NGU GEOLOGI FOR SAMFUNNET
GEOLOGY FOR SOCIETY

NGU Report 2012.051

The Eurogeosurveys geochemical
mapping of agricultural and grazing
land soils (GEMAS) - Third quality
control report




NGU Report 2012.051

The EuroGeoSurveys geochemical mapping of
agricultural and grazing land soils project
(GEMAS) - Evaluation of quality control results
of particle size estimation by MIR prediction,
Pb-isotope and MM I®-extraction analysis and
results of the GEMAS ring test for the standards
Ap and Gr









CONTENTS

1. INTRODUCTION. ...ttt ettt b ettt bbbt ne e 5
I R I T € Y NS I o] 0] 1= o RS SSE 6
2. IMETHODS ...ttt st b et e et e st et et et e te st beereaneene e 9
2.1 ANAIYEICAI MEINOUS ....c..eoiiiie bbb 9
2.1.1  Lead isotope ratioS (NGU) .....cccoviiieiieiieiieie e ie e 9
2.1.2  MMI® extraction (SGS, TOMONO).......o.oveveeeereeeeeeeeeeseseresseeeeeeeseeseeeseeeeeeeesee. 10
2.1.3  Grain size: clay, silt and sand via MIR prediction (CSIRO).........ccccccevvrrirnnnene 10
3 RESULTS bbbttt bbb bt 11
3.1 RandomiSed SAMPIES........ccieiieieiieie et 11
3.2 Trueness, Accuracy, Repeatability — the project standard............cccccvvvevviiereennnnn, 12
3.3 Precision — the projeCt dUPHCALES ........coveiiiiiiie e 19
3.3.1  Practical detection limit and preciSion eqUAtION ...........ccoceveereriieieeniesieseeias 22
3.4 Analysis of varianCe (ANOVA) ......oooi it 25
4. EXTRACTION POWER OF MMI® METHOD .......cooiviiieieeeeeeeeeeee e 29
5. RESULTS = SOME FIRST MAPS.......oot ittt st 31
6. TRUENESS OF GEMAS ANALYTICAL RESULTS - THE RING TEST .......ccccue.e. 33
7. CONCLUSIONS ... .ottt ettt e et e besbesbeereeneanes 38
ACKNOWLEDGEMENTS ..ottt sttt bbbt 39
REFERENGCES ... .ottt ettt sttt e e e s e s et et et e st s bentenneeneenean 41
APPENDIX 1. "Thompson and Howarth"-plots of MMI® replicate analyses from the Gr
7= 11 0] 1SS 46
APPENDIX 2. Results of the GEMAS ring test as supplied to the participating laboratories.
.................................................................................................................................................. 54

APPENDIX 3. Predicting particle size distribution in soils of the GEMAS sampling
programme using infrared spectroscopy and partial least squares regression..................... 112



1. INTRODUCTION

The introduction of rigorous error control procedures for regional geochemical
programmes in the U.S.A., Canada and U.K. in the 1970s is seen as one of the significant
milestones in the progress of exploration geochemistry (Miesch, 1964, 1967, 1973, 1976;
Garrett, 1969, 1973, 1983; Howarth and Lowestein, 1971; Bglviken and Sinding-Larsen,
1973; Plant et al., 1975; Thompson and Howarth, 1976, 1978, 1980; Howarth and Thompson,
1976; Garrett and Goss, 1978; Garrett et al., 1980; Fletcher, 1981, 1986; Plant and Slater,
1986; Reimann, 1989, 2005; Thompson and Maguire, 1993; Brandvold and McLemore,
1998). The procedures used are based on (1) the collection of a field duplicate sample at every
20" sample site, (2) randomising all samples prior to submitting them for analyses, (3) the
introduction of a control reference sample (project standard), unknown to, and unrecognisable
by, the laboratory at a rate of one standard per ten to thirty samples, and (4) the insertion of
analytical replicates or project samples at a rate of one in ten to twenty samples (e.g., Plant,
1973; Plant et al., 1975; Thompson and Howarth, 1978; Garrett et al., 1980; Fletcher, 1981;
Reimann, 1986, 1989; Reimann and Wurzer, 1986; Johnson, 2011). In combination, these
procedures allow the detection and evaluation of most quality problems that can occur during
sample analysis, and which may seriously affect the success of regional geochemical mapping
projects.

Although analytical quality has increased tremendously over the last twenty to thirty
years, and at the present time the majority of commercial laboratories are "accredited™ for the
analyses they carry out, there is still a need for independent and project related quality control
(QC). This important requirement is often neglected and the erroneous results are then
directly visible on the geochemical maps. For example, on the Ni map, presented by Rihling
and Steinnes (1998) for Europe, country borders (Portugal, The Netherlands), rather than the
true geochemical distribution patterns of the element, are visible. In a way, the regional
distribution, as displayed on the maps, is the "final" stage of the applied QC procedure in a
regional geochemical mapping project (Reimann, 2005; Reimann et al., 2008). "Noisy" maps
are either caused by a too low sample density or, more often, by poor quality data, i.e.,
insufficient quality control.

Only in the last few years it is possible to routinely analyse many samples for a variety of
isotope ratios reliably and fast on a high resolution (sector field) inductively coupled plasma
mass spectrometer (HR-1CP-MS) or a multi-collector ICP-MS. Although the lead isotope
ratios are often used in environmental sciences to establish contamination (for a recent review
see Komarek et al., 2008), their regional distribution at the Earth surface has never been
established so far. For this reason the Geological Survey of Norway decided to sponsor the
measurement of the lead isotope ratios in a HNO3 extraction for the GEMAS Ap samples. The
GEMAS project samples would provide a unique opportunity to measure other isotope
systems, and to document their background variation at the continental scale, but
unfortunately no other survey laboratory was willing to bear the cost involved. Note that Sr-
isotopes in the Gr samples are presently determined at a university laboratory.

Aqua regia extractable and total element concentrations, as determined by XRF, are the
backbone of the GEMAS project (see Reimann et al., 2009a, 2011, 2012). An aqua regia
extraction is still a very strong extraction and will not provide a realistic impression of the
bioavailable part of the total element pool in a soil sample. Many weak extractions have been
suggested to determine the bioavailable element concentrations in soil samples. Most are quite
element specific, they work only well for one or a small group of elements. A general
problem with weak extractions is the stability and comparability of the analytical results over
time. The project management was very happy when a commercial laboratory, SGS in
Toronto, offered to analyse free of charge the GEMAS samples using their weak extraction
method, called MMI® (mobile metal ions), which was especially developed for multi-element
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analysis. This provides the unique opportunity to map for the first time element
concentrations in a weak extraction at the continental scale.

Particle size determination by laser diffraction carried out by FUGRO (now KIWA) was
the only method that delivered results of unacceptable quality to the GEMAS project (see
Reimann et al., 2011). The amount of the clay fraction in soil samples is, however, of
importance in risk assessment for quite a few elements. Fortunately, mid-infrared spectra
(MIR) were reported for all elements. The clay, silt and sand fractions of a soil sample can be
quite reliably predicted, based on the MIR spectra if a suitable model for the soils at hand
exists. To build-up such a model for European agricultural soils, the particle size distribution
of more than 100 selected GEMAS soil samples was determined at the Bundesanstalt fir
Geowissenschaften und Rohstoffe (BGR) laboratory using the time consuming and costly
classical methods. These results were then used to build-up a model for the prediction of the
clay, silt and sand fraction in the GEMAS samples by CSIRO Land and Water in Australia
(Janik et al., 2011).

