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A B S T R A C T

Following the Ni-focused experimental investigation, it was clear that a critical advancement in digital image 
analysis of geochemical data sets required the validation of the procedures used with another element. Chro
mium was selected because its geochemical behaviour closely mirrors that of Ni in both lithological context and 
surface processes. Our current study, conducted with rigorous methodological precision, aims to assess a novel 
geospatial technique capable of capturing spatially variable continental-scale element distribution patterns. To 
reduce localised anomalies, we applied a moving average filter to the TIN-based interpolated Cr data set. The 
processed grid was then subjected to digital image analysis, which highlighted several continental-scale spatial 
orientations — NE-SW, E-W, and NW-SE — that closely resemble those found in the Ni study. Notably, prominent 
NE-SW and ENE-WSW linear Cr structures were identified, aligning with the known structural imprints of the 
Variscan and Alpine orogenic belts. Elevated Cr variable concentrations mainly occur in the Balkans and Alpine 
regions, consistent with exposures of mafic to ultramafic lithologies. A striking east-west trending Cr feature, 
with lower concentrations northwards, was also observed within the terminal zone of the last major glaciation, 
aligning with Cr-depleted glaciofluvial deposits. Chromium anomalies with a NW-SE trend also occur in regions 
such as Fennoscandia, Hellenic Republic, northern Italy, and the Pyrenees, aligning with those for Ni. Beyond 
confirming the efficacy of image analysis techniques in uncovering and describing new geochemical spatial 
patterns, this research also reinforces the approach by showing a pronounced continental-scale spatial corre
spondence between Cr and Ni distributions.
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1. Introduction

The project of Geochemical Mapping of Agricultural and Grazing 
Land Soil (GEMAS) developed a harmonised, continent-wide geochem
ical database according to the specifications of the European Union's 

REACH regulation (Registration, Evaluation, and Authorization of 
Chemicals; EC, 2006; Reimann et al., 2014a, 2014b). Numerous in
vestigations have examined the spatial element distribution within this 
data set, linking patterns to mineral provinces, geological substrates, 
historical glacial extent, climatic influences, and human-related 
contamination sources (Reimann et al., 2012, 2014a, 2014b; Scheib 
et al., 2012, 2014; Tarvainen et al., 2013; Fabian et al., 2014; Albanese 
et al., 2015; Birke et al., 2014, 2017; Négrel et al., 2019). For instance, 
Cr levels in surface agricultural soil, as presented in the GEMAS Chem
istry of Europe's Agricultural Soil Atlas (Fig. 1) (Reimann et al., 2014a), 
exhibit a pronounced latitudinal divide: lower concentrations are 
generally observed in northern Europe, while higher concentrations 
prevail in the south. This boundary coincides with the terminal margin 
of the last major glaciation, a relationship noted by many researchers 
(Salminen et al., 2005; De Vos et al., 2006; Scheib et al., 2012, 2014; 
Reimann et al., 2014c; Albanese et al., 2015). Elevated Cr values are 
particularly clustered in the Balkans and northern Italy (Alps and 
Apennines), reflecting the occurrence of mafic and ultramafic rock for
mations. The high Cr concentrations in the Balkans are further associ
ated with significant mineralisation in the region (Fig. 1).

Chromium ranks as the 23rd most prevalent element in the Earth's 
upper continental crust, with a typical abundance of 73 mg/kg (Hu and 
Gao, 2008). It is a lithophile metallic element predominantly found in 
chromite (FeCr₂O₄) and, more rarely, crocoite (PbCrO₄), and also occurs 
as a minor component in minerals such as amphibole, garnet, spinel, 
mica (fuchsite), and pyroxene (Kabata-Pendias and Pendias, 2001). Due 
to similar ionic radii, Cr3+ readily substitutes for Fe and Mg and enters 
early formed minerals like pyroxene and spinel during magmatic dif
ferentiation (Hseu et al., 2018). Consequently, ultramafic rocks, often 
rich in other metals such as Ni, serve as a major source of Cr (Albanese 
et al., 2015; Delina et al., 2020). In addition to chromite, basaltic melts 
often transport Cr, with elevated levels observed in magnetite and 
ilmenite phases (Wedepohl, 1978). According to Mielke (1979), Cr 
concentrations vary by igneous rock type: approximately 1600 mg/kg in 
ultramafic, 170 mg/kg in basaltic, and 4–22 mg/kg in granitic rocks. 
Chromium-bearing heavy minerals such as chromite may accumulate in 
placer deposits alongside magnetite, zircon, rutile, cassiterite, monazite, 

Fig. 1. Colour-surface map showing the spatial distribution of hot aqua regia 
extractable Cr concentrations in European agricultural (Ap) topsoil (0–20 cm) 
samples taken from the Geochemical Mapping of Agricultural and Grazing Land 
Soil Atlas (Reimann et al., 2014a, 2014b). The Cr-mineral deposits are also 
displayed after Cassard et al. (2012, 2015). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this 
article). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Fig. 2. Flowchart showing the different stages of the procedure used in this experimental investigation.
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ilmenite, and wolframite.
Within a sedimentary context, chromium occurs in primary detrital 

minerals such as chromite, ilmenite, and magnetite. Even in extensively 
weathered terrains, such as lateritic profiles, Cr levels can remain 
elevated (Delina et al., 2020). During weathering, Cr3+ mimics the 
behaviour of Fe3+ and Al3+ and tends to concentrate in secondary clay 
and oxide phases (Hseu et al., 2018). Chromium is not particularly 
mobile in the soil environment, with its movement regulated by pH, 
redox conditions, organic carbon content, and clay mineralogy (Berger 
and Frei, 2014; Hseu et al., 2018). At higher pH, Cr3+ readily co- 
precipitates with Fe3+ as insoluble Cr(OH)₃ (Albanese et al., 2015), 
and its adsorption onto clay particles is also pH-dependent — Cr3+

sorption increases with pH, while Cr6+ sorption diminishes (Albanese 
et al., 2015). Organic matter plays a crucial role by reducing toxic Cr6+

to the more stable Cr3+, a process enhanced by increasing soil acidity 
(Kabata-Pendias and Pendias, 2001; Albanese et al., 2015). At soil pH 
values between 5 and 9, chromium predominantly exists in the reduced 
forms Cr3+, CrOH2+, and Cr(OH)₂+. Typical natural soil Cr contents 
range from 10 to 50 mg/kg and can reach 350 mg/kg in agricultural 
settings (Ertani et al., 2017); the GEMAS agricultural soil samples show 
a range of 19.5 to 50.9 mg/kg, with anomalies exceeding 237 mg/kg 
(Albanese et al., 2015).

The present work aims to delineate and examine the continental- 
scale spatial distribution of Cr in European agricultural topsoil (0–20 
cm depth) and to verify spatial data analysis techniques initially used for 
the Ni study (Jordan et al., 2018). Thus, current research builds on prior 
digital image processing work with Ni by extending the method to Cr, a 
metal with a similar geochemical behaviour. Unlike Ni, Cr poses chal
lenges such as variable oxidation states and heterogeneous distribution, 
making its analysis more complex. Validating image-based quantifica
tion for Cr demonstrates the technique's adaptability and robustness, 
expanding its application to a broader range of elements. In this study, 
the methodology is further expanded to bivariate analysis by analysing 
hot Aqua Regia extractable (CrAR) and XRF (CrXRF) total Cr concentra
tions together, in addition to the analysis of Ni–Cr ratios (Fig. 2).

