
Contents lists available at ScienceDirect

Journal of Geochemical Exploration

journal homepage: www.elsevier.com/locate/gexplo

GEMAS: Spatial analysis of the Ni distribution on a continental-scale using
digital image processing techniques on European agricultural soil data

Gyozo Jordana,b,⁎, Attila Petrikc,⁎⁎, Benedetto De Vivoc, Stefano Albanesec, Alecos Demetriadesd,
Martiya Sadeghie, The GEMAS Project Team1

a Department of Applied Chemistry, Szent István University, Villányi út 35-43, 1118 Budapest, Hungary
b State Key Laboratory for Environmental Geochemistry, China Academy of Sciences, 550081, 99 Linchengxi Road, Guiyang, Guizhou, China
c Dipartimento di Scienze della Terra Università di Napoli Federico II, Via Cintia snc., 80126 Naples, Italy
d Institute of Geology and Mineral Exploration, Hellas
eGeological Survey of Sweden, Uppsala, Sweden

A R T I C L E I N F O

Keywords:
Univariate statistics
Numerical differential calculation
Spatial pattern
Lineament analysis
Lithology
Soil parent material

A B S T R A C T

This study demonstrates the use of digital image processing for the spatial pattern recognition and character-
isation of Ni concentrations in topsoil in Europe. Moving average smoothing was applied to the TIN-interpolated
grid model to suppress small irregularities. Digital image processing was applied then to the grid. Several NE-SW,
E-W and NW-SE oriented features were revealed at the continental scale. The dominant NE-SW linear features
follow the Variscan and Alpine orogenies. The highest variability zones are in the Alps and the Balkans where
mafic and ultramafic rocks outcrop. A single major E-W oriented north-facing feature runs along the last con-
tinental glaciation zone. This zone also coincides with a series of local maxima in Ni concentration along the
glaciofluvial deposits. The NW-SE elongated features are located in the Pyrenees, northern Italy, Hellas and
Fennoscandia. This study demonstrates the advantages of digital image processing analysis in identifying and
characterising spatial geochemical patterns unseen before on conventional colour-surface maps.

1. Introduction

The Geochemical Mapping of Agricultural and Grazing Land Soil
(GEMAS) project was established in 2008 as a joint project of the
Geochemistry Expert Group of EuroGeoSurveys and Eurometaux
(European Association of Metals) (Reimann et al., 2014a, 2014b). The
project aimed at providing harmonised geochemical background data
according to the specifications of the new European Chemicals Reg-
ulation, known as REACH (Registration, Evaluation and Authorisation
of Chemicals; EC, 2006). In this framework, 2108 samples of agri-
cultural soil (Ap, 0–20 cm, regularly ploughed fields), and 2023 sam-
ples from land under permanent grass cover (Gr, 0–10 cm, grazing land
soil) were collected across almost the whole European continent, at an
average density of 1 sample site/2500 km2, in accordance with a
commonly agreed sampling protocol (EuroGeoSurveys Geochemistry

Working Group, 2009). The spatial distribution of chemical elements in
the GEMAS database has been investigated by several studies using
interpolated concentration maps and geostatistical analysis in order to
identify anomalous patterns in relation to bedrock geology and an-
thropogenic contamination sources (Reimann et al., 2012; Tarvainen
et al., 2013; Fabian et al., 2014; Reimann et al., 2014a, 2014b; Albanese
et al., 2015; Birke et al., 2014, 2017).

In general, spatial geochemical data have long been analysed with
various graphical techniques, such as proportional dots (Björklund and
Gustavsson, 1987), and statistical methods, namely classification based on
percentiles, boxplots (Kürzl, 1988; O'Connor and Reimann, 1993) and cu-
mulative probability (CP) and empirical cumulative distribution function
(ECDF) plots (Tennant and White, 1959; Lepeltier, 1969; Sinclair, 1974,
1976, 1983, 1986, 1991). Element concentration maps in regular grid are
constructed with interpolation methods, such as polynomials functions
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over irregularly spaced data (Akima, 1996) or with kriging based on semi-
variogram models (Reimann et al., 2012; Gosar et al., 2016; Birke et al.,
2017). The advanced method of multi-fractal mapping has been widely
used to decompose spatial geochemical data into anomalies and back-
ground values (Agterberg, 2001; Cheng et al., 1994; Cheng, 1999a, 1999b;
Lima et al., 2003; Zuo et al., 2015; Zuo and Wang, 2016). Additional
methods are the spatially weighted singularity mapping (Xiao et al., 2017)
or the spatially weighted principal component analysis for multi-element
geochemical data (Cheng et al., 2011). Local neighbourhood analysis
(LNA) is another widely-used method to characterise spatial geochemical
patterns (Zhang et al., 2007; Cheng, 2007; Carranza, 2009; Xie et al., 2008;
Zuo, 2014). Shahi et al. (2015) proposed the coupling of discrete wavelet
transforms (DWT) and principal component analysis (PCA) for predicting
mineralisation. Apart from a few early attempts of digital image processing
of geochemical maps, such as the pioneering work by Chork and
Cruikshank (1984), no systematic application of digital image processing
has been applied to spatial geochemical data, despite the extensive map-
ping and map interpretation in applied geochemical surveys.

