall effects are difficult to evaluate. 

 

Regarding decomposition, the peat samples examined in this study were overall poorly 

humified. There seems to be a slight difference in the values by bedrock type, as samples 

taken in catchments underlain by black shale showed slightly higher degrees of 

decomposition than those gathered in felsic areas. Also, the samples taken in catchment 

M10 were less humified than samples from other black shale catchments, and a reverse 

situation could be seen in felsic areas for catchment KV22. This fits quite well to the 

recorded peat types in the individual peat profiles (Table 2). As Sphagnum is known to 

be resistant to decomposition (Rydin & Jeglum 2006), it seems reasonable that in the 

same depth range (0–40 cm), the more humified samples would include more Carex and 
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the less decomposed ones would have a higher proportion of Sphagnum. The distribution 

of these peat types also matches the C/N ratio calculated for the 0–40 cm layer of the peat 

profiles (Table 2). A lower C/N ratio – signalling of a higher nitrogen content and higher 

fertility – is associated with a lower proportion of Sphagnum in the peat (Loisel et al. 

2014). These observations also align with the slightly higher pH values in peat in most of 

the black shale catchments. Although the study sites have not been determined for 

minerotrophic or ombrotrophic statuses, these observations suggest there to be 

differences in the water sources between the catchment areas. If the black shale 

catchments ML07, ML09, and ML10 and the felsic catchment KV22 were known to have 

partly groundwater-fed water sources while the rest of the catchments didn’t, the 

differences seen in the heavy metal amounts between these areas could be more easily 

explained (e.g. Shotyk 1996). 

 

4.2. Ditch water samples 

4.2.1. Concentrations in ditch water 

 

Analyses of metal concentrations in ditch water samples showed there to be statistically 

significant differences between bedrock types for concentrations of Cd, Cr, Cu, Ni, and 

Zn, with only the concentrations of Mn and Pb not seemingly being affected by the 

underlying lithology. As with the peat samples, the ditch water samples from the black 

shale catchment ML07 had the highest concentrations of several metals, most notably Cd, 

Mn, Ni, and Zn. An interesting deviation, however, was that the ML07 Pb concentrations 

were all low, most samples having concentrations below the detection limit. 

 

One of the reasons why water samples taken in catchments underlain by black shales have 

higher metal concentrations may depend not only on the higher contents of the metals in 

the bedrock (Table 1), but also on the way it is weathered. Black shales are rich in sulphide 

minerals, which when exposed in oxidizing conditions, can be subject to a process called 

acid rock drainage (Parviainen & Loukola-Ruskeeniemi 2019). It takes place when the 

bedrock outcrops and comes into contact with air and water and starts to weather. The 

sulphides are oxidized to form sulphuric acid and the metals release ions into solution in 

the low pH conditions (Jacobs et al. 2014). The magnitude of this process varies 

depending on a number of factors, including the abundance of sulphide minerals, 

reactions rates of dissolution in relation to the flow rate of water, and the main flow paths 



 

62 
 

of the contaminated water (Nordstrom 2011). Acid rock drainage can be greatly enhanced 

by anthropogenic activities when black shales are exposed by e.g. road cuttings or forest 

harvesting operations, or especially in relation with mining (known as acid mine 

drainage), but it can also take place in natural conditions (Parviainen et al. 2014). The 

correlation between pH and metal concentrations is variable, but generally metal cations 

(e.g. Cd, Cu, Ni, Pb, Zn) tend to be more soluble in acidic conditions, while the solubility 

of anions (e.g. As, Cr(V)) increases towards more alkaline conditions (Król et al. 2020). 

 

A part of the process of acid rock drainage is the conversion of sulphides to sulphates, 

together with the generation of Fe2+ and H+ ions (Blowes et al. 2014, Jacobs et al. 2014). 