2. Materials and methods

Under the EuroGeoSurveys GEMAS project (Geochemical Mapping 
of Agricultural and Grazing Land Soil), a total of 2108 agricultural soil 
samples were collected from routinely tilled fields (Ap horizon, 0–20 cm 
depth), using a uniform 50 × 50 km grid system that averages one 
sample per 2500 km2 (Reimann et al., 2014a, 2014b). The sampling 
adhered strictly to the guidelines established by the EuroGeoSurveys 
Geochemistry Working Group (2009). Complete documentation con
cerning sample processing, analytical protocols, and quality assurance 
practices is provided in earlier works (Reimann et al., 2009, 2011; Birke 
et al., 2014; Demetriades et al., 2014). Chromium (Cr) was determined 
by inductively coupled plasma mass spectrometry (ICP-MS) following 
digestion with hot aqua regia. At the 95 % confidence interval, the 
precision for Cr was estimated to be roughly ±6 %, with sources of 
variability partitioned into natural geochemical (98.9 %), sampling (0.4 
%) and analytical variation (0.7 %) (Reimann et al., 2009; Demetriades 
et al., 2014). The total combined measurement uncertainty, based on an 
unbalanced variance design with three replicates per site, was calculated 

to be ±13.9 % at the 95 % confidence level (Ramsey, 1998; Ramsey 
et al., 2019).

Additionally, Cr concentrations were measured using wavelength- 
dispersive X-ray fluorescence spectroscopy (WD-XRFS), employing 
PANalytical PW2400 and AXIOS instruments fitted with Cr and Rh 
anode X-ray tubes (Reimann et al., 2011), respectively. The reported 
precision for this method is approximately ±3 % at the 95 % confidence 
level, with analysis of variance components partitioned into natural 
geochemical (98.0 %), sampling (1.0 %), and analytical (1.0 %) con
tributions (Reimann et al., 2011; Demetriades et al., 2014). The overall 
measurement uncertainty is ±14.5 % at the 95 % confidence level 
(Ramsey, 1998; Ramsey et al., 2019).

For the present investigation, 2032 of the original 2108 samples were 
retained after applying spatial filtering criteria described by Jordan et al. 
(2018) (see Table 1 and Figs. 3 and 4). The statistical treatment of the 
data included descriptive statistics such as minimum, quartiles, median, 
maximum, and median absolute deviation (MAD). Anomalous Cr values 
were identified using Tukey's inner-fence rule for outlier detection 
(Tukey, 1977) (Fig. 4B). Concentrations below the 0.2 mg/kg detection 
limit were replaced with half the limit value to facilitate further statis
tical processing and map plotting. Chromium levels were also assessed 
across various bedrock types using box-and-whisker plots (Kürzl, 1988), 
sorted in ascending order by median values (Figs. 4B). Since the core 
objective was to evaluate broad regional distribution trends, 113 
extreme Cr outliers (≥63.5 mg/kg) were removed, resulting in a final 
data set of 1919 data points for interpolation and spatial evaluation.

As a comparison, scatter-plots were plotted on a log-log scale (base 
10) depicting CrAR vs CrXRF concentrations, including outliers (n = 2032 
samples) and outlier-free data set (n = 1919) (AR: Aqua Regia; XRF: X- 
ray Fluorescence). As expected, both plots display higher concentrations 
for total XRF than AR-derived Cr data (Fig. 5). The trend is linear on a 
log-log scale (base 10), indicating a power-law relationship (~1) be
tween the two data sets. This scale independence reinforces our concept 
that CrAR is adequate to capture the large-scale spatial patterns in Cr 
concentrations with higher accuracy. The trend is stable (R2 ≈ 0.8), and 
there appears to be no larger variability at higher or lower concentra
tions (i.e., no heteroscedasticity) (Fig. 5). Thus, this study uses the hot 
aqua regia digestion (ICP-MS) data unless otherwise specified.

The Cr interpolation map was generated using Triangular Irregular 
Network (TIN) interpolation methods (Guibas and Stolfi, 1985; Davis, 
2011), resulting in a continuous 10 × 10 km raster surface. The output 
was processed from basic univariate visualisation to advanced spatial 
feature extraction utilising digital tools such as edge detection, seg
mentation, and GIS-driven multivariate analysis (ESRI, 2011). A 
smoothing filter — using moving average with a 9 × 9 window (90 × 90 
km) — was applied to highlight macro-scale geochemical trends 
(Gonzalez and Woods, 1993).

Fig. 6A shows a Cr concentration map utilising Exploratory Data 
Analysis symbols (Tarvainen et al., 2022), and Fig. 6B a contour map 
derived from the smoothed interpolation surface without outliers dis
playing abrupt Cr concentration changes (e.g., 12 mg/kg breakpoint in 
Fig. 3A). Visual lineament analysis was facilitated through shaded relief 
rendering; digital cross-section profiles were constructed to study 
directional variation across and along key geospatial anomalies (Fig. 6
and Appendix SM1). Terrain Ruggedness Index (TRI) analysis was 

Table 1 
Statistical parameters of Cr in agricultural soil (Ap) in Europe for the whole data set and the subset used in this study.

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

All data 2032 0.2 <0.1 5.7 11.3 20.1 32.2 47 696 10.2 27.3 37 20.8 696
Outlier-free data 1919 0.2 <0.1 5.5 10.7 19.1 29.7 40.2 63.3 9.4 21.3 13.4 19.1 63

Notes: All data, namely data sets without sample points, are in the excluded islands. Outlier-free data and statistically defined high outlier values are set without the 
islands. Min and Max: minimum and maximum values, respectively. P - percentiles. P50 is the median. MAD - median absolute deviation. DL – detection limit. SD - 
standard deviation. IQR - inter-quartile range. Bold font style emphasises the minimum, maximum and median values. Concentration values are given in units of mg/ 
kg. See text for details.
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Fig. 3. Statistical univariate distribution of hot aqua regia Cr concentrations in agricultural (Ap) soil samples. (A) Empirical histogram with the cumulative frequency 
distribution curve; note the distinct break at 12 mg/kg. (B) Boxplot showing the univariate statistical distribution and high-outliers. (C) Two-dimensional scatterplot. 
Note the log10-scale of the X-axis in all plots. (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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performed following the method of Riley and Degloria (1999) to reveal 
Cr variability patterns (Fig. 8), and specific terrain points — local peaks, 
pits, flats, and slope discontinuities — were used to distinguish zones of 
anomaly, constancy, or abrupt spatial transition.