1.1 The GEMAS project

The administration of REACH (Registration, Evaluation and Authorisation of chemicals),
the new European Chemicals Regulation adopted in December 2006 (EC, 2006a, 2009), and
the pending EU Soil Protection Directive (Van Camp et al., 2004; EC, 2006b), require
additional knowledge about "soil quality” at the European scale. REACH specifies that
industry must prove that it can produce and use its substances safely. Risks, due to the
exposure to a substance during production and use at the local, regional and European scale,
all need to be assessed. In contrast to human-made organic substances that do not occur
naturally in the environment, all industries dealing with natural resources will face in the near
future a number of specific questions:

e Most of their "products” occur also naturally — the natural background variation needs
to be established, in addition to a methodology to differentiate the industrial impact
from the natural geogenic background.

e What is the "bioavailability” of metals and other chemical elements in soil?
e What is the long-term fate of metals and other chemical elements added to soil?

Geological Surveys have been documenting the natural geochemical background of
chemical elements in a variety of sample materials for more than 50 years. However, the
existing exposure data at the national and regional scale are often not comparable at the
European scale (different sampling strategies, different materials and equipment used for
sampling and sample preparation, different sample preparation protocols, different analytical
protocols, etc.), and are thus not able to provide a harmonised pan-European geochemical
"background” variation. A reference network is, therefore, needed, where local data can be
tied into continental (European) and, finally, global scale data (Darnley et al., 1995). The
EuroGeoSurveys Geochemical Atlas of Europe (FOREGS data set, Salminen et al., 2005; De
Vos, Tarvainen et al., 2006) has demonstrated that low-sample density geochemical mapping
can provide the required information about the geochemical background in natural soil,
stream water, stream and floodplain sediments. Harmonised geochemical data on agricultural
soil do only exist for ten countries in north-eastern Europe (Reimann et al., 2003), and data on
grazing land soil are completely missing.

Food production and quality depend largely on the physical and chemical properties of
agricultural and grazing land soil. It is widely neglected that on the continental scale the
natural variability of chemical elements in soil spans several orders of magnitude (Reimann et
al., 2003, 2009b; Salminen et al., 2005; De Vos, Tarvainen et al., 2006; or refer to the soil
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geochemical maps of the Geochemical Atlas of Europe at:
http://www.gtk.fi/publ/foregsatlas/). In agricultural sciences, the focus is on the major
nutrients in soil, while trace elements and, especially contaminants (e.g., metals), are widely
neglected. In environmental sciences today, much of the political attention is focussed on
"too high", toxic, element concentrations in soil. For a number of elements, maximum
admissible concentrations have been defined for agricultural soil or sewage sludge used as
fertiliser (EEC, 1996). By focussing on the rare toxic concentrations, it is not realised that
often "too low", deficient element concentrations, will have a more severe influence on plant
and animal productivity, and last but not least, human health. A sound documentation of
element concentrations and their variation in agricultural and grazing land soil at the pan-
European scale is, therefore, urgently needed, prior to taking political actions and before a
monitoring network at a spatially extensive and, thus, very expensive scale is established.
Such data, at the continental scale, are also desperately required in forensic chemistry. For
example, regional differences can be used to trace the origin of food — refer to URL.:
http://www.trace.eu.org/.

The GEMAS project will deliver good quality and comparable exposure data of metals in
agricultural and grazing land soil; soil properties known to influence the bioavailability and
toxicity of metals (and other elements) will also be determined in soil at the European scale.
Figures 1 and 2 show the sample coverage for agricultural soil (Ap-samples) and land under
permanent grass cover (grazing land, Gr-samples).

Figure 1. Sample locations for the agricultural soil (Ap-samples), EuroGeoSurveys GEMAS
project.
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Figure 2. Sample locations for the grazing land soil (Gr-samples), EuroGeoSurveys GEMAS
project.

It is often argued that local variation in soil types, agricultural practice and chemistry are
far too high to allow for their geochemical mapping at the European scale. However, two
recent projects of the European Geological Surveys have verified the opposite. The
EuroGeoSurveys Geochemical Atlas of Europe (Salminen et al., 2005; De Vos, Tarvainen et
al., 2006) demonstrates that low-sample density geochemical mapping (1 sample site / 5000
km?, c. 900 sample sites covering 4.500.000 km?) at the European scale is possible for a
variety of sample materials, including surface water, stream and floodplain sediments and soil
(surface and subsurface). It has revealed important information about large-scale differences
in the natural concentration, and variation, of chemical elements in the European surface
environment. The Baltic Soil Survey (BSS - Reimann et al., 2003) samples were collected at
a density twice as high as that used for the Geochemical Atlas of Europe (1 site / 2500 km?,
1.800.000 km?, ¢.750 sample sites in ten north-eastern European countries), and has revealed
that even for agricultural soil there are discernible patterns, and its geochemical mapping at
the European scale can and should be carried out.

An important part of the project is the establishment of a "soil sample archive” showing
the status of European agricultural and grazing land soil in the year of collection (2008). Such
an archive of samples at the European scale is invaluable in case of catastrophic events,
natural or human disasters, or if industry has to proof "natural conditions™ at a certain time in
the future. Then, these samples can be used to establish the European geochemical "datum®
existing at the end of 2008, using state-of-the-art analytical techniques of that particular
period, against which the new soil data can be compared.



Many Geological Surveys exist for more than 150 years, and they are one of the few
European organisations that can undertake a project at this scale, and to guarantee the long-
term storage and availability of such a sample archive. The Geochemical Atlas of Europe
project is an example (Salminen et al., 2005; De Vos, Tarvainen et al., 2006).

To achieve the aforementioned aims, the quality of all analytical results presented today
needs to be thoroughly documented. To claim that the data were produced in "accredited
laboratories" is just not sufficient.

2. METHODS

The GEMAS project is carried out by the Geochemistry Expert Group of
EuroGeoSurveys (EGS) in cooperation with Eurometaux and managed for EGS by the
Geological Survey of Norway (NGU). Each member Geological Survey of EGS (except the
Dutch Survey, TNO, and the Italian Survey) agreed in late 2007/early 2008 to collect the
samples needed for the GEMAS project in its country, according to a jointly agreed field
procedure (EGS, 2008). In a couple of countries non-EGS organisations joined the project to
facilitate mapping of all EU territory, including the new member States and the aspiring
countries. The Netherlands were covered by Alterra, and Italy by a group of University
professors. Eurometaux agreed to fund part of the analytical work in exchange for access to
the data as soon as these become available.

A field training course was organised in March 2008 in Berlin. At the field training
course, each country was provided with a pack containing field equipment for the project that
was purchased centrally for all participating countries (e.g., RILSAN sample bags — free from
contaminants, small cardboard cards for sample number, small zip-lock bags, strip-locks for
the sample bags, scale bar for "surface” photographs, permanent ink markers). Following the
field training course, a field manual for the project was published (EGS, 2008) and distributed
to all participating organisations.

Sampling took place during the summer and autumn of 2008, with some very last
samples arriving in early 2009. All samples were shipped to a central sample preparation
facility at the Geological Survey of Slovakia (State Geological Institute of Dionyz Stur). The
Geological Survey of Slovakia won a Europe-wide tender for sample preparation of the
GEMAS samples. All soil samples were air dried, sieved to <2 mm using a nylon screen,
homogenised and finally split into sub-samples. A total of 10 splits were prepared from each
soil sample, 4 splits of 200 ml each for storage, 2 splits of 100 ml and 4 splits of 50 ml each
for distribution to the laboratories carrying out the analytical work. The laboratory of the
Geological Survey of Slovakia, which has the necessary equipment, and a long experience in
the preparation and certification of international reference materials, did also prepare the two
project standards, Ap and Gr. Large amounts of the project standards are needed to monitor
the quality of analytical results. These standard samples should not be recognisable by the
receiving laboratory once spread among project samples.