The concentrations of sulphates in ditch water in this study were clearly highest in 

samples from catchment ML07, and overall, they were higher in black shale sites 

compared to felsic catchments (Figure 32). However, the measured pH values did not 

match the sulphate concentrations and the expectation of lower pH due to the generation 

of H+ ions in the process of acid rock drainage, as the pH values were in general lower in 

samples from felsic instead of black shale catchments. Furthermore, samples from 

catchment ML07 had comparatively high pH values, while the lowest values were seen 

for catchments S39 and M10. While these results may seem contradictory, the measured 

pH values in ditch water are likely to be affected by the composition of the peatlands 

through which the ditches flow. The pH values measured in peat samples and in ditch 

water match quite well, as the same three black shale catchments (ML07, ML09, and 

ML10) had comparatively high values in both sample types, while low values in both peat 

and ditch water samples were measured in catchments M10 and S39 (Table 2 and Figure 

33).  

 

Due to the threat of acid rock drainage and its effect on the quality of surface water and 

groundwater, studies on water quality in black shale areas are not uncommon (e.g. Woo 

et al. 2002, Kwong et al. 2009, Lavergren et al. 2009.) Earlier work on this has also been 

done in the same area as used for this study. Loukola-Ruskeeniemi et al. (1998) compared 

metal contents in lake and stream sediments and in surface water and groundwater 

samples between catchments underlain by black shale, gneiss granite, and quartzite. In 

their results, they found concentrations of Cd, Ni, and Zn to be significantly greater in 

areas underlain by black shale as opposed to other rock types. The results from this study 

are similar, with the addition of differences seen in concentrations of Cr and Cu. Due to 
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a vast majority of samples having Cd concentrations too low to be detected in laboratory 

analyses, the median values of ditch water samples between bedrock types were similar, 

but the clearly higher concentrations in samples from catchment ML07 – and to a lesser 

extent in catchment M10 – caused there to be a significant difference in Cd related to 

bedrock. The same reasoning applies to the overall differences by bedrock type seen in 

concentrations of Ni. With Zn, noteworthy observations were the high concentrations of 

the element also in felsic areas compared to concentrations in stream waters in Finland 

overall. Without the high values of Zn in samples from catchment ML07, the mean 

concentrations of the metal by bedrock would be on a much more similar level. On the 

other hand, the differences in concentrations of Cr and Cu were not in the same way 

bound to enrichments in particular catchments, but rather to more consistently higher 

values in samples from black shale areas. 

 

The composition of waters in undrained pristine mires can be expected to be related to 

the trophic status of the mire – oligotrophic or minerotrophic (Rydin & Jeglum 2006). 

However, as the water samples in this study were taken from outlet ditches of peatlands 

drained for forestry purposes, their compositions might be affected compared to natural 

conditions. Drainage by ditching lowers the water table and changes the hydrology of the 

peatland, altering the ratios of surface and groundwater flow (Landry & Rochefort 2012). 

In a study by David & Ledger (1988), it was found that in dry periods the outflow of a 

drained Sphagnum bog was dominated by rainwater falling directly onto the ditch 

surfaces, but in very wet periods it was controlled by groundwater flowing from strips 

adjacent to the ditches. After draining, the compaction of the upper peat layers causes 

pore sizes in it to decrease, which may lead to stronger capillary flow from deeper peat 

layers toward the surface (Price & Whitehead 2001). Consequently, the ability of a 

modified peatland to retain water is poorer than that of an intact one and runoff after a 

rain event lasts longer (Landry & Rochefort 2012). 

 

Together with ditching, a factor affecting the hydrological conditions and the composition 

of runoff water in some of the catchments has been forest harvesting. Six of the nine 

catchments were harvested either by the stem-only or whole tree harvesting methods in 

the spring of 2009 (Table 2) and were mounded in 2010, prior to when the first water 

samples examined in this study were taken (2011). Studies on harvest-related differences 

on metal concentrations in ditch water in the same catchments as examined in this study 



 