Geochemical maps interpolated from the original sampling points to a
regular grid can be viewed as raster images and, hence, processed using
digital image processing procedures to increase the apparent distinction
between spatial features. There are two basic types of procedures, global
and local operations. Global operations (also called point operations) act on
the whole image, on all the pixels at the same time, and modify each pixel
value independently from its neighbouring pixels. Local operations (also
called spatial operations), on the contrary, modify each pixel value based
on the neighbouring pixel values. Global operations use the image histo-
gram and have basically two applications. Histogram or density slicing is
used to classify data based on frequency distribution characteristics
(Lillesand et al., 2015). Slicing of an image histogram by dividing pixel
values (element concentrations in the case of geochemical maps) into
specified intervals is used in the present study to display discrete categories
of element concentrations, such as anomalous and background values.
Contrast stretching methods (often called normalisation) enhance image
contrast by expanding the range of grey levels (colours) assigned to image
pixel values. These two techniques are often used in combination where
grey levels of values within a class, such as the low concentration geo-
chemical background, are streached (also called level slicing or piecewise
linear contrast stretching) in order to reveal subtle concentration patterns
on the geochemical map. However, contrast enhancement should be ap-
plied only after error treatment to avoid ‘over-contrasting’ by assigning
different display values to pixels differing only within the error range.

Local operations, also called neighbourhood operations, change a
particular pixel value based on the surrounding pixel values. The ‘sur-
rounding’ or neighbourhood is defined by a rectangular grid (matrix;
also called window or kernel) of pixels centred over the target pixel,
which is slid from pixel to pixel to make the same calculation for each
pixel on the image, hence the name ‘moving window’ operations. The
size of the moving window is defined by the number of rows and col-
umns of the constituting pixels, such as 3 × 3 or 9 × 9 window-size, for
example. Local operations include the important class of the so called
‘low pass’ and ‘high pass’ filters, besides the many and diverse proce-
dures. Low pass filters allow the low frequency features, such as a large
area of geochemical anomalies to ‘pass’ or remain in the image, and
they filter out or remove the high frequency components, such as
random noise. One of the most frequently used and simplest low pass
filter is the moving average filter that calculates the average value
within a moving kernel and replaces the original value of the centre
pixel with the calculated window average. Average filters are used to
reduce noise and smooth small irregularities that can reveal broad,
regional trends. High pass filters, on the contrary, allow the high fre-
quency features, such as sudden changes in concentration values to pass
or remain in the image and they remove the low frequency components,
such as the spatial trend. One of the most frequently used and simplest
high pass filter is the gradient filter that calculates the concentration
change from pixel to pixel.

Digital image processing is only a sub-area of the broad field of
mathematics called signal processing. In this study, only a few specific
signal processing procedures are used, such as the digital identification of
local extreme values (minima and maxima) in the Ni concentration geo-
chemical map, local variability characterisation (relief calculation) and
auto-correlation (variogram) analysis. Finally, an interesting aspect of the
digital image processing of an interpolated raster geochemical map is con-
sidering the raster map as a continuous surface of a bivariate function, much
like the digital terrain model of the topographical surface. Hence, the geo-
chemical maps can be analysed for ‘slope’, i.e., the rate of concentration
change (gradient) or for ‘aspect’, i.e., the direction of the maximum change
to see, for example, if the regional change of concentration has a certain
geographical orientation (Jordan, 2007; Jordan et al., 2005).

The objective of this study is to demonstrate the use of digital image
processing techniques for reproducible spatial geochemical pattern re-
cognition and quantitative spatial feature characterisation. The con-
centrations of Ni in samples of agricultural topsoil from the GEMAS
project database (Reimann et al., 2014a) are used as an example to
perform the detailed spatial analysis, and to relate the spatial features
to possible underlying geological and geochemical processes.

2. Materials and methods

2.1. Soil sampling and sample preparation

In the GEMAS project, a squared sampling grid of 50 × 50 km was
virtually superimposed on the European continent, and the national
sampling teams were free to decide where to collect the agricultural
(Ap) and grazing land (Gr) soil samples across the area of 2500 km2 of
each cell. The coordinates of samples are in Lambert-Azimuthal Equal
Area Projection (European Terrestrial Reference System; ETRS89) and
all interpolated maps used this coordinate system. In accordance with
the agreed field manual (EuroGeoSurveys Geochemistry Working
Group, 2009), the agricultural soil samples were collected from reg-
ularly ploughed fields at a depth interval of 0 to 20 cm. At each sam-
pling location, a composite sample of 3.5 kg average weight was made
by mixing equal aliquots from 5 sub-sites collected from the corners and
centre of a 10 × 10 m square. For quality control purposes, a field
duplicate was taken at every 20th sample site with an offset distance of
ca. 10–20 m from the original sampling site.

All samples were prepared in a central laboratory (Geological
Survey of the Slovak Republic) (Mackových and Lučivjamský, 2014).
The samples were air dried, disaggregated in a porcelain mortar and
sieved to pass a 2 mm nylon screen, and finally split into sub-samples.
Ten splits of< 2 mm were prepared from each sample, 4 splits of
200 ml for storage, 2 splits of 100 ml, and 4 splits of 50 ml for dis-
tribution to laboratories performing various tasks (Mackových and
Lučivjamský, 2014). All samples were then randomised and analytical
duplicates and project standards were introduced at a rate of 1 in 20.

2.2. Sample analysis and quality control

Nickel was among the elements determined by both X-ray fluores-
cence (XRF) and inductively coupled plasma-mass spectrometry after
hot aqua regia extraction (AR/ICP-MS) at the laboratory of the Federal
Institute for Geosciences and Natural Resources in Germany and ACME
laboratories (now Bureau Veritas Minerals) in Vancouver (Canada),
respectively. The aqua regia results were selected for this study because
of the lower detection limit (AR/ICP-MS = 0.1 mg Ni/kg;
XRF = 3 mg Ni/kg). A detailed description of the analytical methods
and quality control results is provided by Reimann et al. (2009), Birke
et al. (2014), and Demetriades et al. (2014). The laboratory detection
limit (DL) of Ni achieved by AR/ICP-MS was low enough (0.1 mg/kg) to
measure concentrations in> 99% of the Ap soil samples. While the
precision at the 95% confidence level was about 6% for Ni, and the
geochemical (natural), sampling (site) and analytical variance were
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99.2%, 0.6% and 0.2%, respectively (Reimann et al., 2009;
Demetriades et al., 2014). The overall expanded measurement un-
certainty (Ramsey, 1998) for each sample site at the 95% confidence
level with three measurements of the unbalanced analysis of variance
design is± 8.95%. Hence, Ni is a very suitable element for the detailed
analysis of its spatial characteristics.

