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a b s t r a c t

The GEMAS (geochemical mapping of agricultural soil) project collected 2108 Ap horizon soil samples
from regularly ploughed fields in 33 European countries, covering 5.6 million km2. The <2 mm fraction of
these samples was analysed for 53 elements by ICP-MS and ICP-AES, following a HNO3/HCl/H2O
(modified aqua regia) digestion. Results are used here to establish the geochemical background variation
and threshold values, derived statistically from the data set, in order to identify unusually high element
concentrations for these elements in the Ap samples. Potentially toxic elements (PTEs), namely Ag, B, As,
Ba, Bi, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Sb, Se, Sn, U, V and Zn, and emerging ‘high-tech’ critical elements
(HTCEs), i.e., lanthanides (e.g., Ce, La), Be, Ga, Ge, In, Li and Tl, are of particular interest. For the latter,
neither geochemical background nor threshold at the European scale has been established before. Large
differences in the spatial distribution of many elements are observed between northern and southern
Europe. It was thus necessary to establish three different sets of geochemical threshold values, one for
the whole of Europe, a second for northern and a third for southern Europe. These values were then
compared to existing soil guideline values for (eco)toxicological effects of these elements, as defined by
various European authorities. The regional sample distribution with concentrations above the threshold
values is studied, based on the GEMAS data set, following different methods of determination. Occa-
sionally local contamination sources (e.g., cities, metal smelters, power plants, agriculture) can be
identified. No indications could be detected at the continental scale for a significant impact of diffuse
contamination on the regional distribution of element concentrations in the European agricultural soil
samples. At this European scale, the variation in the natural background concentration of all investigated
elements in the agricultural soil samples is much larger than any anthropogenic impact.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

To identify areas with unusually high (or low) concentrations of
potentially toxic elements (PTEs) or ‘high-tech’ critical elements
(HTCEs) in Europe, geochemical background and threshold values
ann).
need to be established at the continental scale. Note that many
different definitions of the terms ‘background’ and ‘threshold’ are
in use (see discussion below). Geochemical threshold values are
most often used to identify locations with unusually high element
concentrations. A lower threshold could, of course, be defined for
the lower end of the data distribution to identify areas with un-
usually low element concentrations. In fact, Reimann et al. (2014a)
argue that element deficiency in European agricultural soil is a
spatially much more widespread problem than toxicity.
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High element concentrations in soil may be due to the occur-
rence of mineralisation, unusual rock types, like serpentinite, black
shale or alkaline intrusions, or may be caused by human activities.
Depending on bioavailability, these concentrations may present
environmental risks due to element toxicity. Proper risk assess-
ment of soil entails a comparison of exposure concentrations with
effect thresholds for environmental and human health derived
from (eco)toxicological data. This approach preferentially takes into
account the effect of abiotic soil properties on bioavailability and
toxicity of the element e see Smolders et al. (2009), Oorts and
Schoeters (2014), Oorts et al. (2016) or Birke et al. (2016) for
methods and examples.

Sufficient (eco)toxicological knowledge required for derivation
of such effect-based thresholds is, however, presently only available
for a limited number of elements (Ag, As, Ba, Cd, Co, Cr, Cu, Hg, Mo,
Ni, Pb, Sb, V, and Zn) and ecotoxicological information allowing a
site-specific risk assessment is even restricted to fewer elements
(Ag, Co, Cu, Mo, Ni, Pb and Zn). Furthermore, this site-specific
approach requires a substantial amount of additional data (e.g.,
pH, grain size, cation exchange capacity, total organic carbon) being
available for each site. For most HTCEs basic (eco)toxicological
knowledge to derive generic threshold values for (eco)toxicological
risk assessment is not available. A straightforward approach to
identify a geochemical (non-toxicological) threshold, simply
defined as the value above which the concentration of an element
in a given data set is ‘unusually high’, may thus havemerits in a first
screening for sites that may require attention.

Unusually high element concentrations can be due to anthro-
pogenic activities, such as urbanisation, industrial activities, min-
ing, and agricultural practices. They may also be of natural origin
and indicate areas with geochemically unusual rock types (e.g.,
serpentinite, alkaline intrusions or black shale) or areas having a
high potential for the occurrence of mineral deposits of these or
related elements (e.g., Reimann et al., 2016). The separation of these
three different causes of high element levels in soil requires sub-
stantial expert knowledge about, e.g., the location of possible
contamination sources (cities, metal smelters, power plants, in-
dustry), climate, vegetation zones, geology, element dispersion
processes and mineral deposits of Europe.

Reimann and Garrett (2005) showed that the terms background
and threshold are rather ill-defined and their meaning can differ
widely between different fields of science. The use of these terms in
applied geochemistry is originally derived from exploration
geochemistry (e.g., Hawkes, 1957; Hawkes and Webb, 1962), with
the intention of obtaining a reasonable number of cases for follow-
up exploration surveys in order to locate potential mineralisation
targets. At that time, the background was defined to cover the
variation of the Mean ± 2 Standard Deviations and is thus a range.
The upper threshold was defined as the exact number of the
Mean þ 2 Standard Deviations. This approach resulted, if the
element concentrations were normally distributed (which is rarely
the case when dealing with geochemical data e Reimann and
Filzmoser, 2000), in a manageable 2.3% of all values that had to
be followed up in the hope of locating mineralisation.

In environmental investigations, a threshold is often defined by
its protection goal (e.g., accepted effect level for specific organisms
or human health) and different thresholds can be derived for the
same element in soil. Examples of a set of environmental threshold
values can be found in Provoost et al. (2006), Carlon et al. (2007),
Ministry of the Environment of Finland (2007), Department of
Environment and Conservation of Western Australia (DEC, 2010) or
on the EPA website (https://www.epa.gov/chemical-research/
interim-ecological-soil-screening-level-documents). An exhaus-
tive list of the different ‘action levels’ or ‘Soil Guideline Values’
(SGVs), as defined for a variety of elements in soil by different
European countries, can be found in Carlon et al. (2007) or, more
recently, in Reimann et al. (2014b e Appendix A).

The best method of defining the geochemical background and
threshold is a matter of much discussion in the literature (e.g.,
Chaffee, 1977; Matschullat et al., 2000; Reimann and Garrett, 2005;
Reimann et al., 2005; Reimann, 2007; Jarva et al., 2010; Cave et al.,
2012; Johnson et al., 2012; Ander et al., 2013; Mali et al., 2015;
Rothwell and Cooke, 2015; Reimann and Caritat, 2017). Here it
will be discussed whether single geochemical threshold values,
based on the distribution of background concentrations, can be
established and used for identifying sites at risk, areas containing
geochemically unusual rock types, or areas of mineral potential for
the investigated elements at the continental scale.

Geochemical threshold values for 53 elements will be estimated
using a variety of methods suggested in the literature. Results will
be displayed on maps of the exceedances of threshold values for
some of themost important PTEs in Europe. Themethod best suited
to calculating general threshold values for a continent will be dis-
cussed. Reasons for the exceedance of a threshold value will also be
discussed. It will be shown that while geochemical threshold values
can be used to identify sites with ‘unusually high element con-
centrations’ at a variety of scales, these cannot be used to separate
anthropogenic from geogenic element sources. Rather, areas in
Europe will be indicated that may require follow-up surveys or
denote ‘more work to be done’. Geochemical threshold values are
also compared with (eco)toxicologically based soil guideline values
to evaluate if they can be used as a protective value for (eco)toxi-
cological effects.

2. Methods

2.1. The GEMAS project

GEMAS (geochemical mapping of agricultural soil) is a cooper-
ation project between the Geochemistry Expert Group of Euro-
GeoSurveys (EGS) and Eurometaux (Reimann et al., 2014a,b). The
GEMAS project was aimed at producing consistent soil geochemical
data at the continental scale in accordance with the REACH regu-
lation requirements (EC, 2006). REACH specifies that industry must
prove that it can produce and handle its substances safely. Risks
from exposure to a substance during its production and use at local,
regional and European scales all need to be assessed. Industries
handling metals need harmonised data on the natural distribution
of chemical elements, and of soil properties governing element
availability at the continental scale.

The REACH regulation requires that exposure and risk assess-
ment be performed according to land use. The GEMAS project
focused on agricultural and grazing land soil, both linked to the
human food chain. According to REACH, the sample depth should
be 0e20 cm for agricultural soil (arable land, Ap-horizon) and
0e10 cm for grazing land soil (land under permanent grass cover),
and the<2mmgrain size is the fraction to be analysed. The samples
were not pulverised prior to analysis, and a sample weight of 15 g
was used for the digestion to overcome possible sample in-
homogeneity issues. Risk assessment for most elements is typically
based on their hot aqua regia extractable concentration (e.g., Oorts
and Schoeters, 2014). Except for sample density, sampling specifi-
cations were rigidly fixed by external requirements.