Directional empirical variograms were employed to assess anisot
ropy in Cr spatial patterns (Cressie, 1993; Gosar et al., 2016) (see Fig. 9
and Appendix SM2). A residual map was generated by subtracting the 
outlier-free smoothed TIN-interpolated Cr concentration (regional trend 
surface) from the observed Cr values at the sampling points, aiming to 
detect unexplained local variations (Fig. 10). The residual values at 
sampling points were normalised with respect to the standard deviation 
before their interpolation to enhance subtle variations, which are then 
compared with lithology, known Cr-mineralisation sites, and other 
geological features. To validate the spatial model results, GIS overlays 
were used to compare the interpolated Cr spatial distribution with 
geological maps of parent materials (Hartwich et al., 2005), lithology 
(Dürr et al., 2005), and Quaternary glacial extent (Anderson and Borns 
Jr, 1997; Plant et al., 2003, 2005; Spielhagen et al., 2004; Svendsen 
et al., 2004).

The interpolated geochemical map of Cr concentrations is a raster 
map of a continuous surface of a bivariate function, similar to the digital 
terrain model (Li et al., 2004) of the topographic surface. Thus, the 
geochemical map can be examined using digital terrain analysis 
methods. The gradient magnitude (‘slope’) and direction (‘aspect’) were 
calculated for each raster cell to capture the rate of Cr concentration and 
its direction, respectively (see Figs. 11 and 12). Zones with steep gra
dients aligned with directional trends may point to underlying geolog
ical structures (Jordan et al., 2018). Profile curvature, the second 
derivative in gradient direction, was used to flag locations of sharp 
change and to delineate convex and concave regions (Fig. 13), which, 
when aligned, may reflect tectonically influenced distributions; it also 
reflects the N-S discontinuity between continental glaciated environ
ments in the north and non-glacial soil to the south. Sub-populations of 
Cr concentrations were established using Jenks natural break histogram 
segmentation (Abdaal et al., 2013), which were visualised as homoge
nous zones in classified Cr maps (Figs. 11–13). As shown in the GEMAS 
Atlas, ‘a north-south division’ along an east-west alignment in Cr levels 
separates lower northern from higher southern European concentra
tions, coinciding with the maximum limit of the last continental glaci
ation. High Cr clusters in the Balkans and northern Italy are mainly 
linked to mafic-ultramafic lithologies and regional mineralisation zones.

The limitation of the spatial analysis methodology is defined by 
standard digital image processing techniques, most prominently, the 
sampling frequency (minimum distance of sampling points) and the 
resolution of the interpolated grid, which define the smallest feature that 
can be identified.

This work also involved a comparative analysis of Cr and Ni con
centrations, given their similar geochemical behaviour and earlier 
spatial modelling of Ni (Jordan et al., 2018). Their relationship was 
explored using bivariate molar concentration regression (Fig. 14), while 
their spatial distributions were compared by calculating the Cr/Ni ratio 
at each grid node from the smoothed, interpolated data sets (Fig. 15).

To further explore the behaviour of Cr in the studied secondary 
topsoil environment, the ratio of Cr concentrations measured by hot 
aqua regia and XRF was also calculated (Figs. 15 and 16). The com
parison between hot aqua regia-extractable Cr and total Cr, as deter
mined by XRF, offers valuable insights into the relative lability of Cr in 
soil. Aqua regia predominantly extracts the acid-soluble, reducible, and 

oxidisable fractions of Cr. The behaviour of Cr is governed by organic 
matter complexation and adsorption by clay minerals. Thus, depending 
on pH and Eh in the secondary environment, phases are readily dis
solved by hot aqua regia (Kabata-Pendias and Pendias, 2001). However, 
aqua regia does not capture the entire geochemically labile pool. 
Conversely, XRF measures total Cr, including highly stable mineral 
phases such as spinels and chromite; therefore, the CrAR/CrXRF ratio is 
indicative of mineralogical composition. In addition, by assuming that 
XRF delivers true total Cr concentrations in the studied agricultural soil 
samples, the proportion of aqua regia extractable Cr (CrAR) to the XRF- 
measured total Cr content (CrXRF) may provide an estimation of the 
extractability of Cr in the studied European agricultural topsoil. How
ever, neither of the methods differentiates between Cr(III) and the more 
mobile and toxic Cr(VI) species (Saha et al., 2011).

All spatial modelling and map plotting were conducted using Golden 
Software's Surfer™ (v25), ILWIS 3.8, and Esri's ArcGIS® 10.8 platforms. 
Graphical visualisations, including scatter plots, were plotted with 
Grapher™ version 25 (Golden Software).

3. Results

3.1. Statistical analysis

Based on the histogram and cumulative distribution plot (Fig. 3), the 
hot aqua regia extractable Cr data set (n = 2032) displays a unimodal, 
right-skewed distribution, with 113 high outliers (≥63.5 mg/kg) iden
tified using Tukey's inner-fence method (Tukey, 1977). Chromium levels 
range from <0.2 (0.1) to 696 mg/kg, with a median of 20.1 mg/kg and a 
median absolute deviation (MAD) of 10.2 mg/kg (Table 1). A distinct 
breakpoint at 12 mg/kg is observed in the frequency histogram, which 
was subsequently used to categorise Cr concentrations (Figs. 3A and 4B).

Out of the 2032 sampling points, 2029 were classified into eight 
primary bedrock types according to the lithology map shown in Fig. 4A. 
The associated Cr concentrations for each bedrock type were visualised 
using box-and-whisker plots for comparative analysis (Fig. 4B). It is 
noted that 3 samples have no lithological information, and 341 samples 
were taken from areas over undifferentiated parent materials (e.g., al
luvial, diluvial or glacial drift sediments). Fig. 4B demonstrates that 
ultramafic rocks have the highest median Cr concentration value (99.8 
mg/kg, n = 8), followed by volcanoclastic (32.8 mg/kg, n = 3), mafic 
(25.4 mg/kg, n = 29), metamorphic (24.2 mg/kg, n = 381), carbonate 
(23.2 mg/kg, n = 259), siliciclastic (22.8 mg/kg, n = 736), felsic (16.5 
mg/kg, n = 265), undifferentiated (10.6 mg/kg, n = 341) and inter
mediate (7.8 mg/kg, n = 7) rocks. The Mann-Whitney test (Mann and 
Whitney, 1947) indicates that four distinct groups can be identified 
based on the similarity of median values at the 95 % confidence level. 
The first group comprises agricultural soil samples overlying undiffer
entiated and intermediate rocks; the second group includes only soil 
developed on felsic parent materials; the third group consists of soil over 
siliciclastic, carbonate, metamorphic, and mafic rocks, while the fourth 
group includes only those over ultramafic rocks. Due to the limited 
number of samples (n = 3), topsoil over volcanoclastic rocks could not 
be statistically evaluated using the Mann-Whitney test. The Cr and Ni 
medians, calculated for the same parent materials, were also compared 
based on their similar geochemistry. The Cr medians are generally 
higher (Cr-median/Ni-median > 1), except in topsoil over volcanoclastic 
and ultramafic parent materials, where the Cr-median and Ni-median 
ratio is below one (Fig. 4B).