After all GEMAS soil samples were received (no samples arrived from Albania, Belarus
and Romania), NGU prepared a list of random numbers for each sample set, allowing for the
insertion of one field duplicate, one analytical replicate of the field duplicate and the project
standard per batch of 20 samples.

2.1 Analytical methods

2.1.1 Lead isotope ratios (NGU)

All Pb isotope ratio measurements were carried out on a high resolution sector field
inductively coupled plasma mass spectrometer (HR-ICP-MS; ELEMENT 1, Finnigan MAT,
Bremen, Germany). A soil sample weight of 0.5 g was carefully stirred with 8 ml 7N HNOg3 in
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PTFE vessels on a Vortex Genie shaker before the samples were extracted under nitrogen
pressure at 250°C in an ultraclave (Milestone). During heating, the pressure increases from the
start pressure of 50 bar to approximately 120 bar. After cooling, the acid extracts were filtered
through Watman folded filters. All samples were diluted to Pb concentrations below 100 pg/L
and a HNO3-concentration of 5% (v/v) prior to HR-ICP-MS analysis. The common lead
isotope standard NIST SRM 981 was used to correct for instrumental mass discrimination.
The instrumental uncertainty in each measurement was between 0.003 and 0.0002 on the
ratio. The certified reference material Mess-3 (NRC, National Research Council Canada) was
prepared in the same way as the samples and used as a day-to-day control standard of both the
HR-1CP-MS analysis and the digestion. From these data, the reproducibility of the Pb isotope
ratio was estimated at 0.11% for 2°®Pb/?’Pb and 0.10% for °°Pb/?°’Pb.

2.1.2 MMI® extraction (SGS, Toronto)

Extracts were prepared using standard MMI® protocol; 50 g of sample was mixed with 50
mL of MMI-M solution and shaken for thirty minutes. They were allowed to stand overnight
before centrifuging for ten minutes at 8500 rpm, using a Sorvall Evolution RC (Thermo
Elemental Corporation). Extracts were analysed, using a NexlION 300D ICP-MS fitted with a
Universal Reaction Cell (Perkin EImer Corporation), by measuring against calibration
standards prepared in MMI matrix solution. Chromium, V and Se were measured in Dynamic
Reaction Cell mode using ammonia reaction gas to remove matrix interferences. Sulphur was
measured by ICP-OES (Optima 4300DV, Perkin Elmer Corporation) using matrix matched
standards. Laboratory internal quality control (QC) criteria included randomised duplicate
analysis every thirteen samples, plus blank and reference materials inserted after every 46
analyses. The acceptance criteria were based on a limiting repeatability of 20%, and a
detection limit of 2.5 x the reporting limit for each analyte.

2.1.3 Grain size: clay, silt and sand via MIR prediction (CSIRO)

The results for the particle size distribution, as analysed by laser diffractometry by KIWA
(former FUGRO), did not pass quality control (see 2" GEMAS QC report: Reimann et al.,
2011). It was, thus, necessary to find an alternative method to obtain at least reliable results
for the clay size fraction. Mid-infrared spectroscopy (MIR) spectra were recorded for all
GEMAS samples at CSIRO Land and Water in Adelaide, Australia. Multivariate regression
models based on MIR spectra can be used to predict a large variety of soil properties,
including clay, silt and sand concentrations, when accurate and robust models for the soils in
question exist. At the time when the 2" QC report was prepared there existed no model based
on European soils.

In the meantime, a model to predict the content of clay, silt and sand based on MIR
spectra and particle size reference data of the European soils from the GEMAS project was
constructed (Janik et al., 2011 — Appendix 3) . The predicted results for clay, silt and sand
using the European soils model were used for QC in this report. Details of the models are
presented in a separate CSIRO report (Janik et al., 2011 — Appendix 3) which also
summarises the lab-internal QC results. From the statistical measures of coefficient of
variation (R?) and the residual predictive deviation (RPD = standard deviation/root mean
square error), the authors concluded that the predictions of the clay fraction are of good
quality, while sand and silt are only of indicator quality. This report provides an independent
estimation of the quality, based on the hidden GEMAS QC samples in the data set, unknown
to CSIRO. Note that the predictions of clay, silt and sand by MIR is based on three different
models and that the results are independent from one another. They should, thus, not be
expected to sum up to 100% as they would do in a usual particle size determination. This is
also the reason that only the predictions for the clay size fraction are used in the presentations
of the final GEMAS project results.
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3. RESULTS

3.1 Randomised Samples

Samples are randomised for a variety of reasons. First of all, randomisation of samples
results in spreading analytical errors, which are unavoidable during analysis (e.g., slight time
trends or breaks), evenly over all samples and, thus, the whole survey area. It reduces the
chances that any time dependent errors in the laboratory, such as a slow drift from lower to
higher reporting levels, can create its own "false" patterns on geochemical maps. It also
allows to easily "hide" standards and replicates in a sample set submitted to the laboratory,
since all samples are given new numbers. If the samples are analysed in the exact sequence of
the random numbers (the laboratory must be told not to randomise the samples again upon
receiving them, because this is standard practice in many survey laboratories, though not
necessarily in commercial laboratories), it is of interest to plot analytical results versus sample
number. In such plots, a number of unwanted effects that can seriously disturb the analytical
results of some samples become visible, e.g., carry over or memory effects (high values
following the analysis of a highly anomalous sample) — the samples should display random
variation over the whole range. Such plots were prepared for all parameters. Figure 3 shows
four examples from the agricultural soil (Ap) samples. All plots showed the expected random
variation.
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Figure 3. Sample number (sequence of analysis) of the Ap samples plotted against MIR-
predicted clay content and analytical results for lead isotope (“°*Pb/?°’Pb) ratios and

analytical results from the MMI® extraction.
Randomisation of all samples requires that all project samples are received and prepared

by the sample preparation laboratory first before submitting them for analysis. Because this
can take time, especially in large international cooperation projects, the temptation is strong
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not to randomise all samples, but rather submit a number of large batches, or even to start
analyses by randomising the samples from a single country only. Based on the experience
from several large geochemical mapping projects (Reimann et al., 1998, 2003; Salminen et
al., 2005), the authors strongly advise to exercise patience until all samples are collected and
prepared, and to randomise all project samples before sending them to the analytical
laboratory. Getting a head start always caused problems with comparability of analytical
batches later on, and subsequently a lot of extra work to validate the analytical results is
required.

3.2 Trueness, Accuracy, Repeatability — the project standard

The project standard is used to monitor accuracy. Accuracy is essentially the absence of
bias. However, analytical results can be highly accurate without reflecting the "true™
concentration value of a chemical element. To obtain an impression of "trueness" one or
better several certified reference materials have to be analysed together with project samples.
A disadvantage of using certified reference materials is that they are expensive and easy to
detect by the laboratory. Furthermore, they may have been used to calibrate the method and
will then not be able to deliver an objective impression of trueness for the project samples.
For the GEMAS project about 20 different laboratories analysed the two project standards Ap
and Gr using a variety of analytical techniques and the results are published in a separate
report (see Appendix 2). Trueness is thus established via the bias observed for the project
standards (Chapter 6 in this report).

The project standards Ap and Gr also underwent a test for homogeneity according to
1ISO13528 (2005). All elements investigated passed the test for homogeneity (Dr. Pavol
Lucivjansky, 2009; pers.com.)