As a result of historical and current anthropogenic input from
diffuse sources on arable and grazing land due to, e.g., the use of
fertilisers including manure, the direct measurement of the natural
geochemical background concentrations in Europe is challenging.
Therefore, measured soil element concentrations in these land use
types can be considered as ‘ambient background’ concentration
(i.e., the sum of the natural background of an element and diffuse
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anthropogenic input in the past or present, without the massive
influence of point sources) as defined in the REACH guidance
document on Environmental risk assessment for metals and metal
compounds (ECHA, 2008).

With regard to sample density, it was decided to follow the
example of an earlier project covering north-eastern Europe (Baltic
Soil Survey: Reimann et al., 2003) and to sample one site per
2500 km2 (50 � 50 km grid). The coordinates of the grid cells were
centrally provided, but the sampling teams were free to decide
wherewithin a grid cell the two samples of agricultural and grazing
land soil were taken. Sample materials, and especially the certified
trace element free bags used for storing the samples, were centrally
provided to all field teams.

2.2. Sampling

Samples of agricultural and grazing land soil were collected in
2008 and early 2009 according to the Field Manual provided to all
participants of the GEMAS project (EuroGeoSurveys Geochemistry
Working Group, 2008; Reimann et al., 2014a). In total, 2108 sam-
ples of agricultural soil (Ap) and 2024 samples of grazing land soil
(Gr) were collected, with 33 countries participating in the survey.
The Ap samples were collected as composite samples (c. 3.5 kg)
from the uppermost 20 cm of regularly ploughed fields. Grazing
land soil samples were collected as composite samples from the
uppermost 10 cm of land under permanent grass cover. Each
sampling site was carefully documented and field duplicates were
taken at every 20th site for quality control purposes. The focus of
this article will be on the Ap samples; results of Gr samples are
comparable.

2.3. Sample preparation and analysis

All samples were air-dried and sieved using a 2 mm nylon
screen in the same laboratory. Subsequently, they were homoge-
nised and split into ten aliquots for analysis and future reference.
The samples were then randomised, and analytical replicates and
aliquots of the two GEMAS project standards Ap and Gr were
inserted every 20th sample (Mackových and Lu�civjanský, 2014).

One such split of all samples was sent to ACME Labs (now Bu-
reau Veritas Minerals) in Vancouver, Canada. Prior to analysis, the
soil samples underwent a modified hot aqua regia digestion, con-
sisting of equal parts of concentrated ACS grade HCl and HNO3 and
de-mineralised H2O. Fifteen grams of each sieved and unmilled
mineral soil sample were digested in 90 ml of the HNO3/HCl/H2O
mixture for one hour in a hot (95 �C) water bath. After cooling, the
solution was made up to a final volume of 300 ml with 5% HCl. The
final sample-weight-to-solution-volume ratio was 1 g per 20 ml.

The filtered solutions were analysed using a Spectro Ciros Vision
emission spectrometer (ICP-AES) and a Perkin Elmer Elan 6000/
9000 inductively coupled plasma quadrupole mass spectrometer
(ICP-QMS) for 53 elements (Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co,
Cr, Cs, Cu, Fe, Ga, Ge, Hf, Hg, In, K, La, Li, Mg,Mn,Mo, Na, Nb, Ni, P, Pb,
Pd, Pt, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta, Te, Th, Ti, Tl, U, V, W, Y, Zn and
Zr). The focus of this manuscript is on the following 28 elements
being either (a) potentially toxic elements (PTEs): Ag, As, Ba, Cd, Co,
Cr, Cu, Hg, Mo, Ni, Pb, Sn, V and Zn; (b) ‘high-tech’ critical elements
(HTCEs): Be, Ce, Ga, Ge, In, La, Li and Tl; or (c) additional elements
that sometimes are discussed in environmental legislation as
further PTEs: B, Bi, Mn, Sb, Se and U as shown in Table 1. For all other
elements, results are included in the Supplementary Material
(Table 1SM). For the elements Te, Pd, Pt, Re and Ta, between 50%
(Te) and 94% (Ta) of all results were below the detection limit (see
Appendix B in Reimann et al., 2014b). They are included here in the
tables and figures in the Supplementary Material, because some of
the discussed methods still allow the establishment of a threshold
even for such strongly censored data (e.g., the 98th percentile can be
provided for all elements).

Results of an international round robin test carried out using the
two GEMAS project standards Ap and Gr have demonstrated that
ACME's HNO3/HCl/H2O digestion, described above, delivered
analytical results for most elements that are comparable to a clas-
sical aqua regia digestion (Kriete, 2011; Reimann et al., 2012a); a
summary of the report can also be found in Reimann et al. (2014a).
For elements such as Cs, Ga, K, Na and Ti, which are predominantly
bound in the lattice of silicates, this digestion delivers lower values
than obtained from a ‘classical’ aqua regia digestion. For results of
the round robin test, see Table 7.2 in Reimann et al. (2014a, p.
63e65). All quality control results of the aqua regia digestion are
presented in Reimann et al. (2009a) and summarised in Reimann
et al. (2014a).

2.4. Determination of geochemical threshold values

Methods for deriving geochemical threshold values for the
identification of samples with unusually high element concentra-
tions vary substantially. The original ‘simplistic’ approach, to
calculate Mean þ 2 Standard Deviations (SD) of a given data set,
was developed in exploration geochemistry to detect data outliers
(Hawkes and Webb, 1962; Matschullat et al., 2000; Reimann and
Garrett, 2005). This approach is outdated because, among other
shortcomings, it did not consider the multimodal nature of
geochemical data sets (Tennant and White, 1959; Lepeltier, 1969;
Sinclair, 1974, 1976, 1983, 1986, 1991; Reimann and Filzmoser,
2000).

Reimann et al. (2005) suggested that it may be possible to
replace the ‘old’ Mean þ 2 SD approach by using Median þ 2 Me-
dian Absolute Deviations (MAD), where the Median is defined for a
sample x1, … …, xn as mediani(xi), and the MAD as:

MADiðxiÞ ¼ 1:48,medianijxi �medianj
�
xj
�j

If the sample follows a normal distribution, this definition of the
MAD with the constant 1.48 leads to a consistent estimator of the
underlying standard deviation.

This definition is much more robust against the effect of data
outliers, common in geochemical data sets. The disadvantage of
this method if applied to raw, untransformed data, is that it delivers
very conservative (low) threshold values (quite often around the
90th percentile), i.e., produces a lot of sites that need to be checked.
The reason is that geochemical data distributions are most often
strongly right-skewed, while, when using the above formula, the
underlying assumption is a symmetrical (not necessarily normal)
data distribution. The correct approach to using this formula would
thus be to calculate Median þ2 MAD on the log-transformed data
(e.g., using log base 10) and to then back-transform the result and
use these values as threshold according to the formula:

Threshold ¼ 10b

where

b ¼ ðmedianiðlog10ðxiÞÞ þ 2,MADj
�
log10

�
xj
��

These values are provided in Table 2. Such an approach will
result in values that are often quite comparable to the TIF (Tukey
inner fence, or upper whisker of the Tukey boxplot), which is dis-
cussed below.

Another approach, which again stems from exploration
geochemistry, is to study data distributions in a cumulative
probability (CP) diagram (Tennant and White, 1959; Lepeltier,



Table 1
Statistical summary of HNO3/HCl/H2O (modified aqua regia)-soluble concentrations of selected 28 PTEs and HTCEs in European agricultural soil (GEMAS Ap samples, 0e20 cm,
<2 mm - data source: Reimann et al., 2014a,b). n: number of samples; DL: detection limit; Min: minimum concentration; Q25: 25th percentile of the data set; MEDIAN: 50th

percentile of the data set; Q75: 75th percentile of the data set and Max: maximum concentration. Median absolute deviation (MAD) and interquartile range (IQR) are provided
as measures of spread. For each element, these values are given separately for the whole European data set and for northern and southern Europe. For a table of all 53 elements
see Table 1SM in the Supplementary Material. All element concentration values in mg/kg.