Fig. 4. (A) Lithology map of Europe (modified after Dürr et al., 2005). (B) Box-and-whisker plots of hot aqua regia extractable Cr concentrations in agricultural (Ap) 
soil samples calculated for different bedrock parent materials arranged in an increasing order of median values; bold numbers in the boxes indicate the median value 
of the corresponding group; n denotes the number of samples in the corresponding group. Note that volcanoclastic rocks have only 3 samples. The average Cr 
concentration in various rock types (Reimann and de Caritat, 1998) is also shown (star symbol with yellow centre). The median ratios of Cr and Ni in topsoil, 
calculated for various bedrock parent materials, are also displayed (square symbol with red centre), corresponding to the y-axis on the right. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article). (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. 5. Bivariate scatter plots of Cr determined by XRF and hot Aqua Regia extraction. (A) The whole data set (n = 2032) and (B) The outlier-free data set (n = 1919). 
Note the blue colour line and the corresponding high linear correlation coefficients (R(A) = 0.900 and R(B) = 0.877) between them. The axes are in the log10-scale. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). (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 Cr concentration map, categorised by percentiles, shows that 
most low-value samples (5th percentile: <4.0 mg/kg) are concentrated 
within an east–west trending zone in the northern part of the Central 
European mainland (Fig. 6A and B). This area roughly corresponds to 
the Central European Plain and is bounded to the south by the extent of 
the last continental glaciation and its associated terminal moraines 
(Fig. 4A). The distinct break at 12 mg/kg of Cr in the frequency histo
gram (Fig. 3A) also coincides with the E-W trending last glaciation 
maximum (Fig. 6B). A NE-SW oriented, linear low Cr zone lies across 
France between the Aquitaine and Paris Basins. A few roughly N-S 
trending low Cr zones occur in the Iberian Peninsula, while low Cr 
concentrations mainly characterise Portugal. More randomly distributed 
low Cr areas occur in Fennoscandia, as well as in the southern regions of 
Norway and Sweden (Fig. 6A). In contrast, elevated Cr concentrations 
(>68.1 mg/kg, 95th percentile) are predominantly clustered in the 
Balkan Peninsula and northern Italy, particularly within the Alps and 
Apennine Mountains. These high values are attributed to the occurrence 
of mafic and ultramafic rock outcrops and the sediments derived from 
them (Figs. 4A, 6А and 6В).

The shaded relief model of the smoothed TIN-interpolated raster map 
highlights several regional linear patterns of locally elevated Cr con
centrations, oriented in a NE–SW direction across the western part of 
continental Europe (Fig. 7A). In contrast, the ENE-WSW direction pre
vails in the south-eastern part. These zones of elevated Cr concentrations 
are characterised by aligned local maxima points. The sub-parallel 
NE–SW-oriented bands extend for hundreds of kilometres, with a few 
of them aligning with the strike of major mountain chains, such as the 
Alps and the Carpathians. Local minima zones subdivide and follow the 
trend of high Cr zones in continental Europe, apart from some N-S 
trending minima zones in the Iberian Peninsula. Another notable feature 
is the roughly E-W oriented, continuous undulating line formed by 
several local Cr minimum points along the southern border of the Cen
tral European Plain, running sub-parallel to the southern boundary of 
the maximum extent of the last continental glaciation (Figs. 4A, 6A, B 

and 7A).
Fig. 7B shows the positions of cross-sections of Cr concentrations 

made perpendicular and parallel to the main spatial features. These 
cross-sections are displayed in profiles (1–5), where distinct slope breaks 
are indicated by thick red lines and trend envelopes are shown with 
orange dashed lines. The NW-SE oriented cross-sections, as shown in 
Profiles 1 and 2 in Fig. 7C, calculated from the smoothed TIN Cr con
centration raster map, running across the centre of the study area, 
transect the elongated NE-SW zones and display abrupt changes and 
asymmetries in Cr concentrations. The substantial extent of the low Cr 
area in the Pannonian Basin is well visible (Fig. 7, Profile 2). The N-S 
trending Profile 3 reveals a distinct break at the southern limit of the last 
glacial maximum and a continuous increase of Cr concentration in a 
southward direction; zones of high Cr concentration appear as peaks 
over prominent mountain ranges, such as the Ardennes and the Balkan 
Mountains. These peaks exhibit asymmetric shapes and are bordered by 
pronounced slope breaks, where Cr concentrations rise sharply. Profile 4 
reveals a distinct break at the northern edge of Norland and a decreasing 
trend of Cr concentrations southward from the Norland maximum zone. 
The NE-SW trending Profile 5 also captured the distinct break at the 
southern limit of the last glacial maximum, from where there is a sudden 
increase in Cr concentrations toward the Vosges.

The lack of homogeneity in the spatial variation of Cr was overcome 
by log-transforming the Cr values prior to the calculation of the Terrain 
Ruggedness Index (TRI). The derived TRI map was further refined for 
visual interpretation through post-processing with a 110 × 110 km 
moving average smooth (Fig. 8A and B). The most striking feature is the 
broad region of low Cr variability in the northern part of the Central 
European mainland, with its boundary aligning with the southern extent 
of the last glacial maximum. North of the Alps, another hundreds of 
kilometres long, E-W trending low variability zone can be observed from 
the Massif Central to the Pannonian Basin, which seems to follow the 
trend of the Alpine thrust front (Fig. 8). Low variability zones (<20.7 
mg/kg TRI) also occur in the north-western part of continental Europe, 
in the Iberian Peninsula, in the southern parts of Ireland and the Scan
dinavian Peninsula, and the Pannonian Basin in central-eastern Europe. 

Fig. 6. (A) Chromium concentration map based on percentile symbols (n = 2032). (B) Classified Cr-contour map based on the breakpoint at 12 mg/kg in the 
frequency histogram (see Fig. 3A). Note that low Cr concentrations are located along the E-W zone of the last continental glacial maximum and terminal moraines 
(see Fig. 4A). The highest Cr concentrations are observed in the Balkan Peninsula and northern Italy where mafic and ultramafic rocks outcrop, as well as sediments 
derived from them.
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Fig. 7. (A) Shaded relief map of the outlier-free Cr data overlain by the local minima and maxima points; note their dominating NE-SW and ENE-WSW alignments 
emphasised by blue arrows and orange dashed ellipsoids. (B) TIN-interpolated Cr concentrations map with black lines of cross-sections shown in (C): Cross-sections of 
Cr concentrations made perpendicular and parallel to the main spatial features; distinct slope breaks are shown with thick red lines and trend envelopes with orange 
dashed lines. Locations of cross-sections are shown in Fig. 7B. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article). (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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The abundance of NNE-SSW striking alternation of low and high vari
ability zones spanning from the Iberian Peninsula to the Pannonian 
Basin is also remarkable. Similar trends are visible in the Caledonian 
Mts, Apennine Mts, Balkan Peninsula and Great Britain. A clear NW-SE 
line in northern Scandinavia coincides with the contact between 
Archaean and Palaeo-Proterozoic rocks, known as the Archaean 
Boundary (Fig. 8). Interestingly, the trend of low and high variability 

zones changes to NW-SE north of the Archaean boundary. High vari
ability zones (>0.53 mg/kg TRI) are observed in the Balkan Peninsula, 
the Pindos Mts (Hellenic Republic), the Baetic Mts (Spain), and some 
parts of the Caledonian Mts and Finland. The separation of high- and 
low-variability zones is often sharp and linear on the classified TRI map 
(Fig. 8B).