64 
 

have been done by Kiikkilä et al. (2014) and Ukonmaanaho et al (2016). Of them, Kiikkilä 

et al. (2014) examined the differences in contents of several metals and DOC, and found 

out that while there was no constant increase in the amounts of measured elements, there 

were signs of forest harvesting to increase concentrations of DOC, Ni, and Zn, especially 

if the whole-tree harvesting method was used. Ukonmaanaho et al. (2016) focused mostly 

on the changes in concentrations of Hg and MeHg (methyl mercury). While they did find 

the concentrations to increase after harvesting especially at sites treated with whole-tree 

harvesting, they concluded that the actual harvest-induced mobilization was weak, and 

they did not find statistically significant differences between stem-only and whole-tree 

harvesting regimes. An additional source of uncertainty in ditch water metal 

concentrations mentioned by Ukonmaanaho et al. (2016) was that as most catchments 

were surrounded by unharvested mineral soil forests, leached metals in waters from these 

areas could affect the composition of the peatland ditch waters. 

 

As all ditch water samples analysed in this study were taken after the sites were harvested 

and as there are too few catchments to evaluate the differences between bedrock types 

separately for the catchments that were harvested and the ones that weren’t, the effect of 

harvesting on the concentrations in ditch water in this study can’t be reliably assessed. 

But based on the results by Kiikkilä et al. (2014) and Ukonmaanaho et al. (2016), the sites 

treated with whole-tree harvesting (KV14, KV22, ML07, and ML10) are more likely to 

be affected by increased leaching of DOC, Ni, and Zn compared to unharvested or stem-

only harvested catchments. 

 

Tree removal in general affects hydrology by rising the water table as evapotranspiration 

by vegetation decreases (Sarkkola et al. 2010). Both harvesting and soil preparation are 

also known to increase the runoff of nutrients and suspended solids (Palviainen et al. 

2014). Although the effect of harvesting on heavy metal mobility is variable, it should 

still be taken into account when planning forestry operations at sites with naturally 

elevated concentrations (Ukonmaanaho et al. 2016), especially at sites with risks of acid 

rock drainage (Parviainen et al. 2014, Parviainen & Loukola-Ruskeeniemi 2019). Of the 

sites examined in this study, the black shale catchment ML07 would in this regard be of 

most concern. The comparatively high enrichments of Cd, Mn and especially Ni in this 

area are notable and as all of these metals have negative health effects on human beings 

in higher concentrations (Sharma & Agraval 2003, Jaishankar et al. 2014, Genchi et al. 
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2020), the risk of excessive leaching of them into outflowing water due to land 

disturbances should be avoided. While the area of catchment ML07 has previously been 

subject to drainage and forest harvesting, a decrease in future metal leaching could be 

achieved by avoiding continued maintenance ditching. If forestry is continued to be 

practised on this particular peatland or others alike it where elevated metal contents are 

found, a less impactful method compared to clear cutting would be the way of continuous 

growth forestry, as it causes less disturbance to the soil and the local hydrology (Nieminen 

et al. 2018). 

 

4.2.2. Correlations between metals, DOC, and precipitation 

 

While there are many factors affecting metal concentrations in ditch water, two particular 

factors looked at more specifically were the concentrations of DOC in the samples and 

the amounts of precipitation in the areas, and their correlations with individual metals by 

catchment. The concentrations of several trace metals have been shown to positively 

correlate with organic material, measured either as DOC or dissolved organic matter 

(DOM) (Grybos et al. 2007, Broder & Biester 2017). Rainfall may act as a driving force 

by flushing out interstitial water relatively rich in heavy metal concentrations from the 

peat layers, especially after dry periods when water with higher metal concentrations from 

deeper in the profile would be flushed out. Conversely, sufficiently high rainfall may 

result in a dilution of the metal concentrations in the ditch water. The effect of drainage 

on the residence time of pore water has been contradictory between different studies, but 

it seems to depend on e.g. the type and porosity of the peat and the water level depth 

(Holden et al. 2004). Positive correlations between high rainfall events and elevated 

amounts of DOC, As, and Pb in bog environments have been reported by e.g. Broder & 

Biester (2015). 

 

Precipitation in this study was looked at as the cumulative amount during the previous 

seven days of sampling, as to count for the delay between rainfall and drainage, seen as 

the time of movement of the water from the peat to the collection point in the outlet ditch. 