For lead isotope determinations and the prediction of clay, silt and sand, based on the
MIR spectra, the project standards Ap and Gr were inserted at an average rate of one in
twenty at a random position in each batch of 20 samples before the soil samples were
submitted to the laboratory. Project standard Ap was analysed 124 times, and standard Gr 118
times. Due to a misunderstanding, the GEMAS Ap samples for the MMI® extraction were
delivered to the laboratory without the standard samples inserted; the samples reached the lab
with only two international project standards, MRIS2 (4x) and SONE-1 (5x), inserted. The
laboratory inserted its own internal standards MMI16 (35x) and MMI18 (32x) and X-charts
could only be prepared for these internal laboratory standards (not shown here but discussed
with the laboratory).

Table 1. Statistical results (mean, minimum (Min) and maximum (Max) concentration,
standard deviation (StDev) and coefficient of variation (CV %)) for the MIR-predicted results
of the clay, silt and sand fraction and for the lead isotope ratios as analysed by HR-ICP-MS

for the project standards Ap and Gr.
Parameter Method Unit GEMAS Ap (N=124) GEMAS Gr (N=118)
Min | Mean | Max | StDev | CV% | Min |Mean| Max | StDev | CV%
sand MIR % 20 26 45 3.36 13 | 31 | 41 | 78 | 575 | 14
silt MIR % 29 49 56 4.27 9 19 | 34 | 60 | 442 | 13
clay MIR % 22 28 32 1.16 4 1 | 21| 25 | 325 | 15
27Pp/*®pp | HR-ICP-MS 0.401 | 0.403 | 0.406 | 0.00064 | 0.16
208pp?°phy | HR-ICP-MS 2.042 | 2.064 | 2.074 | 0.00483 | 0.23 not determined
2%pp?®’Ph | HR-ICP-MS 1.195 | 1.201 | 1.221 | 0.00248 | 0.21
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Table 1 summarises the analytical results for the GEMAS standards Ap and Gr for clay,
sand and silt fractions, and the results for the Ap standard only for the lead isotopes. For MIR
predictions and the lead isotope ratios, average repeatability of all elements, calculated for the
standard results, is also provided and can be used to obtain a first impression of precision at
the concentration in the standards (see above).

Table 2A and B summarise the results of the two SGS MMI® in-house standards MMI16
and MMI18, which were analysed routinely within the GEMAS Ap samples, and their
reference values are also provided for comparison.

Table 2A. Analytical programme covered by the MMI® extraction and the laboratory
detection limits (LDL), reference values of the in-house standard MMI16, and statistical
results (mean, minimum (Min) and maximum (Max) concentration, standard deviation
(StDev) and coefficient of variation (CV %)) for the SGS in-house standard MMI16 routinely
analysed with the GEMAS Ap samples. Notation: NA — not available.

Element | LDL MMI16 GEMAS MMI16 (N=35) RESULTS
Reference )
values Min Mean Max StDev | CV

mg/kg mg/kg mg/kg | mg/kg | mg/kg | mg/kg | %
Ag 0.001 0.0180 0.0150 | 0.0189 | 0.0240 | 0.0017 | 9
Al 1 41.8 31.0 42.4 54.0 4.56 11
As 0.01 0.0130 <0.01 | 0.0149 | 0.0200 | 0.0056 | 38
Au 0.0001 | 0.0260 0.0202 | 0.0269 | 0.0370 | 0.0021
Ba 0.01 0.0580 0.0600 | 0.0694 | 0.0900 | 0.0054
Bi 0.001 NA All values below DL
Ca 10 212 180 233 280 19.5 8
Cd 0.001 0.0040 0.0040 | 0.0045 | 0.0050 | 0.0005 | 11
Ce 0.005 0.0165 0.0110 | 0.0168 | 0.0260 | 0.0025 | 15
Co 0.005 0.0540 0.0420 | 0.0578 | 0.0710 | 0.0067 | 12
Cr 0.001 0.0500 0.0340 | 0.0475 | 0.0860 | 0.0070 | 15
Cs 0.0005 | 0.0110 0.0101 | 0.0116 | 0.0140 | 0.0010 | 8
Cu 0.01 0.6240 0.4900 | 0.6629 | 0.8900 | 0.0757 | 11
Dy 0.001 0.0023 <0.001 | 0.0023 | 0.0030 | 0.0005 | 22
Er 0.0005 | 0.0009 <0.0005 | 0.0009 | 0.0012 | 0.0002 | 18
Eu 0.0005 | 0.0010 <0.0005 | 0.0010 | 0.0015 | 0.0002 | 18
Fe 1 2.50 <0.001 2.67 4.00 | 05078 | 19
Ga 0.001 0.0004 All values below DL
Gd 0.001 0.0040 0.0030 | 0.0041 | 0.0060 | 0.0006 | 14
Hg 0.001 0.0160 0.0090 | 0.0176 | 0.0270 | 0.0032 | 18
In 0.0005 NA All values below DL
K 0.1 39.0 33.0 38.6 50.0 2.68 7
La 0.001 0.0040 0.0020 | 0.0040 | 0.0060 | 0.0007 | 17
Li 0.005 0.0020 All values below DL
Mg 1 30.0 26.0 34.9 44.0 4.30 12
Mn 0.01 0.0900 0.0400 | 0.1214 | 0.2400 | 0.0274 | 23
Mo 0.005 0.0450 0.0330 | 0.0489 | 0.0760 | 0.0076 | 16
Nb 0.0005 NA All values below DL
Nd 0.001 0.0145 0.0100 | 0.0148 | 0.0210 | 0.0020 | 14
Ni 0.005 0.2310 0.1520 | 0.2357 | 0.3740 | 0.0369 | 16

13



Element | LDL MMI16 GEMAS MMI16 (N=35) RESULTS
Reference )
values Min Mean Max StDev | CV
mg/kg mg/kg mg/kg | mg/kg | mg/kg | mg/kg | %
P 0.1 0.2000 <0.1 0.2529 | 0.4000 | 0.0710 | 28
Pb 0.01 0.0880 0.0500 | 0.0934 | 0.1400 | 0.0188 | 20
Pd 0.001 0.0240 0.0190 | 0.0247 | 0.0310 | 0.0022 | 9
Pr 0.001 0.0020 <0.001 | 0.0025 | 0.0040 | 0.0006 | 23
Pt 0.001 NA All values below DL
Rb 0.005 0.2970 0.2850 | 0.3242 | 0.4160 | 0.0210
S 0.5 37.0 29.8 37.3 45.0 2.50
Sh 0.001 0.0005 <0.001 | 0.0005 | 0.0020 | 0.0001 | 15
Sc 0.005 0.0070 <0.005 | 0.0090 | 0.0150 | 0.0018 | 20
Se 0.01 0.0000 0.0050 | 0.0106 | 0.0200 | 0.0047 | 44
Sm 0.001 0.0040 0.0030 | 0.0045 | 0.0060 | 0.0007 | 16
Sn 0.001 NA All values below DL
st | 001 | 04650 0.4300 | 0.5006 | 0.6200 | 0.0366 | 7
Ta 0.001 NA All values below DL
Th 0.001 0.0005 All values below DL
Te 0.01 NA All values below DL
Th 0.0005 | 0.0210 0.0140 | 0.0203 | 0.0290 | 0.0024 | 12
Ti 0.003 0.0090 <0.003 | 0.0042 | 0.0110 | 0.0020 | 47
TI 0.0005 NA All values below DL
U 0.001 0.0450 0.0350 | 0.0477 | 0.0620 | 0.0059 | 12
\Y 0.001 0.0900 0.0400 | 0.0772 | 0.1250 | 0.0232 | 30
w 0.001 NA All values below DL
Y | 0005 | 0.0090 0.0060 | 0.0095 | 0.0130 | 0.0015 | 15
Yb 0.001 0.0007 All values below DL
Zn 0.02 0.2330 0.2000 | 0.2829 | 0.6100 | 0.0441 | 16
Zr 0.005 0.0140 <0.005 | 0.0164 | 0.0230 | 0.0023 | 14

14




Table 2B. Analytical programme covered by the MMI® extraction and the laboratory
detection limits (LDL), reference values of the in-house standard MMI18, and statistical
results (mean, minimum (Min) and maximum (Max) concentration, standard deviation
(StDev) and coefficient of variation (CV %)) for the SGS in-house standard MMI18 routinely
analysed with the GEMAS Ap samples. Notation: NA — not available.