The directional semi-variograms show a pronounced ENE-WSW 

Fig. 8. (A) Terrain Ruggedness Index (TRI) map of outlier-free log10 transformed Cr values; note the prevailing low variability zones in the northern and north- 
western parts of continental Europe; also notice the roughly E-W border along the Central European Plain, which separates low and high Cr variability zones. 
(B) Classified TRI map of log10 transformed Cr values, based on histogram slicing. For abbreviated names, refer to the legend of Fig. 7B. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 9. Directional semi-variograms of Cr in ENE-WSW (A) and NNW-SSE (B) directions. Note the longer range of influence in the ENE-WSW direction. The averaged 
semi-variogram values are displayed on the y-axis.
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trending anisotropy in the spatial distribution of Cr concentrations, 
aligned with the pattern of local maxima and minima points (Figs. 7A 
and 9A). The range in the ENE-WSW direction is approximately 1550 
km, compared to only 1050 km in the perpendicular NNW-SSE direction 
(Fig. 9B). The same anisotropy was found in the spatial distribution of Ni 
values (Jordan et al., 2018).

The calculated residual Cr map reveals the local deviation of Cr 
concentrations from the large-scale spatial trend modelled with the 
smoothed TIN surface. Positive deviations indicate that the Cr concen
tration at sampling sites is higher than the modelled Cr concentration 
(Fig. 10). The residual map highlights the highest positive deviation 
zones in the Balkan Peninsula and northern Italy corresponding to 
ophiolite zones with known Cr-mineral occurrences and deposits and 
statistically defined high Cr outliers. A few scattered positive deviations 
are oriented in the NE-SW direction across France, and parallel to the 
Caledonian Mts. The spatial pattern of negative deviation zones is more 
random, except for a few NE-SW trending features across France be
tween the Aquitaine and Paris Basins. The smallest deviations can be 
observed in the northern part of continental Europe, particularly over 
glacial sediments (e.g., Central European Plain), where the Cr concen
tration is low.

The classified gradient magnitude (in percentage slope) map illus
trates the changes in topsoil Cr concentrations along the direction of the 

gradient vector (direction of maximum change at a point). High Cr 
values signify a notable change over a given unit of distance (Fig. 11); Ni 
displays similar features (Jordan et al., 2018). The areas with the highest 
gradient magnitudes of Cr exhibit an elongated shape, oriented pri
marily in the NE-SW direction. An E-W-oriented high gradient magni
tude zone marks the southern boundary of the Central European Plain, 
which roughly coincides with the boundary of the last glacial maximum. 
A few NW-SE trending high-gradient areas are observable in the 
southern part of the Balkan Peninsula and the northern part of Scotland 
and Finland.

The lowest Cr gradient magnitudes occur over the Central European 
Plain, and a remarkable ENE-WSW trending, continuous low-gradient 
zone extends from southern Germany to the Pannonian Basin. A few 
NW-SE low-gradient zones are also discernible in the northern Iberian 
and Scandinavian Peninsulas (Fig. 11). These low-gradient regions likely 
reflect areas of geochemical homogeneity, influenced by stable tectonic 
settings, extensive sedimentary cover, or glacial processes that limit the 
variability of chromium concentrations across these landscapes.

The classified gradient direction (aspect) maps, overlaid with local 
Cr minima and maxima points, are presented in Fig. 12A. Sharp edges 
acting as lineaments between areas with homogeneous gradient di
rections of Cr values are emphasised in Fig. 12B. The classified gradient 
direction (aspect) maps overlain by the local Cr minima and maxima 

Fig. 10. Chromium residual map. To increase visibility and interpretability, the log10 transformed residuals were normalised with respect to the standard deviation. 
The histogram of normalised and log-transformed Cr residuals is shown in the inset. In the legend, the untransformed residual values (mg/kg) are given in brackets. 
Occurrences of Cr mineral deposits and mineralisation are from Cassard et al. (2012, 2015). (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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points are shown in Fig. 12A. The sharp edges as lineaments between 
areas of homogeneous gradient direction of Cr values are emphasised in 
Fig. 12B. The histogram of the gradient direction, ranging from 0◦ to 
360◦, exhibits significant multi-modality, indicating peaks where pixels 
are facing in the same direction (Fig. 12C). The classified gradient di
rection Cr map is characterised by cross-cutting zones oriented ENE- 
WSW and NE-SW. These zones extend for hundreds of kilometres and 
are delineated by sharp linear edges (Fig. 12B). These features terminate 
at an E-W oriented broad, homogeneous, northward facing zone 
extending from the English Channel to the Eastern European Plain, the 
southern border of which is marked by the alignment of local maxima 
points, while its northern border is characterised by local minima points 
of the last glaciation maximum extent (Fig. 12A). The north-south dig
ital cross-section through this zone also reveals a decrease in Cr con
centrations as it extends northward (Profile 3 in Fig. 7C). At the same 
time, N-S oriented long features prevail in the whole Iberian and the 
western part of the Scandinavian Peninsula. A few noticeable NW-SE- 

oriented long spatial features were also identified across France, 
particularly near the southern limit of the Central European Plain 
(Fig. 12B). The rose diagram of the lineaments (Fig. 12D), digitised from 
Fig. 12B, illustrates the four primary directional trends, namely NW-SE, 
N-S, NE-SW, and ENE-WSW.

The second derivative of Cr concentrations, calculated along the 
gradient direction, is known as the profile curvature, which indicates 
changes in gradient magnitude (slope), such as slope breaks (Fig. 13). 
The profile curvature map is classified based on the sliced histogram of 
the outlier-free data set. In this figure, the main linear zones in Cr 
concentrations, oriented ENE-WSW and NE-SW, stand out as distinct 
features, displaying many high negative (convex; solid black lines) and 
positive (concave; dashed black lines) curvature values across conti
nental Europe. These sub-parallel features end abruptly at a wavy 
east–west slope break (heavy dotted line) in northern Central Europe, 
extending for hundreds of kilometres.

It is interesting to note another E-W-oriented, long positive (concave) 

Fig. 11. Classified gradient map calculated from the smoothed TIN Cr concentration map. The map reveals the NE-SW, NW-SE, and E-W orientations of elongated 
linear features (emphasised by black arrows and lines), as well as the continuous border between high- and low-gradient zones in northern Central Europe (indicated 
by a black dotted line), which coincides with the southern limit of the last continental glaciation. Note the NE-SW trending long, low-gradient zone in the middle of 
Europe. Also, note the abundance of NW-SE trending low-gradient zones in the northern Scandinavian Peninsula. The histogram displays the classes based on natural 
breakpoints. (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. 12. (A) Classified gradient direction map overlain by the local minima and maxima (extreme) points; note the coincidence of the aligning extreme points with 
the prominent linear boundaries. (B) Classified gradient direction map overlain by lineaments digitised from this map (black lines). (C) Frequency distribution of 
gradient direction smoothed by 5 × 5 5RSSH median filter developed by Tukey (1977) (blue line); the classes were identified using histogram-slicing based on the 
natural breakpoints. (D) Length-based direction distribution of lineaments shown in Fig. 12B (black lines); note the 4 major orientations that correspond to the main 
linear features. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). (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. 13. Classified profile curvature map of Cr outlier-free data. The histogram displays classes identified by using 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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zone crossing the NE-SW trending features in central Europe, extending 
from Normandy to the western edge of the Pannonian Basin. Slightly 
deviated, N-S-oriented spatial features were identified in the Iberian 
Peninsula and the western part of the Scandinavian Peninsula. The NW- 
SE trending pattern is scarce and occurs in northern Scandinavia and 
along the Pyrenees.