Element Material n DL %<DL Min Q25 Median Q75 Max MAD IQR

Ag Ap 2108 0.002 0.4 <0.002 0.023 0.038 0.060 2.95 0.025 0.037
Ap-north 814 0.002 0.74 <0.002 0.020 0.031 0.051 0.26 0.021 0.031
Ap-south 1294 0.002 0.15 <0.002 0.027 0.042 0.063 2.95 0.026 0.036

As Ap 2108 0.05 0.1 <0.05 2.5 5.5 9.5 666 4.87 7.02
Ap-north 814 0.05 0.25 <0.05 1.2 2.3 3.7 37 1.78 2.5
Ap-south 1294 0.05 0 0.191 5.4 8 12 666 4.58 6.53

B Ap 2108 0.5 7.4 <0.5 1.23 2.42 4.68 49 2.18 3.46
Ap-north 814 0.5 11 <0.5 0.89 1.7 3.3 16 1.48 2.39
Ap-south 1294 0.5 4.9 <0.5 1.6 3.0 5.6 49 2.54 3.99

Ba Ap 2108 0.5 0 2.6 36 62 95 818 42.4 59.7
Ap-north 814 0.5 0 3.9 26 43 71 426 29.8 45.6
Ap-south 1294 0.5 0 2.6 48 74 108 818 44.8 60.2

Be Ap 2108 0.05 1.8 <0.05 0.28 0.52 0.81 11 0.385 0.53
Ap-north 814 0.05 3.9 <0.05 0.16 0.28 0.46 2.0 0.212 0.301
Ap-south 1294 0.05 0.46 <0.05 0.45 0.68 0.98 11 0.379 0.525

Bi Ap 2108 0.005 0.05 <0.005 0.094 0.16 0.26 3.2 0.118 0.164
Ap-north 814 0.005 0.1 <0.005 0.060 0.093 0.14 2.3 0.0548 0.0774
Ap-south 1294 0.005 0 0.009 0.15 0.22 0.31 3.2 0.111 0.157

Cd Ap 2108 0.01 0.2 <0.01 0.11 0.18 0.28 7.5 0.12 0.17
Ap-north 814 0.01 0.2 <0.01 0.079 0.12 0.18 1.1 0.0744 0.104
Ap-south 1294 0.01 0.2 <0.01 0.148 0.22 0.34 7.5 0.134 0.189

Ce Ap 2108 0.1 0 1.6 18.5 28.4 39.5 265 15.3 21
Ap-north 814 0.1 0 1.6 17 26 38.2 158 15.9 21.7
Ap-south 1294 0.1 0 2 20 30 40 265 15.2 20.5

Co Ap 2108 0.1 0.05 <0.1 3.7 7.5 12 126 6.06 8.22
Ap-north 814 0.1 0 0.12 2.1 4.1 7.1 66 3.4 4.98
Ap-south 1294 0.1 0.1 <0.1 6.1 10 14 126 5.74 7.72

Cr Ap 2108 0.2 0 0.4 11 20 33 696 15.3 21.2
Ap-north 814 0.2 0 0.6 7.2 13 23 221 10.7 15.8
Ap-south 1294 0.2 0 0.4 16 25 36 696 14.6 20.2

Cu Ap 2108 0.01 0 0.3 8.3 15 24 395 11.1 15.7
Ap-north 814 0.01 0 0.65 5.4 9.4 16 78 6.84 10.1
Ap-south 1294 0.01 0 0.3 12 19 29 395 12.1 17

Ga Ap 2108 0.05 0 0.14 2.2 3.4 4.9 20 1.96 2.66
Ap-north 814 0.05 0 0.14 1.6 2.7 4.1 17 1.83 2.5
Ap-south 1294 0.05 0 0.19 2.7 3.9 5.2 20 1.87 2.54

Ge Ap 2108 0.02 26 <0.02 <0.02 0.037 0.058 0.21 0.0311 0.0475
Ap-north 814 0.02 2.2 <0.02 <0.02 0.035 0.059 0.21 0.0363 0.0487
Ap-south 1294 0.02 30 <0.02 0.022 0.039 0.057 0.21 0.0262 0.0354

Hg Ap 2108 0.003 0.8 <0.003 0.018 0.030 0.048 1.6 0.0207 0.03
Ap-north 814 0.003 0.74 <0.003 0.016 0.024 0.035 0.914 0.0135 0.0192
Ap-south 1294 0.003 0.77 <0.003 0.021 0.036 0.058 1.56 0.0251 0.0364

In Ap 2108 0.003 3.8 <0.003 0.0102 0.0176 0.026 0.348 0.0114 0.0158
Ap-north 814 0.003 6 <0.003 0.01 0.012 0.018 0.073 0.00812 0.0113
Ap-south 1294 0.003 3 <0.003 0.014 0.021 0.029 0.348 0.0108 0.0149

La Ap 2108 0.1 0 1 9.5 14 20 109 7.66 10.5
Ap-north 814 0.1 0 1 8.9 14 20 93 7.9 11.1
Ap-south 1294 0.1 0 1.1 9.9 15 20 109 7.43 10

Li Ap 2108 0.1 0 0.16 5.8 11 19 136 9.55 13.7
Ap-north 814 0.1 0 0.16 3.4 6.4 12 58 5.32 8.13
Ap-south 1294 0.1 0 0.17 9.1 15 22 136 9.66 13.2

Mn Ap 2108 1 0 2 241 445 701 14969 334 460
Ap-north 814 1 0 12 154 280 437 14969 199 283
Ap-south 1294 1 0 2 354 584 846 14605 361 492

Mo Ap 2108 0.01 0 0.026 0.25 0.42 0.72 14 0.294 0.473
Ap-north 814 0.01 0 0.031 0.19 0.32 0.66 13 0.255 0.471
Ap-south 1294 0.01 0 0.026 0.31 0.46 0.74 14 0.282 0.427

Ni Ap 2108 0.1 0.05 <0.1 6.8 15 27 2475 13.7 20.5
Ap-north 814 0.1 0 0.32 3.9 8.2 15 99 7.24 10.6
Ap-south 1294 0.1 0.1 <0.1 12 21 34 2475 15.8 22.2

Pb Ap 2108 0.01 0 1.6 9.9 16 24 1309 10.1 13.9
Ap-north 814 0.01 0 1.6 6.7 9.7 14 52 4.97 6.86
Ap-south 1294 0.01 0 2.1 15 21 29 1309 9.48 13.6

Sb Ap 2108 0.02 0.7 <0.02 0.12 0.23 0.42 17 0.192 0.293
Ap-north 814 0.02 1.8 <0.02 0.073 0.11 0.16 1.0 0.0638 0.0875
Ap-south 1294 0.02 0 0.022 0.24 0.35 0.55 17 0.208 0.309

Se Ap 2108 0.05 2.2 <0.05 0.24 0.35 0.49 3.8 0.18 0.248
Ap-north 814 0.05 3.3 <0.05 0.20 0.31 0.43 3.5 0.175 0.233
Ap-south 1294 0.05 1.6 <0.05 0.27 0.39 0.52 3.8 0.18 0.245

(continued on next page)
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Table 1 (continued )

Element Material n DL %<DL Min Q25 Median Q75 Max MAD IQR

Sn Ap 2108 0.4 0.38 <0.1 0.46 0.72 1.1 30 0.462 0.672
Ap-north 814 0.1 0.4 <0.1 0.32 0.48 0.76 8 0.279 0.437
Ap-south 1294 0.1 0.4 <0.1 0.63 0.87 1 30 0.448 0.685

Tl Ap 2108 0.0005 0.2 <0.0005 0.075 0.12 0.18 2.5 0.0732 0.106
Ap-north 814 0.0005 0 0.0025 0.054 0.086 0.14 0.58 0.0554 0.0845
Ap-south 1294 0.0005 0 0.0025 0.092 0.14 0.20 2.5 0.0736 0.107

U Ap 2108 0.04 0.05 <0.04 0.52 0.77 1.2 24 0.43 0.678
Ap-north 814 0.04 0.1 <0.04 0.46 0.68 1.3 24 0.436 0.852
Ap-south 1294 0.04 0 0.071 0.56 0.81 1.2 21 0.402 0.59

V Ap 2108 0.2 0 1 16 25 37 188 15 21
Ap-north 814 0.2 0 1 11 19 31 104 13 19
Ap-south 1294 0.2 0 1.7 20 29 40 188 14.2 20

Zn Ap 2108 0.1 0 2.8 27 45 65 1396 28 38
Ap-north 814 0.1 0 2.9 20 30 48 139 19 28
Ap-south 1294 0.1 0 2.8 38 53 72 1396 25 34
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1969; Sinclair, 1974, 1976, 1983, 1986, 1991; Chaffee, 1977). This is a
very powerful plot displaying the statistical data distribution from
which one can detect processes that cause deviation from the
overall data distribution (Reimann et al., 2008, 2011; Johnson,
2011). Upper outliers can most often be detected as a break in
the data distribution in these plots. In Great Britain, CP diagrams
and percentiles (most frequently the 95th percentile) have been
used to detect samples deviating from the ‘normal background
variation’ and to identify a case-specific threshold (e.g., Cave et al.,
2012; Johnson et al., 2012; Ander et al., 2013). Using CP diagrams is
scientifically the most rigorous procedure, but requires an expert
to carefully assess the element concentration distributions within
any given data set, and it involves a certain amount of subjectivity
in population splitting. Values obtained for the GEMAS Ap data set
are provided in Table 2 (see also Table 2SM for all elements).