2.3. Data preparation

Prior to the spatial analysis of Ni concentration in agricultural topsoil,
locations far from the main body of sample points, such as small distant
islands, had to be excluded in order to avoid incorporating distant mea-
surement sites into the interpolation and into spatial pattern analysis.
Islands, such as the Aegean Sea islands located up to 9.3 km from the
European mainland (a natural break-point on the cumulative frequency
curve of the closest distance to the European mainland polygon) and
having> 1 sampling site were used in the detailed spatial analysis of this
study (Fig. 1). The large lands of the United Kingdom and Ireland, having
116 and 21 sampling points and being located from the larger European
landmass by only 33 and 21 km, respectively, were included in the analysis.
On the contrary, the islands of Cyprus, Crete and Sardinia having only 5, 5
and 10 sampling points and being located from the European mainland by
the large distances of 787, 95 and 191 km, respectively, were excluded from
the analysis; similarly, the one sampling point on Santa Cruz de Tenerife
(Canary Islands) at a distance of> 1300 km from Europe was excluded. In
total, 2032 samples were taken into consideration out of the total number of
2108 agricultural soil samples collected (Table 1, Fig. 2A).

Summary statistics used in this study include measures of central
tendency and variability, i.e., minimum, lower quartile, median, upper
quartile, maximum and, median absolute deviation (MAD), (Table 1).
Tukey's inner-fence criteria (Tukey, 1977) were used for outlier (anom-
alous Ni concentration) definition (Fig. 2B). Nickel concentrations below
the detection limit of 0.1 mg/kg were set to half this value for data pro-
cessing. Nickel concentrations measured in soil samples on different rock
types were also compared by box-and-whisker plots (Kürzl, 1988) ordered
by increasing median values (Fig. 3). Nickel concentrations were classified
according to the percentiles (minimum, P5, P25, P75, P90, maximum) to
study their statistical distribution (Fig. 4A).

Spatial analysis in this study is based on a continuous Ni concentration
surface interpolated from the 2032 sampling points using the Triangular
Irregular Network (TIN) interpolation method (Guibas and Stolfi, 1985).
TIN is a linear and reliable interpolation method (fits to the original data
points), which does not require preliminary structural analysis, unlike
kriging, and it represents the modelled surface fairly well, especially in the
case of regularly located data points (Davis, 2011). Thus, TIN is a simple
and satisfactory exploratory interpolation method that justifies its use in

this study. Since the objective of this paper is to analyse regional-scale
spatial patterns, the statistically defined boxplot outliers (Fig. 2B) are ex-
cluded before the interpolation, i.e., samples with Ni values≥56.46 mg/kg
(N= 115), leaving 1917 data points that were used for the final inter-
polation and successive analyses. Although the sampling density is 1 site/
2500 km2, the shortest distance between sampling points in neighbouring
cells is 370 m. However, the TIN is resampled to a 10× 10 km grid. This
cell size is smaller than 99.3% of distances between sampling points con-
sidered in this study compromising between highest possible spatial re-
solution and computation efficiency, and it was used to generate the final
raster map, which is the subject of further digital image processing.

Successive moving average smoothing was applied to generalise the
TIN model in order to suppress small singular features and to enhance
large-scale significant patterns of Ni concentration distribution in the
study area. First, a series of 30 × 30, 50 × 50, 70 × 70, 90 × 90,
110 × 110, 130 × 130, 150 × 150, 170 × 170 and 210 × 210 km
window-size moving average low-pass filter smoothing was applied to
the original 10 km spaced TIN raster map. The TIN raster map,
smoothed with the (110 × 110 km) window size, revealed best the
large-scale spatial trends and patterns, without losing much detail, and
it was used for digital image processing, such as edge detection, and for
other analyses, for example, spatial autocorrelation and directional
variogram calculations. According to Evans (1972), the statistical
properties of point attributes are more stable if the 2D interpolated data
surface is smoothed before analysis, further supporting the use of
smoothing before spatial analysis.

Error of interpolation was estimated by calculating the difference
between the smoothed TIN-interpolated surface and the original out-
lier-free data points used for the interpolation. Results show that the
applied smoothed TIN interpolation is a good model as the error of
interpolation (residuals, i.e., the difference between the interpolation
surface and the measured values at the sampling points) has a sym-
metrical distribution, a mean equal to zero at the 95% confidence level
according to the t-test, and the error is uncorrelated as shown by the
nugget-effect variogram.

A systematic digital image processing methodology is applied to the
image segmentation and image enhancement of the smoothed TIN-in-
terpolated Ni concentration raster map according to Evans (1972)
method as extended by Jordan et al. (2005) and Jordan (2007). This
method, originally developed for digital elevation models, proceeds
from simple univariate data display and evaluation, through edge de-
tection and image segmentation, to the multivariate interpretation of
results using GIS technology.

To begin with, the investigated smoothed TIN-interpolated outlier-free Ni
map is displayed as a shaded relief surface (Fig. 5A) for visual pattern re-
cognition. Hill shading methods producing relief maps are peculiar to raster

Fig. 1. Histogram and cumulative frequency
distribution of distance between European
mainland and islands. Note the distinct break-
point on the cumulative curve at 9.3 km.
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digital surface models and are fundamental for surface analysis (Simpson and
Anders, 1992). In relief maps, surface features at right angle to the direction
of illumination will be enhanced, while features parallel to the direction of
illumination or falling in shaded areas will be seen as faint structures.
Changing the lighting directions facilitates the recognition of structures in
other orientations. The introduction of vertical exaggeration can be very
helpful in studying minor changes in flat basin areas. Hill shading increases
the contrast of very subtle intensity variations of an image, much more than
contouring or pseudo-colour representation does (Burrough, 1986; Drury,
1987). In this study, the shaded relief model was overlain by local maxima
and minima points extracted from the Ni concentration raster map (Fig. 5A)
in order to observe their possible alignment and spatial trend in the study
area. Eight shaded relief models were calculated at an azimuth interval of
45° and constant insolation inclination of 45° (Appendix SM1 in the Sup-
plementary material). The models used the Lambertian reflection method
and ten-times vertical exaggeration (Li et al., 2004).