4. Discussion

During the early 1970s, digital image and processing techniques 
were developed (Condit and Chavez, 1979). The establishment of an 
image analysis facility has enabled applied geochemists to enhance their 
comprehensive research, especially in interpreting geochemical and 
geological characteristics (Green, 1984). However, recently, several 
artificial intelligence and machine learning algorithms have been used 
in the automation and interpretation of data and images. Digital image 
techniques can also extract valuable information related to geological 
and geochemical features and data, respectively. These methods 
enhance data, analyse pixel values, highlight patterns, and improve 
processing efficiency and accuracy by identifying trends, patterns and 
anomalies. While image processing and analysis offer several possibil
ities and benefits. There are, however, some challenges that might be 
considered in the interpretation of the results: for example, image noise, 
scale, resolution, algorithm selection, and optimisation. Thus, inte
grating image data with other geospatial information, such as various 

thematic maps and geological data, is essential (Kyser et al., 2015; Chen 
et al., 2020; Xu and Zhang, 2023).

This study uses digital spatial data techniques to identify new sig
nificant spatial patterns in interpolated element concentration maps. 
Additionally, previously identified features, including the last glaciation 
boundary (Reimann et al., 2014a; Albanese et al., 2015; Jordan et al., 
2018.), have been quantitatively located and characterised. These 
methods enhance the understanding of geochemical pattern distribu
tions by providing objective, reproducible insights into the spatial 
organisation of elemental concentrations. The integration of digital 
analysis enables a more precise delineation of geological boundaries and 
the detection of subtle geochemical trends that may have been over
looked using traditional mapping methods.

The statistical analysis of hot aqua regia extractable Cr concentra
tions in agricultural topsoil samples highlighted a distinctly right- 
skewed unimodal distribution, with 113 high outliers (Fig. 3). These 
outliers are primarily found in the Balkan Peninsula and the Apennine 
region (Fig. 6A). The highest Cr concentrations are associated with 
mafic-ultramafic rocks, such as ophiolite complexes (Fig. 4), where their 
median Cr value is 99.8 mg/kg (Fig. 4B). In contrast, low Cr values are 
concentrated in the Central and Eastern European Plain, with several 
local minima points aligned along a zone of glacial sands, defined by the 
southernmost boundary of the last glacial maximum (Figs. 4A, 6A, B, 7A, 
and B). In terms of the spatial distribution of Cr concentrations, main
land Europe can be subdivided into two large, distinct regions along the 

Fig. 14. Ni–Cr bivariate scatter plot; note the blue colour line and the high linear correlation coefficient (R = 0.904) between them. The axes are in the log10-scale. 
The number of data pairs is 2032. (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. 15. (A) Cr/Ni ratio map using outlier-free data set. (B) Boolean-classified Cr/Ni ratio map. Note the sharp, NE-SW trending linear border between high and low 
Cr/Ni ratio zones. (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 limit of the last glaciation in central-northern Europe: 

1) Low Cr concentrations occur in the northern and north-western parts 
of Europe over the glacial sands and loess, apart from the Archaean 
greenstone belts in the northern part of Scandinavia, the Oslo rift, 
and the Caledonian Mts (Figs. 4A, 6A, and 7).

2) Elevated Cr concentrations are present in the southern and south- 
eastern parts of Europe, especially over ophiolite rocks and their 
derivatives (Balkan Mts, northern Italy), terra rossa soil (northern 
Croatia), the Iberian Pyrite Belt, and the Baetic Mts (Figs. 4A, 6A, and 
7).

In the second sub-region, regional-scale low Cr values were only 
identified in the Pannonian Basin over the young Late Miocene- 
Quaternary fluvial-lacustrine sediments and the northern part of the 
Iberian Peninsula (Fig. 7). The systematic digital image processing 
analysis revealed four outstanding spatial features in the Cr spatial 
distribution: 

1) The hundreds of kilometres long NE-SW and the ENE-WSW trending 
zones are parallel to the alignment of local minima and maxima Cr 
values (Fig. 7A) and are characterised by a strong spatial anisotropy 
in the ENE-WSW direction (Fig. 9A) with distinct slope-breaks where 
the Cr values change abruptly (Profiles 1 and 2 in Figs. 7C and 13). 
They prevail in continental Europe and follow the trend of the 
Variscan and Alpine orogenies.

2) The E-W-oriented features are much longer and occur in well-defined 
zones. The most dominant is a homogeneous, north-facing zone with 
its northern border being parallel with the last continental glaciation 
maximum marked by the alignment of local minima points 
(Fig. 12A). The lowest Cr values (<12 mg/kg) are found north of the 
borderline (Figs. B and 7B) where the soil is acidic, with an average 
pH value of 5.66, and the prevailing climate is humid, thus pro
moting the mobility of chemical elements in soil (Braunschweiler 
and Koivisto, 2000; Salminen et al., 2005; De Vos et al., 2006; Fabian 
et al., 2014; Reimann et al., 2014a). The northern border of this area 
also marks a lithological boundary between glaciofluvial sediments 
and carbonate and semi-consolidated moraine formations (Fig. 4A). 
The alignment of local Cr maxima marks the southern border 
(Figs. 7A and 12A). Additionally, this southern boundary separates 
the glaciofluvial plains, such as the Central European Plain, from the 

outcrops of the Variscan and Alpine orogenies, including regions 
such as the Harz Mountains, Ardennes, Sudetes, and Carpathians. 
Outcrops of mafic and ultramafic rocks characterise these areas and 
host several Cr-ore mines and prospects (Cassard et al., 2012, 2015; 
Demetriades and Reimann, 2014). Furthermore, these E-W trending 
zones in central-northern Europe show a good agreement with some 
Hercynian fault zones.

3) The N-S-oriented features identified in the Scandinavian Peninsula 
run parallel to the Trans-Scandinavian Igneous Belt (TIB) and the 
Oslo Rift Zone (Or) (Figs. 7 and 8). They are both characterised by 
low Cr values due to the occurrence of felsic igneous rocks, i.e., 
granitic/(quartz) - monzogranitic to monzodioritic (Högdahl et al., 
2004) in the TIB, and highly alkaline to tholeiitic basalt, trachyte and 
rhyolite in the Or (Neumann et al., 2004).

