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1 Introduction

11 Elements

There are 118 known chemical elements (Figure 1), with the main elements oxygen (O), silicon (Si), aluminium (Al),
iron (Fe), calcium (Ca), magnesium (Mg), sodium (Na) and potassium (K) making up 98.4 % of the mass of the Earth’s
crust (Amelung et al., 2018a). Some of these, e.g. calcium and magnesium, are considered essential because they
are fundamental constituents of plants, humans and animals. However, other elements such as copper (Cu) and zinc
(zn), while still essential, can be harmful at high concentrations. Even at lower concentrations, these elements can
be toxic for plants and soil organisms, which tend to be more susceptible than humans. In addition to the essential
elements, there are beneficial elements which can promote growth in many plants, for example. Cobalt (Co) -
a component of vitamin By, — is a beneficial element essential only for certain living organisms (Amelung et al.,
2018b; Schulin et al., 2010). Other elements such as arsenic (As), lead (Pb), cadmium (Cd), mercury (Hg) and uranium
(U) are toxic even at low concentrations.

Humans obtain most essential and toxic elements through their diet, with soils being the main source of elements
in food and fodder. The extent to which elements accumulate in plants depends on a variety of factors such as plant
species, chemical and physical soil properties and the chemical form of the element, i.e. its speciation. Besides the
availability of elements, their total concentration in the soil also determines plant uptake. The concentration of
trace elements in the soil is generally below 100mg/kg (Hooda, 2010).

A large proportion of the root biomass is located in the topsoil, which on arable land usually corresponds to the
plough layer of around 0 to 20 cm. Since elements (with some exceptions) are taken up by the roots, this uppermost
layer of soil plays a vital role in the absorption of essential and toxic elements by plants. Furthermore, humans and
grazing animals such as sheep most frequently come into contact with this soil layer (children’s playgrounds, sports
pitches, farmland, gardens, etc.). Therefore, the Geochemical Soil Atlas of Switzerland focuses on the topsoil.

1 essential/beneficial 2
H He
Hydrogen Helium
. otentially -
3, 4 r R 5 6 7 8 9 10
Li | Be oxic B C N (0] F | Ne
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
7 9 . - 11 12 14 16 19 20
- ) essent_lal/bengflclal s |5 G 17 s
Na | Mg potentially toxic Al | Si | P S | Cl | Ar
Sodium Magnesium Aluminum Silicon Phosphorus Sulfur Chlorine Argon
24 27 28 31 32 35.5 40
19 20 21 22 23 24 25 26 27 28 . 29 30 31 32 33 34 35 36
K|[Ca|[Sc|Ti| V. |]Cr|Mn{| Fe| Co| Ni-|Cu| Zn | Ga| Ge | As | Se | Br | Kr
Potassium Calcium Scandium Titanium Vanadium Chromium | Manganese Tron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
39 40 45 48 51 52 55 56. 59 59 64 65 70 73 73 79 80 84
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb|Sr | Y | Zr [Nb|[Mo| Tc [Ru|Rh | Pd |Ag | Cd| In | Sn [ Sb| Te | I | Xe
Rubidium Strontium Yttrium Zirconium Niobium i Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium Todine Xenon
88 89 91 96 98 101 106 108 112 119 122 128 127 131
55 56 72 73 74 75 76 77 78 79 8 81 82 83 . 84 85 86
Cs | Ba Hf | Ta Re [ Os | Ir | Pt | Au Hg Tl | Pb| Bi | Po | At | Rn
Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury ‘Thallium Lead Bismuth Polonium Astatine Radon
133 137 178.5 181 184 186 190 192 195 197 201 204 207 209
87 88 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr | Ra Rf [Db|Sg | Bh |Hs | Mt | Ds | Rg§ [ Cn | Nh | FI | Mc | Lv | Ts
Francium Radium Dubnium Bohrium Hassium itneri D: C Nihonium Flerovium Moscovium | Livermorium | Tennessine Oganesson
57 58 59 60 61 62 63 64 65 66D 67 68 69 70 71
La|Ce|Pr | Nd|Pm|[Sm | Eu | Gd| Tb Y| Ho | Er [Tm | Yb | Lu
Lanthanum Cerium i i Samarium Europium ‘Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yiterbium Lutetium
140 141 144 150 152 157 159 162.5 165 167 169 173 175
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Ac|Th| Pa | U |Np|Pu|Am|Cm|Bk | Cf| Es |Fm|Md | No | Lr
Actinium Thorium Protactinium Uranium; Neptunium Plutonium Americium Curium Berkelium Californi i ini Fermium Nobelium I il
232 231 238

Figure 1 | Periodic table of elements highlighting those in the Geochemical Soil Atlas. Adapted from © 2022 Nagwa.
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1.2 Sources and sinks of elements in the soil

The concentration of elements in the soil is shaped by various biotic, chemical and physical processes as well as
various inputs and outputs. The following factors can affect element concentrations in soil (Figure 2):

Sources/inputs

e Geogenic sources and other natural sources such as biogenic emissions, atmospheric deposition of dust and sand,
volcanic emissions, etc.

e Anthropogenic sources such as direct input to the soil (fertilisers, pesticides, legacy contamination, etc.), input
via surface run-off, seepage/groundwater (e.g. irrigation), atmospheric wet and dry deposition of anthropogenic
emissions over both short and long distances (industry, traffic, urban emissions, etc.).