Four digital cross-sections across the study area are shown in Fig. 5B
and C running in directions perpendicular to the main spatial features,
such as regional anomaly zones in order to study the local conditions at
prominent features.

Terrain Ruggedness Index (TRI) proved to be an efficient tool to
reveal the spatially changing variability (also called ‘hetero-
scedasticity’) of Ni concentration (Fig. 6A, B). TRI was calculated as the
difference between the central pixel value and the mean of its neigh-
bouring pixels for the whole map in a moving window. The window-
size was increased and the 110 × 110 km window-size proved to be the
most suitable to recognise areas with low and high variability in Ni
topsoil concentration.

Empirical directional variograms (Cressie, 1993) were also calcu-
lated to capture anisotropy in Ni concentration in the study area (Fig. 7
and Appendix SM2 in the Supplementary material).

Singular points are identified, such as local minima, maxima and flats,
which correspond to low and high Ni concentration anomalies and uni-
form ‘horizontal’ homogeneous concentration areas, respectively (Jordan,
2007). The localisation of surface-specific points, i.e., local maxima
(peaks), minima (pits), saddle points (passes), flats and slope-breaks is
fundamental in digital spatial analysis (Peucker and Douglas, 1975;
Takahashi et al., 1995; Jordan, 2007). Peaks and pits were calculated
using simple ‘higher than’ algorithms (Garbrecht and Martz, 1995).

The interpolated geochemical map of Ni concentration is a raster
map of a continuous surface of a bivariate function, much like the di-
gital terrain model of the topographic surface. Hence, the geochemical
map can be analysed for ‘slope’, i.e., the rate of concentration change
(gradient) or for ‘aspect’, i.e., the direction of the maximum change to
see, for example, if the regional change of concentration has a certain
geographical orientation (Jordan, 2007). The digital model of Ni con-
centration generated by interpolation can be regarded as a z = ʄ(x,y)
bivariate function and, hence, analysed by means of differential geo-
metry (Jordan, 2007). Introducing the following notations (after
Mitasova and Hofierka, 1993) and assuming that the continuous
second-order partial derivatives of the function f exist:
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The gradient magnitude (‘slope’) and direction (‘aspect’) were calculated
to capture the maximum change of Ni concentration and its direction (see
Figs. 8 and 9). Large slope values with homogeneous gradient direction
along linear features may indicate geological influence on chemical element
concentrations. Profile curvature, which is the 2nd derivative in the gra-
dient direction, was used to identify areas with sudden Ni concentration
changes and inflection lines between convex and concave areas (Fig. 10). If
these lines are linear, they may suggest geological or tectonic control on the
spatial pattern of Ni concentration in European topsoil. The calculation of
the necessary first-order derivatives (fx, fy) used the unweighted eight-point
numerical differentiation method (Prewitt operators) for its smoothing ef-
fect. Prewitt operators are high-pass gradient filters that calculate the partial
derivatives in the x and y axes directions in a 3× 3 moving window
(Gonzalez and Woods, 1993). The second-order derivatives (fxx, fyy, fxy)
used the scheme of the ILWIS 3.82 software. In order to improve classifi-
cation of gradient direction (aspect) data based on the histogram, the aspect
histogram curves were smoothed with 5RSSH five-point median filter to
remove the systematic error shown as peaks at values of 45° azimuth due to
numerical derivation over a rectangular grid (Jordan, 2003). The 5RSSH
filter calculates the median of the five successive data points in the moving
window and then applies a linear smoothing to the thus obtained median
data series, which is finally corrected for possible errors at the two edges of
the smoothed median data series (Tukey, 1977).

Sub-population identification followed the ‘natural break’ histogram
slicing method (Abdaal et al., 2013). A natural break is defined in the
cumulative distribution function (CDF) at an inflection point identified
visually on the cumulative distribution function curve. This point cor-
responds to a local minimum in the frequency histogram (multi-modal
histogram, see Fig. 9C). The identified classes of the mapped Ni con-
centration are displayed as homogeneous areas in the classified Ni
concentration maps (Figs. 9A, B and 10).

Significant linear features, associated with sudden changes on the Ni
concentration map, defined by sharp grey-scale edges in the processed
digital maps, such as the shaded relief model or sharp boundaries in the
classified parameter maps, for example, the slope, aspect and profile
curvature maps, were digitised on screen. A lineament density map was
also plotted by calculating the total length of lineaments within an ag-
gregation window (Silverman, 1986). Several window-sizes from 10× 10
to 500× 500 km were tested to find the optimum solution between noise
removal and keeping information detail. The 100× 100 km window size
delivered the most spatial information in this case. The obtained lineament
density map was smoothed using a 110× 110 km simple moving average
filter to increase visual interpretability (Fig. 11A). Frequency and length-
based directional rose diagrams from the digitised lineaments were made
to see their orientation distribution.

Finally, verification of digital spatial data processing and data
analysis results was carried out and all the above obtained Ni con-
centration maps were compared to parent material associations
(Hartwich et al., 2005), lithological (Dürr et al., 2005) and Quaternary
glaciation maps (Anderson and Borns, 1997; Spielhagen et al., 2004;
Svendsen et al., 2004; Plant et al., 2003, 2005) using GIS overlays.
Spatial modelling was performed with Golden Software's Surfer 10,3

ILWIS 3.8 and ArcGIS 10.04 software.