Other researchers h ave suggested using a percentile-based
approach, and proposed a simplistic method with the 90th, 95th

or 98th percentile of a given data set defining the threshold (see
Ander et al., 2013). The 98th percentile, which identifies 2% of all
samples as upper ‘outliers’, comes closest to the original method of
calculating the Mean þ 2 SD in the case of a normal distribution,
which would result in 2.3% of upper outliers. A common feature of
all these statistical methods is that it will not necessarily be
possible to establish ameaningful single threshold valid for awhole
country, because the background varies spatially (see below).
Furthermore, there exists no valid scientific reason why 2, 5 or 10%
of the samples should be considered as ‘anomalous’ regardless of
the statistical data distribution. Values for the 90th, 95th and 98th

percentile are provided in Table 2 (Table 2SM for all elements).
Kürzl (1988) originally suggested using Tukey boxplot bound-

aries (Tukey, 1977) for class selection in geochemical mapping. The
International Organization for Standardisation (ISO, 2005; Annex B)
has proposed to detect outliers in a soil geochemical composition
based on the Tukey inner (upper) fence (TIF) or upper whisker in a
boxplot. The method has many advantages: it is based on the
boxplot, an exploratory data analysis tool originally introduced by
Tukey (1977), and solely depends on the data distribution; it allows
the definition of a threshold for outliers even if none are present in
the data set (i.e., Max < TIF), as it extrapolates from the robust inner
core (25th to 75th percentiles) of the data's structure. The TIF is
calculated as follows:

TIF ¼ Q3þ 1:5,IQR

where Q3 stands for the 3rd quartile (equivalent to the 75th

percentile), and IQR is the interquartile range (75the25th percen-
tile). The multiplying factor of 1.5 in the formula is based on the
assumption of a symmetrical data distribution. Note that the TIF,
when dealing with geochemical data, which are most often right-
skewed, must be calculated on the log- (or otherwise) trans-
formed data to achieve ‘symmetry’ (Reimann et al., 2008). Because
the calculation of the TIF is based on amultiple of IQR, it can happen
that in narrow data distributions no values are detected above the
TIF in a given data set for certain elements. TIF values for the
GEMAS Ap data set are again provided in Table 2 (Table 2SM for all
elements). The TIF can be considered as one of themost reliable and
powerful tools to calculate meaningful threshold values for any
given data set (Reimann and Caritat, 2017). Jarva et al. (2010) apply
this approach for identifying areas in Finland needing closer
attention. The TIF is also used in the REACH guidance to detect
outliers in monitoring data sets used for exposure assessment
(ECHA, 2016).

Soil Guideline Values (SGVs) have been defined for at least
some chemical elements in many European countries (see e.g.,
Carlon et al., 2007 or Appendix A in Reimann et al., 2014b). For a
proper comparison of these values, one needs to know their
purpose and derivation method (data, protection goal and level,
etc.). For example, there is an important difference between SGVs
used as screening values for risk assessment (e.g., Predicted No
Effect Concentrations, or PNEC, in REACH, or threshold values as
defined in Finland) and soil clean-up values (e.g., Finnish guideline
values). The former are conservative concentrations of chemical
substances found in soil below which no adverse effects are ex-
pected to occur; they are indicators that soil concentrations above
this level may pose a risk for the environment or human health. In
contrast, soil clean-up values are thresholds for unacceptable ef-
fects for a certain land use and were set to define the need for
intervention (e.g., remediation). Furthermore, some thresholds
depend on ecotoxicological effects, while others are driven by
effects on human health or potential for groundwater contami-
nation. In the early days of soil protection, these guideline values,
action levels or maximum admissible concentrations were quite
often based on geochemical thresholds derived from often rather
local soil mapping projects combined with some toxicological
considerations (e.g., Kloke, 1980). The existing values for the 28
elements discussed here and their range in European legislation
are summarised in Table 3.

Environmental risk assessment according to the methods out-
lined in Trist�an et al. (2000), Smolders et al. (2009), Demetriades
(2011), Oorts and Schoeters (2014), Oorts et al. (2016) and Birke
et al. (2016) are scientifically the most rigorous procedures. These
approaches start with the existence of good ecotoxicological data of
the elements for a variety of soil organisms and acknowledge that a
site-specific risk assessment must be carried out, because the



Table 2
Geochemical threshold values for the selected 28 elements (same selection as used in Table 1), estimated by a variety of methods: Median þ 2 Median Absolute Deviation
(MEDþ2MAD), the 90th, 95th and 98th percentiles, the break in the CP diagram and the Tukey Inner Fence (upper whisker of the boxplot e TIF); n: number of samples. Values
are provided for the complete GEMAS Ap data set (Ap) and for northern (Ap-north) and southern (Ap-south) Europe separately. The threshold values for all 53 elements
analysed are provided in Table 3SM in the Supplementary Material.

Element Material n Threshold values all HNO3/HCl/H2O extraction, all in mg/kg Number of samples above threshold n>

MEDþ2MAD Q90 Q95 Q98 CP plot TIF MEDþ2MAD Q90 Q95 Q98 CP plot TIF

Ag Ap 2108 0.15 0.096 0.13 0.19 0.25 0.23 67 211 106 43 27 27
Ag Ap-north 814 0.13 0.088 0.12 0.14 0.14 0.21 26 82 41 17 16 2
Ag Ap-south 1294 0.16 0.098 0.14 0.23 0.23 0.23 52 130 65 26 26 26
As Ap 2108 36 15 21 34 60 71 37 211 106 43 17 9
As Ap-north 814 12.0 5.6 7.2 10 12 17 12 82 41 17 10 2
As Ap-south 1294 26 19 27 44 55 38 70 130 65 26 19 30
B Ap 2108 18 7.64 10 13.8 20 30 19 210 106 43 16 3
B Ap-north 814 12 5.6 7.0 8.1 10 16 5 82 40 17 10 0
B Ap-south 1294 19 8.9 11 16 18 30 17 130 65 26 18 3
Ba Ap 2108 264 142 180 252 400 400 40 211 106 43 11 11
Ba Ap-north 814 196 100 130 177 180 330 8 82 41 17 17 2
Ba Ap-south 1294 249 162 209 303 310 367 41 130 65 26 25 15
Be Ap 2108 2.5 1.2 1.4 2.0 3 4 25 211 106 43 15 12
Be Ap-north 814 1.3 0.70 0.88 1.12 1.1 2 6 82 41 17 19 1
Be Ap-south 1294 2.1 1.31 1.69 2.39 3 3 41 130 65 26 15 15
Bi Ap 2108 0.71 0.38 0.49 0.76 0.8 1.2 51 211 106 43 38 17
Bi Ap-north 814 0.31 0.22 0.28 0.36 0.5 0.45 27 82 41 17 3 6
Bi Ap-south 1294 0.63 0.45 0.61 0.94 1 0.88 60 130 65 26 23 32
Cd Ap 2108 0.73 0.45 0.61 0.98 2 1.1 71 211 106 43 12 36
Cd Ap-north 814 0.43 0.26 0.35 0.48 0.7 0.7 23 82 41 17 4 7
Cd Ap-south 1294 0.75 0.53 0.74 1.2 2 1.2 64 130 65 26 12 28
Ce Ap 2108 86 51 62 81 150 118 34 210 106 43 6 12
Ce Ap-north 814 90 52 64 85 100 126 13 82 41 17 9 3
Ce Ap-south 1294 85 51 62 78 100 114 22 130 65 26 13 9
Co Ap 2108 39 17 22 29 35 66 17 211 106 43 21 2
Co Ap-north 814 24 11 13 17 17 31 4 81 41 17 18 3
Co Ap-south 1294 33 20 26 32 35 45 24 130 65 26 20 9
Cr Ap 2108 92 48 70 107 250 157 66 211 106 43 10 22
Cr Ap-north 814 72 37 48 63 70 118 10 82 41 17 10 1
Cr Ap-south 1294 84 57 89 142 200 121 72 130 65 26 18 33
Cu Ap 2108 69 38 50 78 150 118 52 211 106 43 10 21
Cu Ap-north 814 44 23 30 39 75 73 10 82 41 17 1 1
Cu Ap-south 1294 73 44 61 100 100 104 45 130 65 26 26 24
Ga Ap 2108 11 6.4 7.6 9.1 12 14 19 211 106 43 13 5
Ga Ap-north 814 11 5.6 6.7 7.9 10 14 5 82 41 17 5 1
Ga Ap-south 1294 10 6.7 8.1 9.7 12 14 20 130 65 26 10 4
Ge Ap 2108 0.17 0.078 0.094 0.13 0.2 0.21 8 210 106 43 3 1
Ge Ap-north 814 0.22 0.082 0.10 0.14 0.12 0.21 0 82 41 17 29 1
Ge Ap-south 1294 0.15 0.076 0.090 0.11 0.14 0.21 7 130 65 26 8 0
Hg Ap 2108 0.13 0.076 0.10 0.19 0.5 0.21 72 211 106 43 9 36
Hg Ap-north 814 0.076 0.051 0.066 0.10 0.1 0.11 26 82 41 17 19 13
Hg Ap-south 1294 0.160 0.088 0.126 0.25 0.25 0.26 48 130 65 26 27 24
In Ap 2108 0.065 0.036 0.042 0.055 0.075 0.1 21 211 106 43 17 9
In Ap-north 814 0.049 0.026 0.033 0.041 0.05 0.07 6 82 41 17 6 1
In Ap-south 1294 0.059 0.039 0.047 0.063 0.08 0.08 28 130 65 26 13 13
La Ap 2108 42 26 32 42 60 57 44 211 106 43 18 18
La Ap-north 814 45 27 34 44 60 66 16 82 41 17 8 5
La Ap-south 1294 41 25 30 40 60 54 26 130 65 26 10 11
Li Ap 2108 63 28 33 45 75 95 15 211 106 43 9 3
Li Ap-north 814 38 20 24 28 27 58 5 82 41 17 26 0
Li Ap-south 1294 55 31 38 52 50 84 24 130 65 26 33 4
Mn Ap 2108 2141 1080 1415 1831 4000 3345 26 211 105 43 5 7
Mn Ap-north 814 1288 641 781 1100 1100 2018 14 82 41 17 17 5
Mn Ap-south 1294 2114 1296 1611 2022 2500 3122 23 130 65 26 12 5
Mo Ap 2108 2.0 1.2 1.7 3.1 7.5 3.5 81 211 106 43 6 35
Mo Ap-north 814 1.9 1.3 2.0 3.6 3 4.3 42 82 41 17 25 12
Mo Ap-south 1294 1.7 1.2 1.6 2.7 2 2.6 54 130 65 26 43 29
Ni Ap 2108 105 43 66 139 500 216 59 211 106 43 7 21
Ni Ap-north 814 55 24 30 37 40 99 5 82 41 17 14 0
Ni Ap-south 1294 100 56 101 193 300 167 68 130 65 26 14 30
Pb Ap 2108 58 35 44 73 75 87 59 211 106 43 42 32
Pb Ap-north 814 27 18 22 28 75 39 18 82 41 17 0 3
Pb Ap-south 1294 54 41 54 97 75 73 65 130 65 26 42 43
Sb Ap 2108 1.40 0.70 1.0 1.8 3 2.6 60 211 106 43 11 21
Sb Ap-north 814 0.36 0.22 0.28 0.34 0.3 0.5 14 82 41 17 30 9
Sb Ap-south 1294 1.20 0.91 1.4 2.5 2 1.9 79 130 65 26 33 35
Se Ap 2108 1.00 0.68 0.88 1.2 2.5 1.4 71 211 106 43 4 29
Se Ap-north 814 0.98 0.63 0.77 1.1 1 1.3 21 82 41 17 20 11
Se Ap-south 1294 0.98 0.73 0.93 1.2 1 1.3 53 130 65 26 51 22