A 5-day day rainfall sum was also examined, but due to a good correlation (r=0.84) of the 

5-day and 7-day sums, only the results with the 7-day sum have been used. The results 

were presented separately by catchment, as there was extensive variation in them between 

areas. Somewhat interestingly, the correlations between metal and DOC concentrations 
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by catchment were typically more variable than by bedrock type, indicating that lithology 

is not a significant factor in determining the strength of the correlations. The strongest 

correlations were seen between Cr and DOC and Mn and DOC, which were positive and 

statistically significant in all except one catchment (Mn in catchment KV14). The overall 

weakest correlations were, meanwhile, seen between DOC and Cu and DOC and Zn. As 

an exception to overall positive correlations, the only statistically significant negative 

correlation was seen between DOC and Cd at catchment ML07.  

 

The correlation between DOC and heavy metals in solution is influenced by the ability of 

metals to form complexes with organic matter (Weng et al. 2002, Mostofa et al. 2013). 

These complexes are important, as they partly control the occurrence and transport of 

metals, their solubility in waters, and their bioavailability and toxicity to organisms 

(Mostofa et al. 2013). The formation of complexes differs e.g. by metal type and the 

concentrations of both metals and organic matter in solution, by pH levels, and by the 

occurrence of fulvic and humic acids (Weng et al. 2002, Mostofa et al. 2013). The overall 

interactions between these factors are complex, and results from laboratory studies and 

field observations have often been contradictory (Kalbitz et al. 2000). Of correlations 

between DOC concentrations and acidity in water, various results between different 

environments have been recorded. But for example, in organic rich soils (histosols) and 

podzols, the solubility of DOC has been shown to increase with decreasing acidity (Evans 

et al. 2012). However, as the catchments that had the highest DOC concentrations in ditch 

water in this study (M10, KV14) were not the same as the ones that showed the highest 

pH values (ML10, KV13), no connections between higher DOC concentrations and pH 

values can be shown in the studied samples here. 

 

The role of rainfall as a driver of metal concentrations in water samples was smaller than 

expected. A clear effect of rainwater flushing out interstitial water with high metal 

concentrations as a mass-flow process would have meant strong positive correlations, 

while a dilution effect would cause a negative correlation. The results between catchments 

in this study were relatively variable, and correlations ranged from -0.18 (Pb in catchment 

ML07) to 0.50 (Mn in catchment KV13). Many correlations were weak and not 

statistically significant, especially regarding Cu and Zn. However, as all of the significant 

correlations were positive, increased rainfall could in general be seen to have had a 

positive effect on metal concentrations in ditch water. 
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4.3. Heavy metal concentrations in needle samples 

 

Analyses of metal concentrations in tree needles concerned fewer elements (Cr, Cu, Mn, 

Ni, and Zn) and one less catchment (S39 not included) than determined in the peat and 

water samples. However, the data was sufficient to indicate whether the bedrock type had 

an influence on uptake by the trees growing on peatlands. In order to have some reference, 

the results presented in Figures 34–38 were compared to those from a study on metal 

concentrations in one to three year old pine needles in the larger Kainuu region that had 

been done as a means of indicating air quality (Laatikainen & Seppänen 2017).  

 

Overall, the differences in metal concentrations in needle samples between bedrock areas 

were smaller than in peat and ditch water samples. Statistically significant differences by 

bedrock were observed for concentrations of Cu and Ni, the former having higher 

amounts in felsic and the latter in black shale catchments. However, the high 

concentrations of Ni in catchment ML07 contributed significantly to this result, as the 

difference by bedrock would have been considerably smaller without samples from this 

site taken into account. Other than by bedrock, significant differences in needle 

concentrations between species were observed for Cu, Mn, Ni, and Zn. The 

concentrations of Cu and Zn were higher in Scots pine and Mn and Ni in Norway spruce 

samples. It should be noted, however, that of the 80 samples in total, 56 were of Scots 

pine and 24 of Norway spruce. Regarding the concentrations of Ni, all samples gathered 

in catchment ML07 were of Norway spruce.  