2 http://52north.org/communities/ilwis/ilwis-open.
3 http://52north.org/communities/ilwis/ilwis-open.
4 http://resources.arcgis.com/en/help/main/10.0/index.html.
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3. Results

3.1. Statistical analysis

According to the empirical histogram and cumulative frequency
plot, the Ni data (N = 1917) have a homogeneous unimodal right-
skewed distribution with 115 high-outliers (≥56.46 mg/kg) based on
Tukey's inner-fence criteria (Fig. 2). The Ni concentrations in the data
set (N = 2032) used in this study vary from< 0.1 (0.05) to 2475 mg/
kg, with a median value of 14.6 mg/kg and a median absolute deviation
(MAD) of 9.13 mg/kg (34% relative variability) (Table 1).

Out of the 2032 sampling points, 1699 sites were assigned to 8 main
bedrock types, based on the lithological map in Fig. 4B, and the cor-
responding Ni concentrations were displayed in box-and-whiskers plots
in the order of increasing median values (Fig. 3). It is noted that the
remaining 333 sampling sites were over undifferentiated parent mate-
rials (e.g., alluvial, deluvial or glacial drift sediments). Ultramafic rocks
have the highest median Ni concentration value (83.9 mg/kg), which is
followed by volcanoclastic (36.3 mg/kg), siliciclastic (20.2 mg/kg),
carbonate (19.3 mg/kg), metamorphic (14.9 mg/kg), mafic (14.5 mg/
kg), felsic (9.3 mg/kg), intermediate (8.2 mg/kg) and undifferentiated
(6.6 mg/kg) rocks. According to the Mann-Whitney test (Mann and

Table 1
Statistical parameters of Ni in agricultural soil for the whole data set, and the subset used in this study, with the percentage proportion of samples below the detection limit (DL).

Data set N DL Min P10 P25 P50 P75 P90 Max MAD Mean SD IQR Range

Full 2032 0.1 < 0.1 3.1 6.7 14.6 26.6 41.4 2475 9.14 25.6 75.4 19.9 2475
Outlier-free 1917 0.1 < 0.1 2.9 6.3 13.6 23.9 34.6 56.3 8.33 16.5 12.3 17.6 56.3

Full: data set without the sample points in the excluded islands. Outlier-free: data set without the islands and the high outliers. Min and Max: minimum and maximum values, respectively.
P: percentiles. Note that P50 is the meadian. MAD: median absolute deviation. SD: standard deviation. IQR: inter-quartile range. Emboldened numbers emphasise the minimum,
maximum and median. Values are given in unis of mg/kg. See text for details.

Fig. 2. Statistical univariate distribution analysis of Ni (Ap). A. Empirical histogram with the cumulative frequency distribution curve. B. Boxplot showing univariate outliers. C. Two-
dimensional scatterplot. Note the log-scale of x-axis on the plots.
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Whitney, 1947), 4 groups can be distinguished based on the homo-
geneity of the median values at the 95% confidence level. The 1st group
refers to topsoil samples over undifferentiated, felsic and intermediate
rocks, the second includes mafic and metamorphic rocks parent

materials, the 3rd carbonate and siliciclastic rocks and the 4th group
only ultramafic rocks. Topsoil over volcanoclastic rocks has only 6
samples, which is insufficient for the Mann-Whitney test (a minimum of
8 samples is required).

Fig. 3. Box-and-whisker plot of Ni concentrations in topsoil
samples calculated for different bedrock parent materials,
arranged in increasing order of median values. Bold num-
bers in the boxes indicate the median value of the corre-
spondent group; n indicates the number of samples in the
corresponding group. Note that volcanoclastic rocks have
only 6 samples, intermediate rocks and ultramafic rocks
have only 10 samples each.

Fig. 4. A. Ni concentrations map based on EDA percentiles symbols (N = 2032). B. Lithology map of Europe (modified after Dürr et al., 2005). Note that low Ni concentrations are located
along the E-W zone of the last continental glacial maximum and terminal moraines. The highest Ni concentrations are observed in the Balkan Peninsula and northern Italy where mafic
and ultramafic rocks outcrop, as well as rocks derived from them. (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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3.2. Mapping and spatial analysis

The Ni concentration map, classified by using EDA percentiles, re-
veals that the majority of low concentration samples (< 1.81 mg/kg,
5% percentile) are concentrated in an E-W trending zone in the
northern part of the Central European mainland (Fig. 4A), covering
approximately the Central European Plain, which is delineated by the
limit of the last continental glaciation and terminal moraines to the
south (Fig. 4B). A NE-SW oriented low Ni value zone is located in the
western part of the Iberian Peninsula, where felsic rocks are dominant.
Other low Ni value sample sites occur in the Aquitaine and Paris Basins
in France with mudstone, siltstone, sandstone and carbonate litholo-
gies, and are more randomly distributed in Fennoscandia over felsic
(igneous and metamorphic) rocks (Fig. 4A) (Jähne, 2014). The high Ni
values (> 63.3 mg/kg, 95th percentile) are clustered in the Balkan
Peninsula, and in the northern part of Italy in the Alps and Apennine
Mts, where mafic and ultramafic rocks outcrop as well as rocks derived
from them (Figs. 4A, B and 5B). It is worth noting that these zones of

high Ni values have a dominant NE-SW orientation.
The shaded relief model of the smoothed TIN-interpolated raster

map reveals several regional linear features of locally high Ni values
oriented in the NE-SW direction across the whole study area (Fig. 5A).
These zones are more easily seen on the TIN interpolated map in
Fig. 5B. More interesting is that the digitally identified local minima
and maxima points align in the same NE-SW direction (Fig. 5A). These
sub-parallel NE-SW oriented zones are hundreds of kilometres long and
some of them follow the strike of large mountain chains, such as the
Alps, the Carpathians and the Scandinavian/Fennoscandian Mts. A local
NW-SE trending maxima zone is also identified in the Iberian Peninsula,
which runs parallel to the strike of the Pyrenees (Fig. 5A). A further
interesting feature is the roughly E-W oriented continuous undulating
line composed of several local minima points along the southern border
of the Central European Plain running sub-parallel to the southern limit
of the last maximum continental glaciation extent (Fig. 5A, Β).