(continued on next page)
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Table 2 (continued )

Element Material n Threshold values all HNO3/HCl/H2O extraction, all in mg/kg Number of samples above threshold n>

MEDþ2MAD Q90 Q95 Q98 CP plot TIF MEDþ2MAD Q90 Q95 Q98 CP plot TIF

Sn Ap 2108 2.8 1.7 2.4 4.3 10 4.4 85 211 106 43 11 40
Sn Ap-north 814 1.7 1 2 2 2 2.7 29 82 41 17 10 4
Sn Ap-south 1294 2.5 2 3 5 10 3.9 92 130 65 26 11 50
Tl Ap 2108 0.43 0.29 0.38 0.62 1 0.67 62 211 106 43 18 34
Tl Ap-north 814 0.34 0.24 0.30 0.38 0.4 0.56 0 82 40 17 13 2
Tl Ap-south 1294 0.42 0.31 0.46 0.74 0.75 0.63 105 130 65 26 26 42
U Ap 2108 2.6 2.2 3.4 5.2 10 4.2 148 211 106 43 6 63
U Ap-north 814 2.8 2.7 4.0 5.9 6 6.1 78 82 41 17 16 15
U Ap-south 1294 2.4 1.8 2.6 4.2 5 3.4 86 130 65 26 17 46
V Ap 2108 86 51 63 85 120 123 42 211 104 43 14 13
V Ap-north 814 83 43 51 63 60 105 8 82 40 17 23 0
V Ap-south 1294 79 57 72 95 150 112 52 130 65 26 10 17
Zn Ap 2108 161 87 104 129 150 239 19 211 105 42 22 8
Zn Ap-north 814 110 73 87 110 110 139 16 82 41 17 16 1
Zn Ap-south 1294 139 94 112 139 180 184 26 130 64 26 18 17
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spatial variation of soil parameters, such as cation exchange ca-
pacity (CEC), total organic carbon (TOC), grain size (especially clay
content) and pH value, may have an impact on the bioavailability
and toxicity of elements in soil. It thus requires that all these pa-
rameters be determined, in addition to the concentration of the
chemical element in question. Moreover, the calculation of (no)
effect thresholds and corresponding risks must be carried out for
each site and a new set of risk characterisation maps will result (see
Cu and Mo in Oorts and Schoeters, 2014; Oorts et al., 2016). Good
Table 3
Comparison of soil guideline values as defined by different authorities for PTEs in Europe a
europa.eu/information-on-chemicals), Finland (MEF, 2007), Australia (DEC, 2010), Lithuan
(2014b) have been used. PNEC: Predicted No Effect Concentration; THRESH: threshold va
European SGVs); HIL 0E’: Health Investigation Level class ‘E’ (parks, recreational open sp
elements discussed in this paper. Geochemical threshold values for these elements are p

Element EU REACH Finl

PNEC THR

Ag 1.4
As 0.7 5
B 5.7a

Ba 208
Be
Bi 67.6
Cd 0.9 (secondary poisoning to mammals and birds) 1.1 (direct toxicity

to soil organisms)0.9 (secondary poisoning to mammals and birds)
1.1 (direct toxicity to soil organisms)

1

Ce 0.45 (Ce III)
Co 10.9 (9.3e83.4)b 20
Cr 3.2 (Cr III)a 100
Cu 65 (34.6e135) 100
Ga
Ge
Hg 0.02a 0.5
In
La 10.7
Li 0.26
Mn 15.7a

Mo 9.9 (8.1e213)
Ni 29.9 (13.3e93.4) 50
Pb 109 (41e240) (secondary poisoning to mammals and birds)

212 (132e468) (direct toxicity to soil organisms)
60

Sb 37
Se 0.1 (Se IV)
Sn
Tl
U
V 7.2a 100
Zn 106.8 (55.4e313)a 200

a added approach (geochemical background not taken into account).
b range is 5th - 95th percentile of EU soils (based on GEMAS data) for arable soil).
and robust ecotoxicology data and bioavailability correction
models, considering the effect of varying soil properties on the
toxicity of these elements to soil organisms, are presently only
available for a limited number of elements (Smolders et al., 2009;
Oorts et al., 2016). Furthermore, even ecotoxicology will, in the
end, depend on a spatial component because organisms are
adapted to natural differences in their habitats (Reimann and
Garrett, 2005), resulting in a spatial variation in occurrence of
specific organisms. Thus, the performance of a number of simple
nd Australia. Data sources for: EU REACH (ECHA disseminationwebsite, https://echa.
ia, Denmark, Hungary and RANGE EU data provided in Appendix A of Reimann et al.
lue; SGV: Soil Guideline Value; EIL: Ecological Investigation Level (comparable to the
ace and playing fields). Note that no guideline values exist so far for several of the
rovided in Table 2. All element concentration values in mg/kg.

and Lithuania Denmark Hungary RANGE EU Australia

ESH GUIDEL SGV SGV SGV SGV EIL HIL 0E0

2 50 2 2e500
50 10 20 15 10e200 20 200

50 1000 5e1000
600 100 250 100e600 300
10 7e10

0.5e1
10 3 0.5 1 0.5e20 3 40

100 30 30 20e100 50 200
200 100 500 75 30e1000 400 200
150 100 500 75 40e1000 100 2000

2 1.5 1 0.5 0.5e80 1 30

1500 1500 500 3000
5 5 7 2.5e60 40 nd

100 75 30 40 30e300 60 600
200 100 40 100 40e750 600 600

10 10e50
5 20 1 1e20

50
1 0.5e1

20 20
150 150 100e220 50
250 300 500 200 60e2500 200 14000

https://echa.europa.eu/information-on-chemicals
https://echa.europa.eu/information-on-chemicals
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statistical procedures to identify sites with an unusually high
element concentration is still of interest as a first screening for
locations that may require attention for elements lacking proper
ecotoxicological data.