 

By age, statistically significant differences for pine needles were found in concentrations 

of Cr, Cu, and Mn, the concentrations of Cr and Mn being higher in previous year’s 

needles and those of Cu in current year’s needles. No statistical differences were found 

between the needle age groups for spruce. Indicating of a low influence of bedrock on the 

observed needle metal concentrations, the amounts measured in this study were for most 

metals lower than what was measured in pine needles in the study of Laatikainen & 

Seppänen (2017). This was the case for all catchments regarding Cr and Cu 

concentrations, and with Ni for all catchments except for ML07 and S24. Some 

differences in the accumulation of elements between peat, water, and needle samples 

could also be noted in the results, as Mn and Zn were not enriched in needle samples from 
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catchment ML07, although they were clearly elevated in peat stocks and in ditch water 

samples in the same area. 

 

Like those in peat and moss, elemental compositions in tree needles and leaves can be 

used as indicators of atmospheric pollution levels (Čeburnis & Steinnes 2000, Cindrić et 

al. 2018) and phytoremediation of contaminated soils (Pulford & Watson 2003, Liu et al. 

2013). Metal accumulation in needles can happen in two ways. One main pathway is to 

enter trees through the roots from the underlying soil, after which they are redistributed 

within the trees through the xylem. Another way is from the atmosphere by dry deposition 

or by uptake through the stomata (Holoubek et al. 2000). As metals can be accumulated 

in trees and needles both through air and soil, factors affecting the elemental contents in 

both these sources will influence the metal contents measured in the samples. Trees 

growing on peatlands have their roots in the oxygenated layer above the water table, 

which limits the depth they can grow to. The biomass and amounts of roots in peatlands 

also depends on the trophic status, with trees growing on bogs usually having more 

developed root systems than those growing on fens (Finér & Laine 1998). This 

distribution of root biomass according to nutrient levels may have affected the metal 

concentrations between the catchments also in this study. What comes to differences in 

aerial deposition, the location of catchment ML07 near a highway used for mineral 

material from the Talvivaara mine is not relevant, as mining activity started after the 

needle samples were taken.  

 

 

5 CONCLUSIONS 

 

All three types of sample (peat, ditch water, and needles) showed significant differences 

in metal concentrations related to the underlying bedrock type.  Correcting for the effect 

of ash content, peat from the 0–40 cm layer showed significantly higher concentrations 

of As, Cd, Co, Mn, Ni, and Zn in the samples collected in catchments underlain by black 

shale as opposed to felsic bedrock. As and Co were not analysed in the ditch water 

samples, but concentrations of Cd, Cr, Cu, Ni, and Zn were found to be significantly 

higher the water samples collected from catchments underlain by black shale catchments. 

The tree needle samples were not analysed for As or Cd, but significant differences 
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between bedrock types were found for concentrations of Cu and Ni. Of all metals, Ni in 

particular was significantly higher in black shale catchments in all three sample types 

analysed in this study. 

 

While the known differences in the heavy metal contents of felsic rocks and black shale 

were reflected in the metal concentrations measured in samples, bedrock was not the only 

factor explaining the variation in the metal concentrations of the samples. The nine 

peatland catchments in the study differed in terms of their main peat type (mainly 

Sphagnum or Carex), their water sources, the pH conditions, their locations near potential 

sources of atmospheric deposition and external water flow, and on the forestry practices 

(harvesting regimes). Some uncertainty could also be placed on the accuracy of the 

bedrock maps, which would especially affect the geographically less extensive black 

shale catchments. The sites deviating the most from others with similar underlying 

lithologies were KV22 among the felsic catchments and ML07 and M10 among the black 

shale catchments. The concentrations of several metals at catchment KV22 were closer 

to the black shale catchments than to the other felsic catchments, while concentrations 

from catchment M10 were lower than expected when compared to the other black shale 

catchments. The reasons behind these results could be in the sources of water, if 

minerotrophic conditions were assumed for catchment KV22 and oligotrophic ones for 

catchment M10. For catchment ML07, the extreme enrichments in Ni seen in all three 

sample types and the high concentrations of several other metals in peat and ditch water 

samples could imply not only of minerotrophic conditions, but they could also be due to 

its location. The site is situated close to a hillslope, and it has in been speculated that 

water with close contact to weathered and metal-enriched bedrock was received from this 

higher topographic position.  