Sinks/outputs

e Leaching with displacement to deeper soil layers / into groundwater, which depends on the elements’ speciation
in the soil as well as hydrological processes and other factors.

¢ Plant uptake with subsequent harvesting or consumption by animals, i.e. removal of plant material from its orig-
inal site. The extent to which plants absorb an element depends largely on plant-specific factors as well as on soil
properties (e.g. pH) and the speciation of the element. Other factors include the concentration and speciation of
other elements.

e Volatilisation due to the formation of volatile chemical compounds (e.g. antimony, arsenic, mercury and sulphur).
This sink is largely dependent on biological and chemical soil processes.

¢ Displacement due to erosion (e.g. surface run-off).

e Displacement by soil organisms (e.g. earthworms).

sinks/outputs, e.g.
plant uptake
volatilisation
surface runoff

sources/inputs, e.g.
direct inputs

atmospheric deposition
seepage water

soil solution
mineral phase
organic matter
microbial biomass
roots
soil organisms

sins/outputs, e.g. sources/inputs, e..

leaching weathering of
relocation parent material
erosion groundwater

Figure 2 | Diagram of topsoil showing sources/inputs and sinks/outputs of elements, and soil constituents influencing the retention of
elements through processes such as sorption, incorporation, chemical precipitation, etc. The origin of these sources/inputs may be geogenic
(e.g. parent material), biogenic (e.g. plant residues, excrement) or anthropogenic (e.g. fertilisers, pesticides, legacy contamination).
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Immobilisation/mobilisation

Factors affecting the retention of elements in the soil include sorption to the mineral phase, precipitation, and
sorption to and/or incorporation into soil organic matter (including plant and microbial biomass). These factors are
strongly dependent on biological, chemical and physical soil processes, and on the oxidation state and speciation
of the elements.

1.3 Geochemical atlases

Geochemistry aims to quantify the chemical composition of the Earth and identify and evaluate factors influencing
the distribution of individual elements (Goldschmidt & Muir, 1954; Reimann et al., 2014). This information is crucial to
understanding the behaviour of elements in the environment, and how they are distributed between and circulate
within the three compartments — atmosphere, hydrosphere and pedosphere.

Geochemical soil atlases depicting the spatial distribution of element concentrations in soil are consulted in order
to localise and evaluate potentially contaminated areas (toxic elements/toxic concentration levels) or areas with
deficits (essential/beneficial elements). Examples of such atlases include the Advanced Soil Geochemical Atlas of
England and Wales (Rawlins et al., 2012) and the geochemical and mineralogical maps for the soils of the United
States of America (Smith et al., 2014). In Europe, the geochemical composition of topsoil has been documented in
the ‘Geochemical Mapping of Agricultural and Grazing Land Soil, GEMAS' project (Reimann et al., 2014). The GEMAS
atlas includes maps showing the spatial distribution of element concentrations at 17 arable sites and 17 grassland
sites across Switzerland. This resolution is sufficient to depict Switzerland at European scale, but not to infer detailed
information about the spatial distribution of element concentrations within Switzerland.

1.4 Aim of the Geochemical Soil Atlas of Switzerland

This project aims to compile a Geochemical Soil Atlas of Switzerland depicting the status quo and spatial distribu-
tion of element concentrations in Switzerland'’s topsoils. The cantonal environmental protection agencies’ working
group on ‘Intervention levels and risk assessment’ (AGIR), the Swiss Federal Office for the Environment (FOEN)
as contracting authority, and the contractor jointly selected 20 elements for inclusion in the atlas: antimony (Sb),
arsenic (As), lead (Pb), cadmium (Cd), calcium (Ca), chromium (Cr), cobalt (Co), iron (Fe), copper (Cu), magnesium
(Mg), manganese (Mn), molybdenum (Mo), sodium (Na), nickel (Ni), mercury (Hg), sulphur (S), thallium (TI), uranium
(U), vanadium (V) and zinc (Zn). The following soil properties were also recorded: pH, total carbon, total nitrogen,
organic carbon, soil texture, calcium carbonate content and humus content.