The NW-SE oriented cross-section, calculated from the smoothed
TIN Ni concentration raster map, running across the centre of the study

Fig. 5. A. Shaded relief map of the outlier-free Ni data overlain by the local maxima and minima points. Note their dominating NE-SW alignments emphasised by blue arrows and orange
dashed ellipsoids. B. TIN-interpolated Ni concentrations map with traces of cross-sections shown below. The main Ni relief regions are also indicated. C. Cross-sections of Ni con-
centrations made perpendicular and parallel to the main spatial features. Large slope-breaks are shown with thick red lines and trend envelope with orange dashed line. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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area, transects the elongated NE-SW zones and displays abrupt changes
in Ni concentration (Fig. 5C, Profile 1). The NE-SW trending high Ni
concentration zones appear as peaks at prominent mountains, such as
the Ardennes and Balkan Mts., having asymmetric shape and bordered
by large slope-breaks where Ni concentrations increase abruptly. Profile
4 in Fig. 5C, along the prevailing NE-SW oriented high Ni concentration
zones, clearly shows a steadily decreasing trend from the SW to the NE
from the Alps to the Carpathians and the Eastern European Plain. The
N-S oriented profile reveals abrupt increase of Ni concentrations with
significant slope-breaks south of the last continental glaciation zone
(Fig. 5B, C, Profile 2). The E-W oriented profile uncovers a large de-
pression zone of Ni values, which roughly coincides with the area of the
Central European Plain (Fig. 5B, C, Profile 3).

The Terrain Ruggedness Index (TRI) map, calculated with a

110 × 110 km moving window from the outlier-free smoothed TIN
surface, was enhanced for visual interpretation by post-processing with
a 110 × 110 km moving average smooth (Fig. 6A, B). The most pro-
minent feature is the large area of low variability in the northern part of
the Central European mainland. A sharp, undulating and several hun-
dreds of kilometres long, roughly E-W oriented line is apparent, which
separates the high and low variability zones along the southern border
of the Central and Eastern European Plain (Fig. 6A), which coincides
with the southern limit of the last continental glaciation. A distinct NW-
SE line in northern Scandinavia coincides with the Archaean and Pa-
laeo-Proterozoic rocks contact, called the Archaean Boundary. The
highest variability zones (TRI = 27–38), running in an overall NE-SW
direction from the Scandinavian Mts to the Balkan Mts, including the
Ardennes, Alps and Carpathians, are discernible on the TRI map

Fig. 6. A. Terrain Ruggedness Index (TRI) map of outlier-free Ni values. Note the NE-SW oriented high heteroscedasticity zones. Also note the roughly E-W border along the Central
European Plain which separates low and high variability zones. B. Classified TRI map based on histogram slicing. Note the linear edges of the different variability zones. (For intepretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Directional semi-variograms in (A) ENE-WSW and (B) NNW-SSE direction. Note the longer range in the ENE-WSW direction. The averaged semi-variogram values are displayed on
the y-axis.
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(Fig. 6A). A moderate variability area (TRI = 13–18) in the centre of
Europe is encircled by the above mentioned high value zones (Fig. 6A).
The classified TRI map uncovers that the high variability areas are
mainly located in the Fennoscandian/Scandinavian Mts., Apennines,
Carpathians and the Balkan Peninsula with several NE-SW oriented
features (see dark blue areas in Fig. 6B). A NW-SE oriented high
variability zone along the Pyrenees is also displayed. It is interesting
that the areas with different variability often have sharp linear edges
(Fig. 6B).

A strong ENE-WSW trending anisotropy in the correlation of Ni
concentrations, elongated parallel to the alignment of local maxima and
minima points, is captured by the directional semi-variograms (Fig. 7A,
B). The range in the ENE-WSW direction is about 1400 km, while it is
only 970 km in the perpendicular NNW-SSE direction.

The classified gradient magnitude (in percentage slope) map shows
the magnitude of Ni topsoil concentration change in the gradient vector
direction. High values indicate a large change with respect to unit
distance (Fig. 8). The highest gradient magnitude areas have elongated
shape in the prevailing NE-SW direction. Occasionally, like in Fennos-
candia, northern Italy and Hellas, NW-SE elongated features are ap-
parent, too. Uniform Ni concentration values are shown as low gradient
areas in Fig. 8, again most notably in the area of the Central and Eastern
European Plain.

The classified gradient direction (aspect) map overlain by the local
minima and maxima points is shown in Fig. 9A. Fig. 9B emphasises the
sharp edges as lineaments between areas of homogeneous gradient

direction value. The histogram of the gradient direction ranging from 0°
to 360° displays significant multi-modality (peaks) corresponding to
pixels facing the same direction (Fig. 9C). The classified gradient di-
rection map is characterised by the cross-cutting NE-SW oriented zones,
which are hundreds of kilometres long and are bounded by sharp linear
edges. Some perpendicular short, NW-SE oriented features are located
inside the main NE-SW trending zones. North-west to south-east or-
iented long features are also discernible in the Iberian Peninsula and
Fennoscandia, northern Italy and northern Hellas. An obvious feature is
that the local minima and maxima points perfectly align, along the
sharp borders of the main features (Fig. 9A). The most striking pattern
is, however, the extensive E-W oriented north facing homogenous zone
extending from the English Channel to the Eastern European Plain
(Fig. 9A, B). The N-S digital cross-section across this zone also shows
the decreasing Ni concentration in the northerly direction in this area
(Fig. 5C, Profile 2). Its southern and northern borders are marked by a
series of local maxima and minima, respectively. In this homogeneous
Ni concentration area the prevailing NE-SW elongated trans-continental
zones are disrupted and absent (Fig. 9A, B). The rose diagram of the
lineaments (Fig. 9D), digitised from the Fig. 9B map, displays the main
directions.