Element | LDL MMI18 GEMAS MMI18 (N=32) RESULTS
Reference
values Min Mean | Max | StDev | CV
mg/kg mg/kg mg/kg | mg/kg | mg/kg | mg/kg | %
Ag 0.001 0.0213 0.0240 | 0.0282 | 0.0340 | 0.0021 | 7
Al 1 28.1 20.0 28.7 39.0 2.72 9
As 0.01 0.0123 <0.01 | 0.0131 | 0.0200 | 0.0045 | 34
Au 0.0001 | 0.0079 0.0090 | 0.0104 | 0.0130 | 0.0006 | 6
Ba 0.01 0.1602 0.1300 | 0.1616 | 0.2200 | 0.0152
Bi 0.001 NA All values below DL
Ca 10 169 190 213 250 14.1
Cd 0.001 0.0747 0.0890 | 0.1006 | 0.1160 | 0.0050 | 5
Ce 0.005 0.0214 0.0200 | 0.0262 | 0.0380 | 0.0031 | 12
Co 0.005 0.0673 0.0620 | 0.0834 | 0.1070 | 0.0085 | 10
Cr 0.001 0.0305 0.0210 | 0.0318 | 0.0510 | 0.0051 | 16
Cs 0.0005 NA 0.0059 | 0.0067 | 0.0077 | 0.0004 | 6
Cu 0.01 0.7732 0.7400 | 0.9316 | 1.26 | 0.0954 | 10
Dy 0.001 0.0037 <0.001 | 0.0034 | 0.0050 | 0.0008 | 24
Er 0.0005 | 0.0016 <0.0005 | 0.0014 | 0.0020 | 0.0002 | 16
Eu 0.0005 | 0.0012 <0.0005 | 0.0012 | 0.0016 | 0.0002 | 18
Fe 1 2.86 <1 3.81 5.00 | 0.5830 | 15
Ga 0.001 NA All values below DL
Gd 0.001 0.0059 0.0040 | 0.0056 | 0.0080 | 0.0009 | 16
Hg 0.001 NA 0.0040 | 0.0075 | 0.0420 | 0.0025 | 34
In 0.0005 NA All values below DL
K 0.1 NA 26.0 30.3 36.0 1.87 6
La 0.001 0.0065 0.0060 | 0.0077 | 0.0120 | 0.0010 | 13
Li 0.005 NA All values below DL
Mg 1 86.5 88.0 103 121 6.59 6
Mn 0.01 NA 0.4100 | 0.6942 | 0.9100 | 0.0762 | 11
Mo 0.005 0.0328 0.0260 | 0.0351 | 0.0490 | 0.0043 | 12
Nb 0.0005 0.0001 All values below DL
Nd 0.001 0.0176 0.0140 | 0.0203 | 0.0290 | 0.0030 | 15
Ni 0.005 0.5068 0.4540 | 0.5695 | 0.7610 | 0.0514 | 9
P 0.1 NA 0.4000 | 0.7290 | 1.0000 | 0.1420 | 20
Pb 0.01 0.3003 0.2200 | 0.3252 | 0.4400 | 0.0531 | 16
Pd 0.001 0.0129 0.0130 | 0.0164 | 0.0210 | 0.0014 | 8
Pr 0.001 0.0034 <0.001 | 0.0036 | 0.0050 | 0.0008 | 22
Pt 0.001 0.0060 0.0050 | 0.0068 | 0.0090 | 0.0007 | 11
Rb 0.005 0.1565 0.1510 | 0.1693 | 0.1930 | 0.0087 | 5
S 0.5 50.0 46.0 545 68.0 3.90
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Element | LDL MMI18 GEMAS MMI18 (N=32) RESULTS
Reference
values Min Mean | Max | StDev | CV
mg/kg mg/kg mg/kg | mg/kg | mg/kg | mg/kg | %
Sh 0.001 0.0002 <0.001 | <0.001 | 0.0020 | 0.0001 | 17
Sc 0.005 0.0033 <0.005 | <0.005 | 0.0120 | 0.0017 | 40
Se 0.01 NA <0.01 | <0.01 | 0.0200 | 0.0036 | 48
Sm 0.001 0.0052 0.0040 | 0.0054 | 0.0070 | 0.0008 | 15
Sn 0.001 0.0002 All values below DL
st | oo1 | 107 111 | 124 | 143 [0.0695 | 6
Ta 0.001 NA All values below DL
Th 0.001 0.0008 All values below DL
Te 0.01 NA All values below DL
Th 0.0005 | 0.0200 0.0150 | 0.0200 | 0.0260 | 0.0023 | 12
Ti 0.003 0.0063 <0.003 | 0.0083 | 0.0250 | 0.0041 | 49
TI 0.0005 | 0.0002 All values below DL
U 0.001 0.0271 0.0180 | 0.0267 | 0.0390 | 0.0038 | 14
\% 0.001 0.0800 0.0270 | 0.0627 | 0.1230 | 0.0225 | 36
w 0.001 0.0002 All values below DL
Y 0.005 0.0203 0.0025 | 0.0215 | 0.0300 | 0.0037 | 17
Yb 0.001 0.0009 <0.001 | <0.001 | 0.0010 | 0.0002 | 32
Zn 0.02 0.6618 0.7700 | 0.9016 | 1.12 | 0.0601 | 7
Zr 0.005 0.0266 0.0220 | 0.0302 | 0.0400 | 0.0035 | 12

Table 3 shows the statistical results for the two international project standards SONE-1
and MRIS2. MRIS2 has also been analysed in the Australian National Geochemical Survey
Programme (NGSA — Caritat and Cooper, 2011) in an MMI® extraction and thus values for
comparison are provided, otherwise these data are given here as reference for future projects.

Table 3. Median values for the two international project standards SONE-1 and MRIS2 in the
MMI® extraction. For MRIS2, results are also provided from the national geochemical survey

of Australia (NGSA — Caritat and Cooper, 2011).