The Geochemical Atlas is the first evaluation of soil analyses to cover the whole of Switzerland with a resolution of
around one sampling site per 35km2. As such, it provides an important basis for implementing soil-related measures.
The information obtained also enables further targeted regional or in-depth national investigations. The findings of
the Geochemical Soil Atlas represent a snapshot of element concentrations in Switzerland’s topsoil. The interpolated
maps serve to highlight regions with high or low concentrations. However, it is not possible to infer any plot-level
information or reliable conclusions about the geology, bioavailability, percentage distribution of geogenic and
anthropogenic sources, or soil contamination.
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2 Underlying data

The Geochemical Soil Atlas of Switzerland is based on data from three datasets. Each dataset is derived from top-
soil samples (0-20cm) which were dried and sieved (< 2mm). The soil samples from BDM (Biodiversity Monitoring
Switzerland) and NABO (the National Soil Monitoring Network) were digested with aqua regia to determine the
element concentrations. The UB dataset compiled and harmonised by Stanisic et al. (2021) of the University of Bern
contains measured values which were analysed by other chemical extraction methods in addition to aqua regia
digestion. Figure 3 shows the spatial distribution of the sampling sites. The three datasets are described in detail
in the following sections.

2.1 BDM dataset

Biodiversity Monitoring Switzerland (BDM) is one of the national programmes for long-term monitoring of biodiver-
sity in Switzerland (BAFU, 2020). The ‘Species diversity in habitats’ sampling network is one of BDM's three national
networks and includes regular surveys of vascular plants, mosses and molluscs on around 1450 sampling sites. Primary
land use (forest, settlement, arable land, grassland, alpine pastures and mountainous areas) and habitat type are
also recorded in accordance with Delarze et al. (2008). During field surveys for this BDM programme (indicator Z9),
soil samples for the BDM dataset were collected at 1238 sites in Switzerland between 2011 and 2015 at a depth of
0-20cm (Meuli et al., 2017). No soil samples could be taken from the remaining sites in the BDM sampling network
due to a lack of soil formation or sealing of the ground (roads, glaciers, lakes, etc.). The dataset was reduced to 1082
sites following the exclusion process (Chapter 3.1).

Sampling sites
NABO

BDM
UB_GEMAS
uB
UB_VBBo

0 10 20 Kilometers
Relief: DHM 25, swisstopo

Figure 3 | Distribution of sampling sites of Biodiversity Monitoring Switzerland (BDM, red, 1082 sites) and the National Soil Monitoring
Network (NABO, green, 102 sites) and distribution of sites compiled by Stanisic et al. (2021) from the University of Bern (UB) based on the
digestion method (Chapter 3.1). Dark blue indicates UB sites where soil samples were digested with aqua regia (279 sites), pale blue UB sites
where samples were analysed using the 2-M nitric acid extraction process in accordance with the Ordinance on Soil Pollution (VBBo) (3030
sites), and orange the European geochemical soil atlas sites (GEMAS, 17 sites).
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2.1.1 Sampling

Sampling was conducted on a 6km x4km grid covering the whole of Switzerland. Since the soil samples were tak-
en from BDM-Z9 indicator sampling sites which were not to be disturbed, two inner circles for recording plants
and molluscs and an outer circle with a radius of 3 to 3.5m for topsoil sampling were marked out on each site. On
the outer circle, four topsoil samples aligned with the four cardinal points were collected using a Humax impact
probe. The inside of the probe was lined with a plastic sleeve with a 4.8cm diameter. Where stones, roots or other
obstacles impeded the sampling process, the sampling site was moved clockwise within the outer circle by max.
2m. The litter layer was removed before sampling. The effective sampling depth was checked by inserting a ruler
in the borehole. The precise position of the sampling site, sampling depth, land use (Figure 4) and other remarks
were logged for each site.

2.1.2 Sample preparation and laboratory analysis

The soil samples were shipped by post in refrigerated transport, then weighed, dried at 40°C for 48h and sieved
(< 2mm). The soil samples were placed in plastic containers and stored in Agroscope’s soil sample archive together
with the sieving residues (gravel, stones and roots). The gravimetric water content, volumetric weight and bulk
density of the soil were calculated as per Schwab and Gubler (2016). The per cent proportion of sand, silt and clay
as well as the humus content were determined for at least one sample per site following the Agroscope KOF refer-
ence method (2020a). From each sample, an aliquot of 10g was suspended in 25ml of 0.01 M CaCl; solution for two
hours. Subsequently, the pH was measured in the suspension using a Mettler-Toledo meter in the calibration range
of pH 4 to 7. In addition, 0.5g of a milled subset (< 0.45mm) of each sample was packed in tinfoil and combusted
in a TruSpec CN (Leco) Dry Combustion Analyser at 950 °C to analyse the total carbon and nitrogen content. In soils
with pH < 6.5, the measured total carbon was considered equal to the organic carbon content. In soils with pH >
6.5, the total carbonate content was determined initially using hydrochloric acid according to the Agroscope CaCO3
reference method (2020b). The carbonate content was subtracted from the total carbon content to calculate the
organic carbon content in these soils (Gubler et al., 2018).

Figure 4 | Land-use types recorded at the BDM-Z9 indicator sites where soil samples were collected (sampling period 2011-2015).
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