 

The impacts of enriched heavy metal concentrations in black shales on the environment 

have been studied in the same region as this study and elsewhere in the world. The main 

reason of concern has been acid rock drainage, a process where black shale bedrock is 

exposed in oxygenated conditions and forms sulphuric acid as it reacts with water, 

releasing metal ions into runoff waters and into circulation in living organisms. As peat 

can be an effective media in trapping most ions when in contact with such metal-enriched 

waters, disturbances such as harvesting of peatlands underlain by black shale could pose 

a potential risk regarding the release of heavy metals into the surrounding environment. 
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Based on the heavy metal stocks in the the 0–40 cm surface peat layers, catchment ML07 

may be expected to be the most vulnerable to this risk. Besides Ni, this black shale 

catchment had relatively high stocks of Cd, Co, Mn, and Zn. Since all peatland 

catchments in this study had already been drained and were in active forestry use, the 

most likely future land-use actions would be maintenance ditching and tree harvesting. 

The potential risk of these actions, especially in catchment ML07, to the surrounding 

environment could be eased by using continuous growth, as opposed to clear-cut forestry 

practices. 

 

Rainfall and complexation with soluble organic matter (in the form of dissolved organic 

carbon, DOC) were considered as potential drivers of heavy metal leaching from the 

catchments. The strengths of the correlations between metal concentrations and DOC 

varied between catchments and elements, but with the exception of Cd at the black shale 

catchment ML07, all statistically significant correlations were positive. This indicated 

that the complexation with DOC played a role in the leaching and transport of heavy 

metals. Compared to correlations between metal concentrations and DOC, fewer 

correlations between metal concentrations and the sum of rainfall received during the 

seven days preceding sampling were statistically significant. But as all the significant 

correlations were positive, the results indicated that heavy metal concentrations generally 

increased with the amount of rainfall. 
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APPENDIX 

Appendix 1: Ash corrected metal concentrations (mg/kg) and initial ash contents 

(%) in peat samples 

Catchment Profile Depth (cm) As Cd   Co Cr Cu Mn Ni Pb U Zn Ash (%) 