Element | LDL GEMAS NGSA Element LDL GEMAS NGSA
PROJECT PROJECT PROJECT PROJECT
RESULTS RESULTS RESULTS RESULTS
MEDIAN MEDIAN MEDIAN MEDIAN
SoNE-1 | MRIS2 | MRIS2 SoNE-1 | MRIS2 MRIS2
(N=4) | (N=5) (N=16) (N=4) | (N=5) (N=16)
mg/kg | mg/kg | mg/kg mg/Kkg mg/kg | mg/kg | mg/kg mg/Kg
Ag 0.001 | 0.04250 |0.00200| 0.00700 Nd 0.001 | 0.4050 | 0.3660 0.5395
Al 1 81.5 55.0 16.0 Ni 0.005 2.70 4.38 3.75
As 0.01 0.0200 | 0.0200 0.0100 P 0.1 3.30 6.00 3.40
Au 0.0001 | 0.0007 | 0.0004 0.0003 Pb 0.01 0.2750 | 0.0300 0.0200
Ba 0.01 15.1 2.58 1.20 Pd 0.001 | <0.001 | <0.001 <0.001
Bi 0.001 | <0.001 | <0.001 <0.001 Pr 0.001 | 0.0800 | 0.0770 0.1160
Ca 10 1175 590 500 Pt 0.001 | <0.001 | <0.001 <0.001
Cd 0.001 | 0.1795 | 0.0160 0.0180 Rb 0.005 | 0.2675 | 0.2750 0.0784
Ce 0.005 | 0.2745 | 0.4750 0.6125 S 0.5 35.3 35.6 N/A
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Element | LDL GEMAS NGSA Element LDL GEMAS NGSA
PROJECT PROJECT PROJECT PROJECT
RESULTS RESULTS RESULTS RESULTS
MEDIAN MEDIAN MEDIAN MEDIAN
SoNE-1 | MRIS2 | MRIS2 SoNE-1 | MRIS2 MRIS2
(N=4) | (N=5) (N=16) (N=4) | (N=5) (N=16)
mg/kg | mg/kg | mg/kg mg/kg mg/kg | mg/kg | mg/kg mg/kg
Co 0.005 1.080 | 1.490 0.286 Sh 0.001 | 0.0055 | 0.0010 <0.001
Cr 0.001 | 0.1330 | 0.4400 0.0575 Sc 0.005 | 0.0255 | 0.0640 0.0200
Cs 0.0005 | 0.0020 | 0.0016 0.0047 Se 0.01 0.0200 | <0.01 0.0095
Cu 0.01 2.01 2.61 0.8600 Sm 0.001 | 0.0985 | 0.0870 0.1220
Dy 0.001 | 0.1025 | 0.0860 0.1115 Sn 0.001 | <0.001 | <0.001 <0.001
Er 0.0005 | 0.0643 | 0.0613 0.0630 Sr 0.01 6.96 3.18 2.37
Eu 0.0005 | 0.0246 | 0.0193 0.0263 Ta 0.001 | <0.001 | <0.001 <0.001
Fe 1 19.0 101 27.0 Th 0.001 | 0.0160 | 0.0140 0.0210
Ga 0.001 | 0.0020 | 0.0020 0.0330 Te 0.01 <0.01 <0.01 <0.01
Gd 0.001 | 0.1180 | 0.0940 0.1315 Th 0.0005 | 0.1043 | 0.1100 0.1355
Hg 0.001 | <0.001 | <0.001 <0.001 Ti 0.003 | 0.0415 | 0.0610 0.0265
In 0.0005 | <0.0005 |<0.0005 N/A Tl 0.0005 | 0.0014 | <0.0005| <0.0005
K 0.1 211 153 48.5 u 0.001 | 0.3075 | 0.6550 0.5115
La 0.001 | 0.1990 | 0.1930 0.2690 \% 0.001 | 0.0345 | 0.0650 0.0155
Li 0.005 | 0.0915 | 0.0140 0.0095 w 0.001 | <0.001 | 0.0010 <0.001
Mg 1 250 264 248 Y 0.005 | 0.4775 | 0.5620 0.6455
Mn 0.01 52.9 101 22.3 Yb 0.001 | 0.0575 | 0.0570 0.0490
Mo 0.005 | 0.0160 | 0.0220 <0.005 Zn 0.02 0.7000 | 0.6900 1.0350
Nb 0.0005 | 0.0009 | 0.0009 | <0.0005 Zr 0.005 | 0.1335 | 0.0740 0.0440

In addition, X-Charts were plotted for clay, silt, sand and the lead isotope results, where
element concentration is plotted against sample number. For the MMI® results, these plots
were prepared based on the laboratories in-house standards. These plots allow the immediate
detection of deviations in the analytical results for the standard samples: time trends, breaks
between batches and outliers. Usually the mean and multiples of the standard deviation are
shown in these X-Charts. Nevertheless, X-Charts are plotted, because one expects deviations,
time trends, breaks in the data or data outliers, and it is thus questionable whether classical
statistics are the best measure for central value and variation. Herein, instead of the mean, the
median is plotted, and instead of plotting multiples of the standard deviation it was decided to
plot limits for 10 and 20% precision, and to identify all samples that are beyond 30%
precision by sample numbers. Furthermore, a loess regression line (see Reimann et al., 2008)
was added to facilitate the detection of time trends and/or breaks. Some serious outliers (>+/-
30%) needed to be followed up and resulted in the reanalysis of some samples. They were
usually caused by a sample mix-up within an analytical batch.
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Figure 4A. X-Charts for the project standards Ap and Gr, for the prediction of the sand, silt
and clay fraction. Sample number (ID) is plotted against analytical result for the standard.
The thick black line indicates the median value of all standard results, the dashed line is the
limit for 10%, and the dotted line for 20% deviation from the median. Standard results that
show a larger deviation than 30% from the median are indicated by sample number. The
trend line is a loess regression line for the standard results and would help to identify time

trends or breaks in the data.
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Figure 4B. X-Charts for the project standard Ap for the determination of Pb-isotope ratios
by HR-ICP-MS. Sample number (ID) is plotted against analytical result for the standard. The
thick black line indicates the median value of all standard results, no dashed or dotted lines
are shown here because precision is much better than 10%. The trend line is a loess
regression line for the standard results.

3.3 Precision — the project duplicates

Precision is the closeness of agreement between independent test results obtained under
stipulated conditions. It depends only on the distribution of random errors and does not relate
to the "true" concentration value of a chemical element. Precision is normally expressed in
terms of imprecision and estimated through the standard deviation of the test results. The
precision is usually adjusted for the mean and expressed as the coefficient of variation (CV) in
per cent (see Massart et al., 1988). A low standard deviation indicates a high precision. The
values reported herein refer to repeatability conditions, where independent test results were
obtained using the same method on identical test items (i.e., samples) in the same laboratory
using the same extraction and the same equipment over a short time span. Repeatability
conditions involve the repeated execution of the entire method from the point at which the
material reaches the laboratory, and not just repeat instrumental determinations on already
prepared extracts. The latter, give impressive estimates of precision, but have no relevance to
the precision achieved when real samples are analysed in the laboratory, since it does not take
into account the natural inhomogeneity of the sample material, which is an important source
of variability.

Precision is routinely estimated by the insertion of replicates of real project samples. For
the GEMAS project an analytical replicate was prepared from each field duplicate and always
inserted in position 20" (20, 40, 60...) for the field duplicate that was among the preceding 18
real samples (18 + 1 standard). Precision can then be calculated for each replicate pair at the
different concentration ranges that the replicates cover, while the project standard can only
provide an impression of precision for each chemical element at the concentration in the
standard. For obtaining an overview it is, of course, desirable to calculate the overall precision
for the project from these replicates. Thus, once all replicates were retrieved from the
analytical results for each pair the squared difference was calculated. The sum of these values
divided by the number of samples is a measure of variability. To obtain the standard deviation
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the square root of this variability measure is taken. The resulting estimate of precision, as
shown in Table 4 as “Precisionl1”, corresponds to a CV value, because the standard deviation
is divided by the overall mean of the samples. To obtain a rapid overview of "quality” of the
analysis for the different elements, it can be advantageous to sort the table according to
precision, and not alphabetically with respect to the elements.

This method of calculating "overall precision™ does not take into account that precision
will usually change with concentration (for an example see Fig. 2-5, p.32, in Fletcher, 1981,
or Fig. 1-3 in Fauth et al., 1985). Reimann and Wurzer (1986) introduced a method that can
take care of this feature and express precision for different concentration ranges. It requires,
however, a rather large number of replicates to be analysed, and the replicates to be well
spread over the whole concentration range. Thus, quite different estimates of precision can be
calculated for different concentration ranges. Precision is usually poor very near to the
detection limit, and it becomes better with increasing concentrations until the analytical
instrument’s optimal measuring range is reached, and decreases again towards high
concentrations until the upper limit of detection is reached. The upper detection limit (UDL)
has usually no significance in regional geochemistry, but can become important when ore
samples or strongly contaminated samples are analysed. Note that for the MMI® extraction
results above the UDL were reported for Al and Mg.