4) Finally, NW-SE-oriented features were identified in the Archaean 
greenstone belts of northern Fennoscandia, where there are several 
Cr-mineral occurrences (Figs. 1, 8, and 12).

The large-scale spatial features of Cr resemble the Ni patterns 
described by Jordan et al. (2018). Hence, the reason for selecting Cr to 
validate the use of digital image processing for the spatial pattern 
recognition and characterisation of continental-scale element spatial 
distribution in European agricultural topsoil. Due to their similar 
geochemical behaviour, they were compared using bivariate linear 
regression analysis (Fig. 14) and a ratio map (Fig. 15). The regression 
analysis reveals a significant linear correlation (r = 0.904 at the 95 % 
confidence level), confirming a strong association between the vari
ables. The Cr/Ni ratio map exhibits a remarkable NE-SW trending 
continental-scale linear zone of thousands of kilometres across Europe 
along which the ratio changes sharply (Fig. 15). This linear feature 
separates the younger Alpine orogeny (e.g., Pyrenees, Alps, and Carpa
thians) in the south and south-east from the older Variscan and Cale
donian structures in the northern part of Europe. The north-western part 
of Europe (e.g., Ardennes, Massif Central, Harz Mts) has higher Cr 
concentrations (Cr/Ni ≥ 1), while the south-eastern parts are charac
terised by lower Cr concentrations (Cr/Ni < 1), as compared to Ni. This 
border is perfectly delimited by the two classes of Cr/Ni ratios greater or 
less than unity (1), respectively (Fig. 15B).

To further explore the behaviour of Cr in the secondary agricultural 
topsoil environment, the ratio of Cr concentrations measured by hot 
aqua regia and XRF was also calculated. Firstly, the values of CrAR/CrXRF 
ratios were classified into parent material (lithological) categories 
(Fig. 16), which revealed that agricultural topsoil over quartz-rich cover 
sands, glaciofluvial sediments, loess, and ultramafic rocks have the 
lowest aqua regia extractable Cr concentrations. In contrast, topsoil 
samples over felsic and metamorphic rocks have the highest extractable 
Cr fraction (Fig. 16). This variation reflects differences in mineral 
composition and weathering behaviour, where quartz-rich and ultra
mafic substrates tend to immobilise chromium. At the same time felsic 
and metamorphic rocks may host more labile Cr forms. These litholog
ical influences are significant to understanding regional geochemical 
mobility and bioavailability.

Secondly, the continental-scale spatial distribution of CrAR/CrXRF 
ratio was studied in a colour-enhanced map (Fig. 17), where low values 
suggest the presence of Cr in resistant primary minerals, such as chro
mite, that the total XRF analysis can detect. In contrast, high CrAR/CrXRF 
ratios indicate that Cr is associated with secondary clay minerals, 
organic matter and Fe-oxyhydroxides, which are more readily extract
able by hot aqua regia. The map confirms the earlier finding that the 
parent material (lithology) has a significant control on the CrAR/CrXRF 

Fig. 16. Boxplots of CrAR/CrXRF ratios classified according to different parent 
lithologies at the sampling sites (n = 2032). Note the low ratios in agricultural 
soil samples over ultramafic and quartz-rich bedrock materials and the high 
ratios over felsic and metamorphic rocks.
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ratios. For example, the predominant low-ratio area is located in the 
north-central European plain, extending from Eastern Europe to 
Belgium, which is characterised by loess and coversands (Scheib et al., 
2014). A detailed description of the spatial relationship of CrAR/CrXRF 
ratios to major geological units is presented in Appendix SM3 in the 
Supplementary Material. In Appendix SM4, the raw and processed data 
sets are provided.

5. Conclusions

This study introduces and validates the novel application of digital 
image processing methods for geochemical map analysis, using hot aqua 
regia extractable Cr concentrations in European agricultural topsoil, 
which differs significantly from Ni in terms of geochemistry and spectral 
response. The methodology is further expanded to bivariate analysis by 
analysing aqua regia extractable (CrAR) and XRF total (CrXRF) chromium 
concentrations together, in addition to the analysis of Ni–Cr ratios, 

showing the technique's adaptability and robustness. The demonstrated 
advancement is a significant methodological step, offering a fast, 
reproducible, and quantitative procedure for geochemical map analysis 
for environmental studies and mineral exploration.

The methodology progresses from basic statistical analysis to more 
advanced techniques, such as autocorrelation and geostatistical vario
gram analyses. These methods revealed new spatial distribution patterns 
of Cr concentrations in European agricultural soil not previously 
observed, such as multiple slope-break lines associated with the last 
continental glaciation and the trans-continental ENE-WSW and NE-SW 
zones across Central and Western Europe. This is the second study to 
delineate the geochemically defined boundary of the last continental 
glacial southern limit in a reproducible and quantitative way; the first 
being the Ni spatial patterns analysis (Jordan et al., 2018). The aspect 
analysis and identification of local Cr minima and maxima were 
particularly effective in recognising these patterns. Chromium demon
strates similar large-scale spatial patterns to Ni. In terms of the Cr/Ni 

Fig. 17. CrAR/CrXRF ratio distribution map. The high CrAR/CrXRF ratios indicate that Cr is associated with secondary clay minerals, organic matter and Fe- 
oxyhydroxides, which are more easily extractable by hot aqua regia. The low ratio indicates the presence of Cr in resistant primary minerals such as chromite, 
which can be detected by total XRF analysis. Thick red lines separate high and low ratio CrAR/CrXRF areas. A detailed description of the spatial relationship of CrAR/ 
CrXRF ratios to major geological units is presented in Appendix SM3 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). (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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ratio, the north-western part of Europe has higher Cr concentrations 
(Cr/Ni ≥1), while the south and south-eastern parts have lower Cr 
concentrations (Cr/Ni <1). Finally, the digital processing of geochem
ical maps enables the quantitative comparison of the spatial patterns of 
chemical elements.
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Högdahl, K., Andersson, U.B., Eklund, O. (Eds.), 2004. The Transscandinavian Igneous 
Belt (TIB) in Sweden: A Review of Its Character and Evolution. Geological Survey of 
Finland. Special Paper 37, 123 pp. https://tupa.gtk.fi/julkaisu/specialpaper/sp_037. 
pdf.

Hseu, Z.-Y., Zehetner, F., Fujii, K., Watanabe, T., Nakao, A., 2018. Geochemical 
fractionation of chromium and nickel in serpentine soil profiles along a temperate to 
tropical climate gradient. Geoderma 327, 97–106. https://doi.org/10.1016/j. 
geoderma.2018.04.030.

Hu, Z., Gao, S., 2008. Upper crustal abundances of trace elements: a revision and update. 
Chem. Geol. 253 (3–4), 205–221. https://doi.org/10.1016/j.chemgeo.2008.05.010.

Jordan, G., Petrik, A., De Vivo, B., Albanese, S., Demetriades, A., Martiya Sadeghi, M., 
2018. GEMAS: spatial analysis of the Ni distribution on a continental-scale using 
digital image processing techniques on European agricultural soil data. J. Geochem. 
Explor. 186, 143–157. https://doi.org/10.1016/j.gexplo.2017.11.011.