KV 13 P1 0–10 0.78 0.29 0.59 1.74 5.25 41.69 2.00 14.79 0.12 14.79 3.35 

KV 13 P1 10–20 0.78 0.22 0.65 1.51 3.89 23.99 1.70 10.47 0.15 9.12 2.95 

KV 13 P1 20–30 0.40 0.10 0.53 1.38 3.16 9.77 1.32 4.17 0.17 4.17 2.35 

KV 13 P1 30–40 0.41 0.10 0.99 2.04 4.37 16.98 2.45 2.14 0.28 3.98 3.14 

KV 13 P2 0–10 0.59 0.18 0.30 1.07 3.47 21.38 1.10 13.18 0.06 13.80 2.09 

KV 13 P2 10–20 0.89 0.27 0.89 1.86 4.68 32.36 2.24 10.96 0.20 9.55 3.65 

KV 13 P2 20–30 0.48 0.14 0.85 1.95 4.17 15.14 2.00 4.47 0.29 4.37 3.22 

KV 13 P2 30–40 0.30 0.06 0.42 1.12 2.63 7.41 1.17 1.86 0.11 3.72 1.76 

KV 14 P1 0–10 0.61 0.19 0.32 1.12 3.63 22.91 1.15 13.49 0.06 14.13 2.19 

KV 14 P1 10–20 0.72 0.19 0.53 1.29 3.47 19.50 1.41 10.00 0.12 9.12 2.56 

KV 14 P1 20–30 0.37 0.09 0.44 1.20 2.82 8.13 1.12 3.98 0.14 4.07 2.06 

KV 14 P1 30–40 0.30 0.06 0.42 1.12 2.63 7.41 1.17 1.86 0.11 3.72 1.76 

KV 14 P2 0–10 0.73 0.26 0.50 1.58 4.79 35.48 1.74 14.45 0.10 14.79 3.01 

KV 14 P2 10–20 0.59 0.14 0.32 0.89 2.57 12.02 0.91 9.33 0.07 8.51 1.81 

KV 14 P2 20–30 0.30 0.06 0.26 0.83 2.09 4.90 0.72 3.72 0.08 3.89 1.45 

KV 14 P2 30–40 0.26 0.05 0.30 0.89 2.19 5.37 0.87 1.78 0.08 3.55 1.40 

KV 14 P3 0–10 0.96 0.41 1.01 2.57 7.24 69.18 3.16 16.22 0.22 15.85 4.83 

KV 14 P3 10–20 0.73 0.20 0.55 1.32 3.55 20.42 1.48 10.00 0.12 9.12 2.63 

KV 14 P3 20–30 0.40 0.10 0.56 1.45 3.24 10.23 1.38 4.17 0.18 4.17 2.44 

KV 14 P3 30–40 0.33 0.07 0.58 1.41 3.16 10.00 1.51 1.95 0.15 3.80 2.17 

KV 22 P1 0–10 1.12 0.52 1.47 3.39 9.12 100.00 4.37 17.38 0.33 16.22 6.25 

KV 22 P1 10–20 1.03 0.34 1.29 2.45 5.89 45.71 3.02 11.48 0.31 9.77 4.69 

KV 22 P1 20–30 0.73 0.27 2.45 4.07 7.76 42.66 4.90 5.37 0.91 4.90 6.64 

KV 22 P1 30–40 0.57 0.17 2.19 3.63 7.08 36.31 4.79 2.45 0.66 4.37 5.40 

KV 22 P2 0–10 1.27 0.64 2.04 4.27 10.96 138.04 5.75 18.20 0.48 16.98 7.82 

KV 22 P2 10–20 1.21 0.45 1.94 3.24 7.41 67.61 4.37 12.30 0.48 10.23 6.19 

KV 22 P2 20–30 0.69 0.25 2.17 3.80 7.24 38.02 4.47 5.25 0.79 4.79 6.12 

KV 22 P2 30–40 0.55 0.16 2.01 3.39 6.61 33.11 4.47 2.40 0.60 4.27 5.08 

S 24 P4 0–10 0.70 0.24 0.46 1.48 4.47 32.36 1.58 14.13 0.09 14.45 2.82 

S 24 P4 10–20 0.77 0.22 0.64 1.48 3.80 23.44 1.66 10.23 0.14 9.12 2.90 

S 24 P4 20–30 0.40 0.10 0.55 1.41 3.24 10.00 1.38 4.17 0.18 4.17 2.40 

S 24 P4 30–40 0.39 0.09 0.86 1.86 4.07 14.79 2.14 2.09 0.24 3.98 2.86 

S 24 P1 0–10 0.90 0.36 0.85 2.29 6.46 58.88 2.69 15.85 0.18 15.49 4.29 

S 24 P1 10–20 0.86 0.26 0.83 1.78 4.47 30.20 2.09 10.72 0.19 9.33 3.46 

S 24 P1 20–30 0.45 0.13 0.75 1.78 3.89 13.49 1.78 4.37 0.25 4.27 2.96 

S 24 P1 30–40 0.33 0.07 0.58 1.41 3.16 10.00 1.51 2.00 0.15 3.80 2.18 

S 39 P1 0–20 0.65 0.17 0.41 1.07 2.95 15.49 1.15 9.55 0.09 8.91 2.16 

S 39 P1 20–40 0.30 0.06 0.43 1.15 2.69 7.59 1.17 1.86 0.11 3.72 1.78 

M 10 P1 0–10 0.58 0.24 0.70 1.70 2.95 39.81 3.39 9.55 0.02 25.12 2.35 

M 10 P1 10–20 0.64 0.25 0.74 1.23 2.34 12.02 3.39 9.55 0.04 16.60 2.04 

M 10 P1 20–30 0.41 0.10 0.38 0.87 2.14 7.41 1.95 3.80 0.03 10.47 1.52 

M 10 P1 30–40 0.29 0.08 0.32 0.79 2.40 5.25 1.78 2.14 0.03 7.59 1.22 
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M 10 P2 0–10 0.40 0.13 0.29 0.89 1.74 16.60 1.55 8.13 0.01 22.91 1.27 