"Thompson and Howarth plots™ (Thompson and Howarth, 1978) are a graphical way of
representing the results of replicate-pair analyses. The mean of each replicate pair is plotted
against the absolute difference between the two analyses. In these plots, lines can be drawn
for any predefined precision level (e.g., 10% and/or 20%) and percentile (e.g., 90" or 99™),
and the overall quality of the replicate analyses at different concentration ranges can be
grasped at a glance. Pairs that deviate from the general trend should be identified. Batches
where both, the project standard and the replicate pair, deviate will need to be re-analysed.
Figure 5A shows these plots for the predicted particle size fractions, and Figure 5B for the Pb
isotope ratios. All plots for the elements analysed in the MMI® extraction for the Ap samples
are shown in Appendix 1.
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Figure 5A. "Thompson and Howarth"-plots of replicate predictions of the clay, sand and silt
fractions based on the measured MIR spectra. The mean of the replicate pairs is plotted along
the x-axis, the absolute difference of the two results along the y-axis. 10 % precision is
indicated by the stippled line, 20% precision by the continuous line. Pairs with poor precision
can easily be identified and compared to the results from the project standard within the same

batch of 20 samples.
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Figure 5B. "Thompson and Howarth"-plots of replicate analyses of the Pb-isotopes by HR-
ICP-MS. The mean of the replicate pairs is plotted along the x-axis, the absolute difference of
the two results along the y-axis. 10 % precision is indicated by the stippled line, 20%
precision by the continuous line. Pairs with poor precision can easily be identified by plotting
to the left and above the precision lines in the plot. The plots here highlight the excellent
precision of the Pb isotope ratio determinations.

As already visible in Tables 1 and 4, the plots indicate that there exist a number of
parameters where precision is rather poor. Results for these parameters may hold a certain
information value, they will, however, not be used for mapping in the planned geochemical
atlas. Single duplicate pairs with large deviations for parameters that showed otherwise a
good precision were followed up by re-analyses of selected batches of samples or some single
samples, and such deviations could usually be sorted out before accepting the data for the
final file.

3.3.1 Practical detection limit and precision equation

There exist a number of definitions for the "detection limit" in literature. In pure
analytical chemistry the detection limit is the lowest quantity of a substance that can be
distinguished from the absence of that substance (a blank value) within a stated confidence
limit. This "theoretical” detection limit, which is valid when analysing a pure substance, is of
little interest when analysing geological materials with a very complex matrix. Here the
"practical” detection limit (Thompson and Howarth, 1978; Reimann and Wurzer, 1986) is in
fact of relevance, the value where the precision of replicate analyses gets better than +100%.
Nowadays, respectable commercial laboratories in the geosciences will quote such "practical
detection limits", valid for the sample type for which the analytical services are requested, for
their analytical packages, and not the often much lower and very impressive "theoretical
detection limits as provided, for example, by many instrument manufacturers.

Based on the results of replicate analyses, it is possible to estimate the "practical”
detection limit, the detection limit valid for the GEMAS project samples, including extraction,
and the precision equation for estimating precision at any concentration (Thompson and
Howarth, 1978; Reimann and Wurzer, 1986; Demetriades and Karamanos, 2003;
Demetriades, 2009, 2011). For this purpose it is necessary that the laboratory reports all
instrument readings without any rounding or cut-off at the laboratories pre-determined
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detection limits, and even sub-zero measurements must be recorded and submitted. Reporting
all values in this format was part of the analytical contracts for the GEMAS project (e.g., aqua
regia extraction). However, for the MMI® results this was not possible, and the results are
limited by the laboratory detection limit. In this case, the practical detection limit verifies the
laboratory detection limit, and it also shows the possibility for an even lower detection limit
for most elements, if the laboratory provided the results without rounding at their respective
limits (Table 4).

The modified Thompson and Howarth (1978) method includes the estimation of
regression line coefficients by the “"reduced major axis line" procedure (Demetriades and
Karamanos, 2003; Demetriades, 2009, 2011), referred to as the "unique line of organic
correlation™ or "isogonic growth line" (Kermack and Haldane, 1950; Till, 1974). The
optimum regression line coefficients are, therefore, extracted for the calculation of practical
detection limit and precision equation at the 95% confidence level. The "practical detection
limit" and precision equation were estimated for the GEMAS project agricultural soil field
duplicates and are tabulated in Table 4. "Precision 2" in Table 4 provides the overall precision
of each determinand (element) at the point where the parabolic curve of precision versus
concentration reaches the asymptote (or plateau) and stabilises. Precision 1, in contrast is the
"classical" computation of precision adjusted for the mean and expressed as the coefficient of
variation (CV) in per cent (see, e.g., Massard, 1988; Reimann et al., 2008).

Table 4 also shows the detection limits, as provided by the laboratory, and the practical
detection limits (PDLs), as estimated using the GEMAS replicate results by the modified
method of Thompson and Howarth (1986 - Demetriades and Karamanos, 2003; Demetriades,
2009, 2011). In addition, precision and the practical detection limit was estimated on the
analytical replicates of GEMAS samples, which were analysed independently by the SGS
laboratory, as part of its internal control. The estimated practical detection limits are in many
cases considerably lower than those quoted by the laboratory. The few exceptions are usually
for elements (e.g., Fe, K, Mg) where the project samples returned high values, because there
were no replicate pairs close to the detection limit.

Table 4. The laboratories MMI® "official" detection limits and practical detection limits
calculated from the GEMAS project field duplicate-replicate samples, and SGS replicated
analysis of GEMAS samples, using a modified version of Thompson and Howarth (1978).
Precision (PREC) as calculated for the replicate results using two different methods (1: as
described in Reimann et al., 2008; 2: as described by Demetriades and Karamanos, 2003;
Demetriades, 2009, 2011). Precision in %, for method 2 at the 95% confidence level.