The second derivative of Ni concentration, calculated in the gra-
dient direction, is the profile curvature and it shows the change in the
gradient magnitude (slope) (Fig. 10). The profile curvature map is
classified according to its sliced histogram of the outlier-free data set. In
this figure, the NE-SW oriented main linear zones clearly emerge as

Fig. 8. Classified gradient map calculated from the smoothed TIN Ni concentrations map showing the NE-SW, NW-SE and E-W orientation of elongated linear patterns (emphasised by
black arrows), and the continuous border between high and low gradient zones in northern Central Europe (shown by black dotted line), which coincides with the southern limit of the
last continental glaciation. The histogram displays the classes based on natural break-points. (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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distinct features with many high negative (convex; solid black lines in
Fig. 10) and positive (concave; dashed black lines in Fig. 10) curvature
values. These patterns are sub-parallel and abrupt, marked by an E-W
oriented, hundreds of kilometres long wavy slope-break zone (heavy
dotted line) in the northern part of Central Europe. Besides the pre-
vailing NE-SW oriented areas, convex and concave zones elongated in
the NW-SE direction are also identified in the Iberian Peninsula, Fen-
noscandia and the British Islands, but are not very discernible in
northern Italy and Hellas. Some ellipsoid shaped convex features can be
recognised in the southern part of the Iberian Peninsula and Sweden
(Fig. 10).

All significant linear edges on the previous maps were manually
digitised as lineaments. The lineament density map shows that linear
edges are focused in the main NE-SW trending zones (Fig. 11A). The
sharp E-W running boundary in northern Central Europe is obvious on
this map, and separates low and high lineament density zones to the
north and south, respectively.

According to the lineament length and frequency rose diagrams
shown in Fig. 11B, there are four major directions in the spatial pattern
of Ni concentrations in topsoil: NE-SW, ENE-WSW, N-S and NW-SE. The

highest dispersion in the lineament orientation is associated with the
NE-SW and ENE-WSW directions.

4. Discussion

By means of digital image processing applied to the GEMAS geo-
chemical map of agricultural topsoil Ni concentrations, several spatial
features have been identified and significant spatial patterns unfolded,
which were not observed before on conventional colour-surface geo-
chemical maps.

The statistical analysis of Ni concentrations in agricultural topsoil
samples revealed a right-skewed unimodal distribution with 114 high-
outliers, which are mainly clustered in the Balkan and Apennine
Peninsulas (Fig. 4A). The highest Ni values are related to ultramafic and
mafic rocks (e.g., ophiolite complexes) (Figs. 3 and 4B) where the
median value is 83.9 mg/kg (Fig. 3). Low values are concentrated on
the Central and Eastern European Plain, where several local minima
points align along the zone of glacial sands delimited by the south-
ernmost limit of the last continental glaciation maximum (Figs. 4A, B,
5A, B and 12).

Fig. 9. A. Classified gradient direction map overlain by the local maxima and minima points. Note the coincidence of the alignment of these extreme points with NE-SW, NW-SE and E-W
oriented linear patterns. B. Classified gradient direction map overlain by lineaments digitised from the classified aspect map. The linear edges of different gradient direction zones can be
seen. C. Frequency distribution of gradient direction smoothed by 5 × 5 5RSSH median filter developed by Tukey (1977) (blue line). The classes were identified by histogram-slicing
based on natural break-points. D. Length-based direction distribution of lineaments. Note the 4 major orientations corresponding to the main linear patterns. (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. 10. Classified profile curvature map of Ni
outlier-free data. Histogram displays classes by
using natural-break points. Note the pre-
dominance of NE-SW trending linear patterns
south of the border separating low-high profile
curvature zones (marked with black dotted line).
(For interpretation of the references to colour in
this figure legend, the reader is referred to the
web version of this article.)

Fig. 11. A. Lineament density map with main trends of high density zones (black arrows). B. Length-based (1° and 5° petals) and frequency-based (1° petal) directional distribution of
lineaments. Note the four main directions corresponding to the orientation of major linear patterns. (For interpretation of the references to colour in this figure legent, the reader is
referred to the web version of this article.)
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A remarkable E-W running line is revealed by most of the image
processing outputs, such as the digital cross-sections, the TRI variability
map, the gradient and the lineament density maps (Figs. 5, 6, 8–12).
This line corresponds to the maximum extent of the last continental
glaciation at the southern border of the Central European Plain. Ac-
cording to Salminen et al. (2005), De Vos, Tarvainen et al. (2006),
Scheib et al. (2014), Reimann et al. (2014a, 2014c) and Albanese et al.
(2015), across the border of the last continental glaciation the spatial
distribution and concentration of chemical elements in topsoil change
significantly. The lowest Ni values (< 15 mg/kg) are found north of the
border line where acidic soil with an average pH value of 5.66 and
humid climate is prevailing (Braunschweiler and Koivisto, 2000;
Salminen et al., 2005; De Vos, Tarvainen et al., 2006; Reimann et al.,
2014a). In addition, the classified gradient direction (aspect), the TRI,
digital cross-sections and profile curvature maps indicate that this E-W
running border line is in fact a complex zone, and it is composed of
many narrow sub-parallel zones across, which the Ni concentration
values change abruptly (Figs. 5C, 6, 9, 10). These sub-parallel zones in
the Central and Eastern European Plain coincide with E-W oriented
glaciofluvial valleys and terminal moraines (e.g., Warsaw-Berlin,
Wroclaw-Bremen), which evolved mainly in the Elster and Saale con-
tinental glaciation periods (Fig. 12) (Anderson and Borns, 1997;
Spielhagen et al., 2004; Svendsen et al., 2004; Plant et al., 2003, 2005;
Nemerkényi et al., 2014).