2.5. Statistical data analysis

The statistical analysis of geochemical data must take into ac-
count the ‘closure’ effect due to their compositional nature
(Aitchison, 1986). Significant problems with closure occur in
bivariate plots, based on element concentrations within one sample
material, because each data point e representing one sample e

could be shifted along a straight line (y ¼ a , x) through this point
by changing the abundance of other elements within this particular
sample. The effect can be substantial (Filzmoser et al., 2010;
Reimann et al., 2012b). Calculated bivariate relations on raw data
(e.g., in mg/kg units), therefore, must be interpreted as being
exploratory and qualitative at best, or an appropriate trans-
formation must be performed prior to statistical treatment (e.g.,
Filzmoser et al., 2010; Scealy et al., 2015). Geochemical data cannot
be quantitatively compared if they relate element concentrations
within the same sample. To compare two sample materials (e.g., Ap
vs. Gr), bivariate plots can be used, because the values plotted do
not come from a single, closed composition, and are, therefore,
independent. In this paper, either univariate statistics are used or
two sample media are compared. Thus no log-ratio-transformation
of the raw geochemical data was used, but rather the simple log-
transformation (base 10) was applied where appropriate. For data
analysis the DAS package (Dutter et al., 1992), a combination of R
scripts (e.g., StatDA 1.6.9 by Filzmoser, 2015), Wolfram Mathema-
tica (Wolfram Research Inc, 2016) and ArcGIS 10 (Esri, 2016) soft-
ware were used.

3. Results

Results for the GEMAS agricultural (Ap) and grazing land (Gr)
soil samples turned out to be very comparable (Reimann et al.,
2014a,b). This paper thus focuses on the 2108 Ap samples,
collected from regularly ploughed fields.

Fig. 1 shows six examples of regional distribution maps of
element concentrations in European agricultural soil. A major
break in element concentrations between southern and northern
Europe becomes visible for most elements (typical examples are
As and Pb), which follows exactly the southern limit of the most
recent glaciation (Reimann et al., 2014a; Scheib et al., 2014). It
divides the young postglacial soils of northern Europe from the
much older and more weathered soils of southern Europe. The
difference in concentration is so large that the definition of just
one general threshold value for the European continent appears
non-sensical. At least two different background regimes need to be
considered at the European scale, and many more occur at the
regional and local scales. A general location map, identifying the
European countries and their capitals in addition to four sites
discussed in more detail in the text, is provided as Fig. 1SM in the
Supplementary Material.

Fig. 2 shows CP diagrams for selected elements. Diagrams for all
53 elements are provided in the Supplementary Material
(Fig. 2SM). To plot these diagrams, the data set was split into
samples from ‘northern Europe’ and ‘southern Europe’ along the
southern limit of glaciation. The 98th percentile for the two sub-
data sets is indicated on the plot. Furthermore, where applicable,
the range of Soil Guideline Values (SGVs), as defined by various
authorities in the EU member countries (for values see Table 3), is
shown by two arrows connected by a stippled line. If only one ar-
row is shown (for example Cd), Table 3 needs to be checked for an
SGV that is higher than the scale of the diagram permits to plot (for
Cd: 20mg/kg). A stippled green line for the eight example plots (but
not in Fig. 2SM) indicates the TIF for all samples in the European
data set.

Table 1 presents a statistical overview of the analytical results
for the GEMAS Ap samples in the ACME-modified aqua regia
digestion for 28 of the analysed 53 elements, with a focus on PTEs
and HTCEs. A complete table for all elements can be found in the
Supplementary Material (Table 1SM). The lower Detection Limit
(DL), number and proportion of samples < DL, minimum, 25th

percentile, 50th percentile (median), 75th percentile, maximum
concentration and MAD and IQR, as measures of variation, are
presented in Table 1.

Table 2 provides the geochemical threshold values for agricul-
tural soil at the European scale and for northern and southern
Europe separately, using a variety of established methods for their
estimation (TIF, CP diagram, 98th percentile, 95th percentile, 90th

percentile). The number of samples exceeding the different
threshold values for the 28 elements are shown in Tables 1 and 3. In
the Supplementary Material, these different threshold values are
provided for all 53 elements analysed (Table 2SM).

Table 3 supplies (eco)toxicological based soil guideline values,
such as PNEC values derived by the European REACH Regulation,
the so-called soil thresholds and soil guidelines, as provided by the
Ministry of the Environment of Finland (MEF, 2007), a selection of
soil guideline values, as determined in different European countries
(Lithuania, Denmark and Hungary chosen here because they pro-
vide SGVs for many elements), and their range in European legis-
lation (taken from Appendix A in Reimann et al., 2014b), together
with Environmental Impact Levels (EILs) and Health Impact Levels
(HILs), as defined by the Department of Health and Conservation of
Western Australia (DEC, 2010). Note that no such values exist for a
number of elements discussed here.

Fig. 3a and b shows a selection of maps of the sites where the
different thresholds are exceeded for one or several of the selected
elements (As, Cd, Hg, Mo, Ni and Pb). Maps for all elements are
provided in the Supplementary Material (Fig. 3SM).

4. Discussion

Based on statistics alone, a general geochemical background and
threshold to identify unusually high element concentrations in
agricultural soil can, of course, be defined for all of Europe, based on
the GEMAS data set (see Tables 1 and 3), or any other European
scale data set (e.g., the LUCAS data - T�oth et al., 2013, 2016a,b).
These values can then be used to estimate what are low, normal, or
high element concentrations in European agricultural soil at the
continental scale. It thus allows European countries to link their
own data to a fully harmonised European reference data set e one
of the core aims of the IUGS Global Geochemical Baselines mapping
programme (Darnley et al., 1995; Smith et al., 2012).

The spatial distribution maps (Fig. 1), as well as the CP diagrams
(Fig. 2), demonstrate that it may not make much sense in Europe,
because of variable geology and glacial history, to define a single
geochemical background range or a threshold representative for
the entire continent. The same conclusion was already reached
during the FOREGS (Forum of European Geological Surveys)
Geochemical Atlas of Europe project (Salminen et al., 2005; De Vos
et al., 2006). At least two different geochemical background re-
gimes immediately emerge on most maps: northern Europe with
clearly lower concentrations for many elements and southern
Europe with clearly higher concentrations. This break in element
concentration is directly related to the geological history of Europe.
Thus, statistics and different threshold values are presented for
three cases in Table 2: (1) all of Europe, (2) northern Europe and (3)



Fig. 1. Regional distribution of the PTEs As, Cd, Cu, Hg, Pb and Zn in the GEMAS agricultural soil samples (Ap, 0e20 cm, <2 mm, modified aqua regia digestion) from Europe.
Note the large difference in concentration levels between northern and southern Europe for most elements. Maps for all elements can be found in the GEMAS atlas (Reimann
et al., 2014a).
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Fig. 2. Cumulative probability (CP) distribution diagrams for eight selected elements (As, Cd, Ce, Cu, Ni, Pb, Sb and Zn), as analysed in a modified aqua regia digestion on the coarse
(<2 mm) fraction of the GEMAS Ap samples (red crosses: samples from northern Europe; black dots: samples from southern Europe). The range of Soil Guideline Values (SGVs), as
defined by different European authorities, is shown by black arrows connected by stippled lines (Data taken from Appendix A in Reimann et al., 2014b). Note that for Cd the upper
limit of guideline values falls outside the diagram (20 mg/kg) and that no SGVs are defined for Ce. The 98th percentiles for the two sub-data sets are indicated by vertical black lines.
The TIF, as calculated for the European data set (not differentiated by north and south), is shown as a stippled green vertical line. CP plots for all elements are provided in Fig. 2SM in
the Supplementary Material. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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southern Europe. This is a simplistic approach, because an even
finer separation of different background areas depending on local
geological conditions will become necessary at a more local scale.
Quite different geochemical threshold values would need to be
estimated for each such scale. This is, however, exactly what the
Ministry of the Environment of Finland suggested in its guideline
(MEF, 2007). That alone prohibits the use of, for example, the
Finnish (or other national) ecotoxicological threshold values for all
of Europe and partly explains the great variation of soil guideline
values in Europe, as displayed in Table 3. To further complicate the
matter for the guideline values, the variation is also due to differ-
ences in the protection goal (e.g., human health vs. environment) or
protection level (screening vs. remediation).

Fig. 2 shows CP diagrams for eight selected elements (diagrams
for all 53 analysed elements can be found in the Supplementary
Material as Fig. 2SM). The diagrams show that very different



Fig. 3. Maps showing sites with threshold exceedances: (a) values above the 95th, 98th percentile and the TIF calculated for all of Europe; (b) values above the 95th, 98th percentile
and the TIF calculated for northern and southern Europe separately. Where a symbol occurs in the Atlantic Ocean south-west of the U.K. (e.g., Ni), this stands for an anomaly of this
element on Tenerife (Canary Islands). Maps for all 53 elements can be found in the Supplementary Material (Fig. 3SMa,b). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. (continued).
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geochemical threshold values emerge for northern and southern
Europe for most elements. By using one of the simplest approaches,
the 98th percentile, a threshold of 10 mg/kg for As emerges for
northern Europe, while it is almost 50 mg/kg for southern Europe.
For Pb, it is about 30 mg/kg in northern Europe and 100 mg/kg in
southern Europe. If these values are calculated for single European
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countries, the differences are even larger: for As, the 98th percentile
is 3.7 mg/kg in Lithuania and 220mg/kg in Portugal; for Pb, the 98th

percentile is 12.5 mg/kg in Lithuania and 439 mg/kg in The
Netherlands. What is, thus, an ‘optimum’ screening value? Is it meant
to detect mineralisation or to protect the general population or the
environment or to identify anthropogenic contamination or areas that
require follow-up, more detailed monitoring or even remediation?