M 10 P2 10–20 0.45 0.14 0.30 0.65 1.38 5.13 1.55 8.13 0.01 15.14 1.11 

M 10 P2 20–30 0.44 0.11 0.47 1.00 2.40 9.12 2.29 3.98 0.03 10.72 1.74 

M 10 P2 30–40 0.30 0.08 0.32 0.81 2.40 5.25 1.82 2.14 0.03 7.59 1.23 

M 10 P4 0–10 0.60 0.25 0.77 1.82 3.16 43.65 3.63 9.55 0.03 25.70 2.50 

M 10 P4 10–20 0.49 0.16 0.39 0.78 1.62 6.46 1.95 8.51 0.02 15.49 1.31 

M 10 P4 20–30 0.41 0.10 0.40 0.89 2.19 7.76 2.00 3.89 0.03 10.47 1.56 

M 10 P4 30–40 0.30 0.08 0.33 0.81 2.40 5.37 1.82 2.14 0.03 7.76 1.24 

ML 07 P1 0–10 1.03 0.60 2.99 4.79 7.08 158.49 11.75 12.02 0.12 28.84 6.28 

ML 07 P1 10–20 1.10 0.60 2.93 3.24 5.37 45.71 10.96 11.75 0.17 19.05 5.20 

ML 07 P1 20–30 0.81 0.30 2.12 2.95 5.89 38.90 8.51 5.01 0.17 12.30 4.89 

ML 07 P1 30–40 0.68 0.31 2.63 3.55 8.32 39.81 10.96 3.02 0.32 9.33 5.13 

ML 07 P2 0–10 1.22 0.79 4.56 6.46 8.91 239.88 16.98 12.88 0.19 30.20 8.39 

ML 07 P2 10–20 1.44 0.92 5.74 5.25 7.94 87.10 19.95 13.18 0.35 20.42 8.22 

ML 07 P2 20–30 0.89 0.35 2.74 3.47 6.92 50.12 10.72 5.25 0.23 12.59 5.81 

ML 07 P2 30–40 0.74 0.36 3.26 4.17 9.33 48.98 13.18 3.09 0.40 9.55 5.93 

ML 09 P2 0–10 0.96 0.53 2.50 4.17 6.31 134.90 10.00 11.75 0.10 28.84 5.57 

ML 09 P2 10–20 1.28 0.76 4.24 4.17 6.61 64.57 15.14 12.59 0.25 19.95 6.68 

ML 09 P2 20–30 0.97 0.39 3.32 3.98 7.76 60.26 12.59 5.50 0.28 12.88 6.62 

ML 09 P2 30–40 0.84 0.43 4.40 5.13 11.22 64.57 16.98 3.31 0.56 10.00 7.28 

ML 10 P1 0–10 0.79 0.39 1.55 3.02 4.79 85.11 6.61 10.72 0.06 27.54 4.02 

ML 10 P1 10–20 0.87 0.41 1.64 2.14 3.80 25.70 6.61 10.72 0.09 18.20 3.49 

ML 10 P1 20–30 0.85 0.32 2.42 3.24 6.31 43.65 9.55 5.13 0.20 12.59 5.33 

ML 10 P1 30–40 0.93 0.51 5.73 6.17 13.18 83.18 21.38 3.39 0.74 10.23 8.71 

ML 10 P2 0–10 0.92 0.49 2.22 3.89 5.89 120.23 9.12 11.48 0.09 28.18 5.14 

ML 10 P2 10–20 1.10 0.60 2.90 3.24 5.25 44.67 10.96 11.75 0.16 19.05 5.16 

ML 10 P2 20–30 0.95 0.39 3.23 3.89 7.59 57.54 12.30 5.37 0.28 12.88 6.50 

ML 10 P2 30–50 0.57 0.05 0.51 2.95 3.63 123.03 2.69 0.25 0.04 2.40 6.64 

 

 

 