Further, the gradient direction (aspect) map reveals an interesting
E-W oriented north-facing homogenous zone from the English Channel
to the Eastern European Plain (Fig. 9A, B). Its northern border coincides
with a series of local minima points running sub-parallel to the last

continental glaciation maximum extent limit and the lithological border
between semi-consolidated moraine and glaciofluvial sediments and
carbonate rocks (Figs. 4B, 9, 12). Its southern border coincides with a
series of local maxima points, which run sub-parallel to the boundary
line of the Saale glaciation (Fig. 12). In addition, this southern border
separates the glaciofluvial plains (e.g., Central European Plain) from
the outcrops of Variscan and Alpine orogeny (e.g., Harz Mts., Ardennes,
Sudetes, Carpathians), where mafic and ultramafic rocks outcrop and
several Ni ore mines and prospects occur (Cassard et al., 2012;
Demetriades and Reimann, 2014) (Fig. 12). The glacial area is char-
acterised by low variability and homogeneously low topsoil Ni con-
centrations, which steadily decrease from south to north. This in-
vestigation also revealed that the continental glaciation boundary is
composed of several sub-parallel zones with respect to Ni geochemistry.

The other main spatial patterns, the prevailing trans-continental NE-
SW oriented elongated zones terminate abruptly at the above E-W
running homogeneous area of the last continental glaciation (Figs. 9,
10, 12), then continue further to the north in Fennoscandia. These sub-
parallel concave (low anomaly) and convex (high anomaly) geochem-
ical zones include several aligned local minima and maxima points,
respectively (Figs. 9, 10, 12). Their orientation is continuously chan-
ging in clockwise direction corresponding to the strike of major fault
zones from the Atlantic Ocean to the Black Sea (Fig. 12). These NE-SW
zones have large slope-breaks and are characterised by asymmetry
where the Ni concentration values change abruptly (Fig. 5C, Profile 1).
They run parallel to the Variscan orogeny trend including the Ardennes,
Vosges, Massif Central, Harz Mts and Sudetes, while in the east and
south they follow the structures of the Alpine orogeny, including the

Fig. 12. The main trends of the identified spatial
features along with local minima/maxima and Ni
mineralisation occurrences. Limits of continental
glaciation extents, ancient glacial valleys and
terminal moraines are also displayed. Note the
spatial coincidence between the local minima
points and the last continental glaciation max-
imum extent and terminal moraines. Roughly E-
W trending glacial valleys are sub-parallel to this
minimum zone. Also note the predominance of
NE-SW and ENE-WSW trending features south of
the continental glaciation limits. (For interpreta-
tion of the references to colour in this figure le-
gend, the reader is referred to the web version of
this article.)
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Alps and the Carpathians (Fig. 12).
Linear patterns with a NE-SW orientation were also identified in the

greenstone belts of the Caledonian Mts, which include several local Ni
maxima and mineralisation occurrences (Fig. 12). Some mineralisation
sites in Scotland are located along NE-SW oriented linear features fol-
lowing the average strike of the Caledonian structures (Figs. 4B and 12)
(Windley, 1984; McKerrow et al., 2000).

Other elongated spatial features striking WNW-ESE and WSW-ENE
are alternating in the Iberian Peninsula (Fig. 12). The former is partially
related to the Pyrenees where local maxima and mineralisation sites are
clustered. The latter is mainly observable at the northern border of the
Baetic Mountains. It is interesting to see that some local minima (e.g.,
Tajo River) and maxima points (e.g., Guadalquivir River) align along
some major rivers of the Iberian Peninsula (Fig. 12). Some rivers might
have an important role in the redistribution of chemical elements, such
as Ni in agricultural soil, which in most cases is developed on alluvial
deposits.

Finally, it is emphasised that the original colour-surface map of Ni
concentration in agricultural topsoil in the ‘Chemistry of Europe's
Agricultural Soils’ atlas (Fig. 13; Reimann et al., 2014a) also shows the
remarkable E-W running line between low and high value areas to the
north and south, respectively, which corresponds to the limit of the last
continental glaciation maximum, as observed, for example, by
Salminen et al. (2005), De Vos, Tarvainen et al. (2006), Scheib et al.
(2014), Reimann et al. (2014c), and Albanese et al. (2015). In addition,
the high Ni values clustering in the Balkan Peninsula and in the
northern part of Italy (Alps and Apennine Mts) can be readily observed
on the original map (Fig. 13). However, the digital image processing
methods enable the reproducible delineation of these areas and the

quantitative characterisation of their spatial distribution. Other pat-
terns discussed in this paper, such the multiple boundaries of the last
glaciation or the SW-NE linear features are not readily revealed by the
visual study of the original colour-surface map (Fig. 13).

5. Conclusions

In this study the novel application of digital image processing
methods to geochemical map analysis is described and demonstrated
through the example of Ni concentrations in European agricultural
topsoil. The applied systematic methodology proceeds from the simple
statistical analysis to the more complex procedures, such as auto-
correlation and variogram analyses. Image classification and various
edge detection methods captured the same spatial patterns and iden-
tified the same features. Aspect analysis and local minima and maxima
identification proved to be particularly successful in pattern recognition
in this study. The applied methods identified spatial distribution pat-
terns in Ni concentrations in agricultural soil not seen before, such as
the multiple slope-break lines of the last continental glaciation and the
trans-continental zones and trends. The most important advantage of
the digital (numerical) image processing of geochemical maps, as
compared to the traditional visual interpretation, is that this method
provides reproducible and quantitative results.

Supplementary material to this article can be found online at
https://doi.org/10.1016/j.gexplo.2017.11.011.
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