There are only very few elements that show almost exactly the
same value for the 98th percentile in northern and southern Europe,
e.g., Ce, La, Nb, P, Re and Ti (see Fig. 2 for examples or Fig. 2SM for all
elements). Even fewer elements exist where the 98th percentile is
higher for the samples from northern Europe than for those from
southern Europe: Ge, Mo, S and U. All statistical (and spatial) dis-
tributions at the continental scale are governed by geology.

When comparing the different statistical methods to derive a
geochemical threshold, it is evident that the ‘Median þ 2 MAD’
approach results in a very conservative estimate (low values for
the threshold), somewhere between the 90th and 95th percentile
(Table 2). This ‘conservative’ performance may be preferred by
Environmental Agencies from the point of view of protection of
the environment or human health, as it delivers precautionary
levels and, as such, limits the ‘false negatives’, i.e., sites posing a
risk for human health or environment that pass the screening
criteria (Rothwell and Cooke, 2015). It will provide, however, a
very high number of sites needing attention, and may thus be
counter-productive and costly by taking attention and resources
away from the few sites that may really present a problem. In the
end, any risk analysis should be accompanied by a cost-benefit
analysis to ensure that the decisions taken are economically, so-
cially and environmentally viable and fit-for-purpose
(Demetriades, 2011).

The 98th percentile delivers a fixed number of cases for each
element that needs attention e in case of the GEMAS project
agricultural soil data set, with 2108 samples these are 43 sites per
element. They are shown in Fig. 3 (a) for the threshold determined
for the complete European data set and (b) for the threshold
determined for northern and southern Europe separately. That is a
large number of sites if 14 PTEs (or even more elements) need to be
considered. However, many sites are marked by an exceedance in
several elements, which reduces the number of sites needing
attention. According to the CP plots, the 98th percentile is, in many
cases, also very close to the break in the cumulative distribution
curve, which would be used by an expert to identify ‘unusual’
values in a given data set. The 98th percentile is closest to what the
old ‘Meanþ 2 SD’method identified as ‘outliers’ in case of a normal
distribution (2.3% at each end of the distribution).

The TIF delivers estimates that are most often quite close to the
98th percentile. It has the great advantage that the definition of the
threshold depends on the statistical distribution of the robust inner
core of the data. In the case of a smooth and symmetrical distri-
bution, no outliers will occur (e.g., many elements, including Ni and
Zn from the PTE list, in the northern European subset). As such, it is
probably the best method to identify the sites that will need closer
attention because they are ‘unusual’ (Reimann and Caritat, 2017).

A comparison of the calculated geochemical threshold values
using a variety of statistical methods to risk-based SGVs, as
defined in some European countries, demonstrates the problem
of using national guideline values, which are often based on the
experience of single member countries for the entire continent.
Geochemical conditions and protection goals, based on land use,
may indeed differ strongly among member states and, therefore,
one cannot use national guideline values in other regions
without a good understanding of their basis. Application of
improper SGVs may be either over- or under-conservative,
resulting in an unnecessary economical or ecological cost,
respectively. Region-specific geochemical threshold values may
help to evaluate the appropriateness of SGVs for other regions
than originally developed for. By comparing the soil guideline
values for Finland and Lithuania, only the guideline values for Cr
and Cu are identical. In all other cases, the guideline values are
often substantially higher in Lithuania (by a factor of 1.5e3). It
must be noted that the Finnish guidelines (MEF, 2007) state that
their SGVs are flexible and may need adjustment depending on
local geochemical background. This was, for example, overlooked
in T�oth et al. (2016a,b) and, consequently, led to their over pre-
diction of risks in soil from southern Europe.

Matters become even more confusing when SGVs from other
European countries like Denmark and Hungary are considered in
this comparison. Differences between European countries can be
larger than a factor of 100 for some elements (see column ‘RANGE
EU’ in Table 3). The Finnish values, for example, are often quite close
to the 98th percentile for northern Europe, but deliver a high
number of exceedances in southern Europe. Consequently, at the
continental scale, using single SGVs per element does not help in
the decision-making process as to whether an area is contami-
nated, poses a risk to human health and environment, or whether
monitoring or further action is needed or not.

Site-specific risk assessment based on ecotoxicological data will
lead to quite different results, because it not only highlights areas
with ‘high values’ of an element, but also considers soil properties
that determine the bioavailability of the elements at each site
(Smolders et al., 2009; Oorts and Schoeters, 2014; Oorts et al.,
2016). As such, this approach may also identify soil with lower
concentrations to have a potential risk because of their poor buffer
capacity and, consequently, a high bioavailability of the element for
organisms (see range in site-specific PNEC values for Cu, Ni, Mo, Zn,
Co and Pb in Table 3). This further reinforces that one single
threshold value is not fit for the full range of soil conditions found in
Europe. This approach is, however, considerably more data
demanding than just determining the 98th percentile or calculating
the TIF and, in addition, the necessary information is not currently
available for all elements or sites.

The exceedance maps for the 95th and 98th percentiles and TIF
based on the GEMAS data set at the European scale show the ex-
pected resulte almost all locations identified as anomalies occur in
southern Europe (exception Ag and Mo e see Fig. 3a for Mo or
Fig. 3aSM for all elements). A different picture emerges when
calculating the 95th, 98th percentile and the TIF separately for
northern and southern Europe (Fig. 3b), based upon the different
threshold values for the northern and southern European soil
samples. As a first result, the ‘outliers’ are now more evenly spread
across Europe. Whatever choice is made, most anomalies can be
linked directly to geology and, thus, do not really need any atten-
tion from an anthropogenic impact related risk perspective, follow-
up, monitoring or remediation (Fig. 3a and b). Few areas emerge
where a sizeable region at the continental scale is affected by high
PTE concentrations.

One such example is the Massif Central in France (see Fig. 1SM
for location) with many sites showing high As concentrations.
Though this is clearly a geological signal, it is one of the areas in
France that is under political attention at the national scale (Blum
et al., 2002). Drinking water supply and agricultural products
may be at riske though fortunately there exist only few plants, e.g.,
rice, that take up Ase andmay thus pose a risk for As poisoning via
the food chain (Marin et al., 1993; Abedin et al., 2002). Another such
large area that is invisible at the European scale when using the
98th percentile of the entire data set as the threshold occurs for As
in central Sweden (Fig. 3a). It becomes, however, prominent when
instead the northern European threshold is used (Fig. 3b). Arsenic
concentrations in soil are thus high at the northern European scale,
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but not at the European scale. Still, Swedish authorities have
identified numerous serious problems with excessive As concen-
tration in drinking water wells in this area (e.g., Piteå Kommun,
2005). Again, the source of elevated As concentrations is geogenic
(Reimann et al., 2009c) and not related to contamination.

The cluster of high Co, Cr, Cu and Ni values in Hellas (see Fig. 3a
and b Ni or Fig. 3SM for maps of all elements) relates to the
occurrence of mafic-ultramafic rocks and is thus geogenic
(Economou-Eliopoulos and Vacondios, 1995; Economou-Eliopoulos
et al., 1999; Rassios and Smith, 2000; Saccani et al., 2011).

The Mo anomaly marking the undeveloped Nordli Mo deposit
(see Fig. 1SM for location) in Norway (Pedersen, 1986) and a belt of
black shale in Scandinavia has a geogenic origin too (Fig. 3a and b).
High Mo, however, should catch the attention of the local author-
ities because sheep and other ruminants can developmolybdenosis
in such areas (e.g., Frank, 1998). Molybdenum taken up by rumi-
nants forms an insoluble complex with Cu and S in the rumen
leading to Cu deficiency. This mechanismmeans that molybdenosis
is more likely to occur if dietary Cu is low. Liming should, for
example, be avoided on soil high in Mo, because it will release Mo
and bind Cu. The Mo anomalies along the Croatian coast (together
with Cd, Co, V) are related to special conditions of soil formation
and the occurrence of Terra Rossa (Fig. 3a and b).