Kabata-Pendias, A., Pendias, H., 2001. Trace Elements in Soils and Plants, 3rd edition. 
CRC Press, Boca Raton. ISBN: 0849315751, 403 p. 

Kürzl, H., 1988. Exploratory data analysis: recent advances for the interpretation of 
geochemical data. J. Geochem. Explor. 30, 309–322.

Kyser, K., Barr, J., Ihlenfeld, C., 2015. Applied geochemistry in mineral exploration and 
mining. Elements 11 (4), 241–246. https://doi.org/10.2113/gselements.11.4.241.

Li, Z., Zhu, C., Gold, C., 2004. Digital Terrain Modeling: Principles and Methodology. 
CRC Press, 340 pp. 

Mann, H.B., Whitney, D.R., 1947. On a test of whether one of two random variables is 
stochastically larger than the other. Ann. Math. Stat. 18 (1), 50–60.

Mielke, J.E., 1979. Composition of the earth’s crust and distribution of the elements. In: 
Siegel, F.R. (Ed.), Review of Research on Modern Problems in Geochemistry, Earth 
Science Series, 16. International Association for Geochemistry and Cosmochemistry, 
Paris, pp. 13–37.

Négrel, P., Ladenberger, A., Reimann, C., Birke, M., Demetriades, A., Sadeghi, M., 2019. 
GEMAS: Geochemical background and mineral potential of emerging tech-critical 
elements in Europe revealed from low-sampling density geochemical mapping. Appl. 
Geochem. 111, 104425. https://doi.org/10.1016/j.apgeochem.2019.104425.

Neumann, E.-R., Wilson, M., Heeremans, M., Spencer, E.A., Obst, K., Timmerman, M.J., 
Kirstein, L., 2004. Carboniferous-Permian rifting and magmatism in southern 
Scandinavia, the North Sea and northern Germany: a review. In: Wilson, M., 
Neumann, E.-R., Davies, G.R., Timmerman, M.J., Heeremans, M., Larsen, B.T. (Eds.), 
Permo-Carboniferous Magmatism and Rifting in Europe, Special Publication 223. 

Geological Society, London, pp. 11–40. https://doi.org/10.1144/GSL. 
SP.2004.223.01.02.

Plant, J.A., Reeder, S., Salminen, R., Smith, D.B., Tarvainen, T., De Vivo, B., Petterson, M. 
G., 2003. The distribution of uranium over Europe: geological and environmental 
significance. Applied Earth Science, Trans. Inst. Min. Metall. B. 112, B221–B238.

Plant, J.A., Whittaker, A., Demetriades, A., De Vivo, B., Lexa, J., 2005. The geological 
and tectonic framework of Europe. In: Salminen, R., Batista, M.J., Bidovec, M., 
Demetriades, A., De Vivo, B., De Vos, W., Duris, M., Gilucis, A., Gregorauskiene, V., 
Halamic, J., Heitzmann, P., Lima, A., Jordan, G., Klaver, G., Klein, P., Lis, J., 
Locutura, J., Marsina, K., Mazreku, A., O’Connor, P.J., Olsson, S.Å., Ottesen, R.-T., 
Petersell, V., Plant, J.A., Reeder, S., Salpeteur, I., Sandström, H., Siewers, U., 
Steenfelt, A., Tarvainen, T. (Eds.), FOREGS – Geochemical Atlas of Europe. Part 1: 
Background, Information, Methodology and Maps. Geological Survey of Finland, 
Espoo, pp. 23–42. http://weppi.gtk.fi/publ/foregsatlas/articles/Geology.pdf.

Ramsey, M.H., 1998. Sampling as a source of measurement uncertainty: techniques for 
quantification and comparison with analytical sources. J. Anal. At. Spectrom. 13, 
97–104.

Ramsey, M.H., Ellison, S.L.R., Rostron, P. (Eds.), 2019. Eurachem/EUROLAB/ CITAC/ 
Nordtest/AMC Guide: Measurement Uncertainty Arising from Sampling: A Guide to 
Methods and Approaches, Second edition. Eurachem. 104 pp. https://www. 
eurachem.org/images/stories/Guides/pdf/UfS_2019_EN_P2.pdf.

Reimann, C., Caritat, P. de, 1998. Chemical Elements in the Environment - Factsheets for 
the Geochemist and Environmental Scientist. Springer-Verlag, Berlin-Heidelberg. 
ISBN: 978-3-642-72018-5, 398 pp. 

Reimann, C., Demetriades, A., Eggen, O.A., Filzmoser, P., EuroGeoSurveys Geochemistry 
Group, 2009. The EuroGeoSurveys Geochemical Mapping of Agricultural and 
Grazing Land Soils Project (GEMAS) - Evaluation of Quality Control Results of Aqua 
Regia Extraction Analysis. NGU Report 2009.049. Geological Survey of Norway, 
Trondheim, 94 pp. https://static.ngu.no/upload/Publikasjoner/Rapporter/200 
9/2009_049.pdf. 

Reimann, C., Demetriades, A., Eggen, O.A., Filzmoser, P., The EuroGeoSurveys 
Geochemistry Expert Group, 2011. The EuroGeoSurveys Geochemical Mapping of 
Agricultural and Grazing Land Soils Project (GEMAS) – Evaluation of Quality Control 
Results of Total C and S, Total Organic Carbon (TOC), Cation Exchange Capacity 
(CEC), XRF, pH, and Particle Size Distribution (PSD) Analysis. Geological Survey of 
Norway, Trondheim. NGU report 2011.043. https://static.ngu.no/upload/Publika 
sjoner/Rapporter/2011/2011_043.pdf. 

Reimann, C., Flem, B., Fabian, K., Birke, M., Ladenberger, A., Négrel, P., Demetriades, A., 
Hoogewerff, J., The GEMAS Project Team, 2012. Lead and lead isotopes in 
agricultural soils of Europe - the continental perspective. Appl. Geochem. 27, 
532–542. https://doi.org/10.1016/j.apgeochem.2011.12.012.

Chemistry of Europe’s agricultural soils - part A: Methodology and interpretation of the 
GEMAS data set. In: Reimann, C., Birke, M., Demetriades, A., Filzmoser, P., 
O’Connor, P. (Eds.), 2014a. Geologisches Jahrbuch (Reihe B 102). Schweizerbarth, 
Hannover, 528 pp. https://www.schweizerbart.de/publications/detail/isbn/9783 
510968466. 

Chemistry of Europe's agricultural soils – part B: general background information and 
further analysis of the GEMAS data set. In: Reimann, C., Birke, M., Demetriades, A., 
Filzmoser, P., O'Connor, P. (Eds.), 2014b. Geologisches Jahrbuch (Reihe B 103). 
Hannover, Schweizerbarth, 352 pp. https://www.schweizerbart.de/publications/de 
tail/isbn/9783510968473/Geologisches_Jahrbuch_Reihe_B_Heft_B103_Chemistry. 

Reimann, C., Demetriades, A., Birke, M., Filzmoser, P., O'Connor, P., Halamić, J., 
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