The Hg, Pb and Cd anomaly at the south-western coast of
Norway is a special case (Fig. 3b). It almost disappears when the
European scale threshold values are used (compare Fig. 3a with
Fig. 3b). The Pb anomaly at the southern tip of Norway, visible in
Fig. 3b, has for a long time been attributed to the impact of long
range atmospheric transport (LRT) from central and north-
western European sources on the clean Norwegian environment
(e.g., Steinnes et al., 1994), and was as such interpreted to show
the strongest impact of diffuse contamination in all of Europe.
Reimann et al. (2009b) have demonstrated, however, that the
concentration gradients of many elements, which are observed at
the southern tip of Norway (with Au showing the strongest
gradient), have a natural explanation. The occurrence of these
high element concentrations is related to vegetation and climate
and, thus, to natural processes. The Hg anomaly on the west coast
of Norway occurs in an area that receives some of the highest
amounts of precipitation in Europe. Soil very rich in organic ma-
terial develops under such conditions and Hg, regardless of
source, binds strongly to organic material and will be enriched
where humus is abundant. The Pb anomaly, however, continues
into the rain shadow at the south coast of Norway and is directly
related to amajor change in vegetation zones over the first 200 km
from the coast (Reimann et al., 2009b). The original source of Pb is
the local C horizon.

A few definitely anthropogenic sources of high element con-
centrations in agricultural soil can also be detected. Examples are
cities (London: Ag, Hg; Paris: Ag, Hg, Pb; Kiev: Hg), agriculture (Cu
in vineyards in southern Europe), and some usually single-point
anomalies, which are most likely related to the vicinity of metal
industry or coal-fired power plants (e.g., Cd in Upper Silesia, Hg in
the Czech Republic/German/Polish border area). Even a historical
impact of anthropogenic activities can be identified on the GEMAS
Pb map in eastern France where the battle fields of World War I
near Verdun (see Fig. 1SM for location) are marked by a Pb anomaly
(Reimann et al., 2012c).

When studying the difference between TIF, the 98th and 95th

percentiles it is clear that the lower the geochemical threshold, the
more sites needing attention emerge (Fig. 3a and b). Quite often,
the areal extent of an anomaly increases too. In other cases, new
areas are marked by single-point anomalies and require additional
interpretation or investigation. When combining threshold
exceedances of all the PTEs in a single map of Europe based, e.g., on
the 90th percentile or the Median þ 2 MAD approach (not shown),
Europe's soil quality appears as a ‘disaster area’. However, the vast
majority of these anomalies are natural in origin and, thus, do not
justify alarm.

When using the TIF, as the most data-driven approach to iden-
tify threshold values, the lowest number of exceedances of the two
thresholds for northern and southern Europe is observed for most
elements, and follow-up is easily accomplished (see Fig. 3b and Fig.
3SM for all maps). As for exceedances above the 95th and 98th

percentiles, most of the anomalies are related to geology. No large-
scale anthropogenic process requiring continental-scale attention
emerges. Impact from diffuse contamination on the distribution of
elements at this scale, though it certainly exists, remains invisible
against the large geochemical background variation.

Each of the 53 maps in Fig. 3SM shows the sites with an ‘un-
usually high’ concentration of the mapped element either at the
European or at the northern and southern European scales. Inde-
pendent of whether the high element concentration is caused by
natural conditions (geology, mineralisation, climate) or an anthro-
pogenic impact (cities, industry, power plants, WW I), all the sites
needing additional attention become visible on these simple maps.
Some authors, e.g., Baritz et al. (2014) or T�oth et al. (2016b) try to
derive higher resolution maps via correlation/regression based
models, introducing further high resolution data sets such as
topography and climate. Such modelled maps look very impressive
at first glance due to the high resolution inherited from the cova-
riables used. These modelled maps maymake sense for parameters
like carbon, where the aim is to obtain a general overview. How-
ever, the aim of regional geochemistry in relation to trace elements
has always been to find the sites with an unusual element con-
centration (whether high as discussed here or low). These most
interesting sites likely will get lost in a correlation/regression-
based approach to the production of high resolution maps.
Consequently, the ability to detect the really important sites in a
geochemical trace element data set is not improved.

The general message from themaps in Fig. 3 is clear: the use of a
generic threshold is not appropriate for the identification of
contamination in agricultural land at the continental scale.
Contamination is not identified by exceedingly high PTE concen-
trations in agricultural soil. The highest element concentrations at
the continental scale, observed in the GEMAS data set, are mainly
due to geogenic causes. Contamination due to diffuse anthropo-
genic emissions has a relatively small contribution to the overall
natural geochemical background, and its impact on the large nat-
ural variation of an element remains usually invisible. The largest
effect of diffuse contamination on the overall element concentra-
tion in a soil sample should be expected to occur in the low con-
centration range (or at the local scale where the input may be
massive and no longer ‘diffuse’). One example of an unusual local
source is the impact of shelling in the World War I on the Cu
concentrations in the soil around Ypres (Van Meirvenne et al.,
2008). Diffuse contamination, however, leads to an overall shift to
slightly higher concentrations in the CP diagram. Thus, the affected
locations cannot be identified by a simple statistical procedure or
on maps.

Decades of geochemical mapping by the Geological Surveys of
Europe at a variety of scales and resolutions have led to the real-
isation that serious soil contamination, resulting in concentrations
exceeding the natural range in background concentrations, leads
only locally to very high element concentrations. This is very
similar to the effect of mineral occurrences, which cannot usually
be identified at the continental scale. Many examples of local
impact can be found in the results of urban geochemical mapping
projects (Johnson et al., 2011). In general, the GEMAS project data
provide the opportunity to link the countless local- to regional-
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scale data sets that exist in various countries or jurisdictions to the
European scale. The data set presented by Bedn�a�rov�a et al. (2016) is
also of interest in this connection. These authors show results for
more than 50,000 topsoil samples collected at the scale of the
Czech Republic and conclude that the reliable detection and
monitoring of anthropogenic contamination needs to be carried out
at a very local scale. This would be prohibitively expensive (more
than 5 million samples needed) at the scale of the European Union.
The GEMAS results, in contrast, demonstrate that providing a
reference network of samples at the European scale andmapping of
the European background variation can be carried out with as little
as 2000 samples.

5. Conclusions

The CP diagram, the 98th percentile, and the TIF emerge as the
three methods that will deliver useful geochemical threshold
values to identify locations with an unusually high element con-
centration, whatever the scale of a survey. It must be recognised,
however, that completely different geochemical threshold values
will be obtained for different areas. This reflects the wide diversity
of geological conditions at the European scale. Such geochemical
threshold values, based on the distribution of background con-
centrations, will not be able to separate anthropogenic contami-
nation from naturally elevated element concentrations, due to the
occurrence of mineral deposits or lithologies with high concen-
trations of certain elements (e.g., the high Co, Cu, Cr, Ni concen-
trations of ultramafic rocks). Furthermore, theywill not provide any
indication of potential toxicity risks to human health or the envi-
ronment. In such cases, local site-specific risk assessment is
needed, preferentially with thresholds derived from ecotoxicolog-
ical data.

Maps of the threshold exceedances reveal that, for the vast
majority of cases, the detected ‘high values’ have a natural (ge-
ology or climate) cause. There are only a few areas at the conti-
nental scale where a sizeable region is affected by high
concentrations of PTEs. One such example is the Massif Central in
France with high As concentrations. Other examples are the
comparatively low, but high at the northern European scale, As
values in soil of central Sweden; high values of elements like Cr
and Ni related to the occurrence of mafic-ultramafic rocks in
Hellas; the Mo anomaly marking the undeveloped Nordli Mo
deposit in Norway and a belt of black shale in Scandinavia; the
anomalies related to the occurrence of Terra Rossa soil along the
Croatian coast, and the Hg, Pb and Se anomaly at the west coast of
Norway. The latter is related to local climatic conditions and
vegetation zones and not only to geology. Few anomalies due to
anthropogenic sources can still be detected even at this scale and
sample density. Examples are large cities (London: Ag, Hg; Paris:
Ag, Hg, Pb; Kiev: Hg), agriculture (Cu in vineyards in southern
Europe, intensive husbandry in NW Germany), and some, most
often single point, anomalies, which are most likely related to the
vicinity of power plants or industry.

In terms of follow-up at the European scale, the following
measures can be recommended, based on the results of the GEMAS
project:

- Fill in the GEMAS data set with a higher sample density around
major cities and/or other known emission sources (power plants,
industry, smelters). A few sample sites per location would
probably be sufficient tomake themstandout evenonEuropean-
scale maps and to see their relative spatial impact on the back-
ground variation provided by the original GEMAS data set.

- Link and level the many high-density local soil geochemical
surveys, which the Geological Surveys of the different member
states have carried out, to the GEMAS data set as the European
scale reference.

- A significant contribution from diffuse pollution at the conti-
nental scale will become visible at sites with a low natural
concentration in the element in question. Monitoring of diffuse
pollution at the European scale should thus be focussed on a few
such sites.

- To study element uptake and cycling between the different
spheres of the environment, a number of detailed high sample
density studies in selected small catchments across Europe,
representative for the variable natural conditions (or including a
contamination source), based on multi-media sampling (rock,
soil, water, plants), andmulti-element analyses, could be used to
substantially improve our understanding of natural conditions
versus anthropogenic effects.
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