Element | Unit | LDL GEMAS Ap samples
GEMAS Field duplicates SGS Analytical replicates
PDL PREC 1 PREC 2 PDL PREC1 |PREC?2
Ag mg/kg | 0.001 0.00007 13 9 0.0007 7 4
Al mg/kg 1 0.459 12 10 0.462 9 5
As mg/kg | 0.01 0.011 18 51 0.003 16 23
Au mg/kg | 0.0001 0.00002 20 28 0.00002 21 23
Ba mg/kg | 0.01 0.033 17 5 0.009 9 8
Bi mg/kg | 0.001 * 33 * * 10 *
Ca mg/kg 10 6.56 8 5 4.68 4 5
Cd mg/kg | 0.001 0.00001 7 8 0.0004 5 7
Ce mg/kg | 0.005 0.005 46 8 0.007 10 5
Co mg/kg | 0.005 0.023 16 22 0.020 15 23
Cr mg/kg | 0.001 0.002 18 11 0.004 9 7
Cs mg/kg | 0.0005 | 0.000003 24 9 0.00003 10 4
Cu mg/kg | 0.01 0.015 18 7 0.005 5 6
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Element | Unit | LDL GEMAS Ap samples
GEMAS Field duplicates SGS Analytical replicates
PDL PREC 1 PREC 2 PDL PREC1 |PREC?2
Dy mg/kg | 0.001 0.001 62 8 0.001 9 5
Er mg/kg | 0.0005 0.0007 63 9 0.0005 8 6
Eu mg/kg | 0.0005 0.00001 39 10 0.00029 9 5
Fe mg/kg 1 9.16 18 9 1.16 6 5
Ga mg/kg | 0.001 0.00007 22 27 0.00005 16 14
Gd mg/kg | 0.001 0.0008 51 6 0.0019 8 6
Hg mg/kg | 0.001 * 28 * 0.0007 64 55
In mg/kg | 0.0005 * 7 * * 9 *
K mg/kg | 0.1 0.220 5 6 0.548 3 5
La mg/kg | 0.001 0.003 54 10 0.003 9 5
Li mg/kg | 0.005 0.0002 11 8 0.00005 14 8
Mg mg/kg 1 1.14 5 4 0.502 6 4
Mn mg/kg | 0.01 0.582 11 14 0.368 8 10
Mo mg/kg | 0.005 0.0003 8 13 0.0002 8 7
Nb mg/kg | 0.0005 0.0002 29 24 0.00002 13 12
Nd mg/kg | 0.001 0.0004 49 9 0.0065 9 4
Ni mg/kg | 0.005 0.005 9 7 0.021 7 9
P mg/kg | 0.1 0.01 27 10 0.09 9 5
Pb mg/kg | 0.01 0.015 11 5 0.0005 8 9
Pd mg/kg | 0.001 * * * * * *
Pr mg/kg | 0.001 0.001 49 10 0.001 9 5
Pt mg/kg | 0.001 * * * * * *
Rb mg/kg | 0.005 0.001 7 9 0.0002 5 5
S mg/kg | 0.5 0.768 11 7 0.669 5 4
Sb mg/kg | 0.001 0.001 15 28 * 13 *
Sc mg/kg | 0.005 0.001 25 20 0.001 7 4
Se mg/kg | 0.01 0.144 27 106 0.024 25 74
Sm mg/kg | 0.001 0.00003 50 8 0.0013 9 5
Sn mg/kg | 0.001 * 49 * 0.0002 21 27
Sr mg/kg | 0.01 0.003 7 7 0.016 6 6
Ta mg/kg | 0.001 * 0 * * * *
Tb mg/kg | 0.001 0.0004 55 13 0.0002 9 8
Te mg/kg | 0.01 * * * * * *
Th mg/kg | 0.0005 0.0001 16 8 0.0009 6 4
Ti mg/kg | 0.003 0.006 35 23 0.002 26 10
Tl mg/kg | 0.0005 0.00008 10 24 0.00003 9 13
U mg/kg | 0.001 0.004 9 10 0.0001 6 6
\% mg/kg | 0.001 0.001 51 23 0.001 12 10
W mg/kg | 0.001 * 25 * 0.00013 26 18
Y mg/kg | 0.005 0.005 63 8 0.001 10 8
Yb mg/kg | 0.001 0.0001 55 10 0.0008 15 6
Zn mg/kg | 0.02 0.013 14 12 0.009 7 7
Zr mg/kg | 0.005 0.001 15 12 0.001 7 4
*: too many values near DL to estimate reliable values
LDL: Laboratory detection limit

PDL.: Practical detection limit, but is limited by the LDL, since concentration values below detection limit were
not reported
PREC 2: Overall Precision is estimated where the precision versus concentration curve reaches a plateau
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The new grain size data based on the MIR spectra, predicted using a European soil model,
based on particle size analyses performed at the BGR laboratory according to the DIN/ISO
methods, are by far better than the original data set received from laser diffraction (Reimann
etal., 2011). There is also an overall improvement in the precision, estimated by the two
different methods (Table 5), again in comparison to the previous results (Reimann et al.,
2011). The calculated practical detection limit on the MIR method replicate results, using the
European soil model, is quite good, suggesting that the sensitivity of this particular method is
fit-for-purpose with respect to the GEMAS project.

Table 5. Practical detection (PDL) limits for sand, silt and clay calculated from the GEMAS
project replicates using a modified version of Thompson and Howarth (1978). Precision as
calculated for the replicate results using two different methods (1: as described in Reimann et
al., 2008; 2: as described by Demetriades and Karamanos, 2003; Demetriades, 2009, 2011).
Precision in % for method 2 at the 95% confidence level.

Agricultural soil samples (N=104 pairs) Grazing land soil samples (N=93 pairs)
Parameter PDL % PREC 1 PREC 2 | Parameter PDL % PREC 1 PREC 2
% % % %
Sand 0.421 12 24 Sand 9.529 18 29
Silt 1.334 15 31 Silt 0.064 25 34
Clay 0.670 11 17 Clay 0.498 26 26

3.4 Analysis of variance (ANOVA)

In a comprehensive quality control programme, field duplicates are routinely collected at
a number of randomly selected sites (usually 5-10%). These samples are used to estimate the
variation introduced by sampling, and to answer the question of whether it is possible to
obtain the same analytical results if undertaking the survey a second time at approximately the
same sites. An estimate of the field variability is especially important in a monitoring
programme, i.e., when the sampling exercise is to be repeated after a number of years to
detect any changes in time. It is noteworthy that in many European environmental monitoring
programmes no indication of the sampling error or of the measurement uncertainty is
provided. Without this information the data are not really suitable for monitoring or even
mapping.

The precision of the field duplicates could be estimated in the same way as for the
analytical replicates, and even Thompson and Howarth plots could be constructed. This will
provide a good first estimate of the relative magnitude of the sampling error in relation to the
analytical error. In a more formalised approach this can be done by carrying out an Analysis
of Variance (ANOVA - e.g., Scheffé, 1959, 1999). Principally, there exist two different
designs for an ANOVA for a geochemical mapping project, balanced or unbalanced (Garrett,
1969, 1973, 1983; Miesch, 1976; Ramsey, 1998 - Fig. 6). In a "balanced" design, replicate
analyses are made on both, the routine and field duplicates sample (Fig. 6a). In an
"unbalanced" design, unequal numbers of analyses occur at each level of the design (Fig. 6b).
In an unbalanced design, only one of the field duplicate pairs is split and analysed twice,
substantially reducing the cost of analysis in a large project like GEMAS. For small projects a
balanced design may be preferable to obtain sufficient replicate analyses. The results of the
ANOVA provide estimates of the proportion of the total variability due to "nature
(geochemical variance), "sampling” (sampling or "at site™ variance) and "analysis"(analytical
error).
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(a) Balanced ANOVA design (b) Unbalanced ANOVA design

Duplicate field Duplicate field
sample site sample site

Routine Field duplicate Fléld Routine Field duplicate Flefld
sample pair Q duplicate sample pair G duplicate
sample sample
Split into two

sub-samples

Laboratory replicate samples Laboratory replicate samples

-

Replicate sample analyses Replicate sample analyses

Figure 6. Balanced (left)and unbalanced (right) ANOVA design for the estimation of natural
(geochemical), sampling (at site) and analytical variance. At every 20" sample site, or, in
small countries with more than 10, but less than 20 sample sites, at one of the sample sites, a
duplicate agricultural and grazing land soil sample was collected from the same plot of land,
but different sub-sites. This field duplicate sample was used to prepare the analytical
replicates.

An ANOVA is the final step of quality control for a regional geochemical mapping
programme. Technical variability ("at site, sampling™ and "analytical™) should be considerably
smaller than the regional variability for construction of a reliable geochemical map.
According to Ramsey (1998), the suggested maximum of the technical variability should
ideally not exceed 20% of total variance, of which the analytical variance could be expected
to be up to 4%, and the sampling variance to be up to 16% of the total.

Table 6 shows the results of an unbalanced ANOVA for the MMI® analysis of the

GEMAS Ap-samples and the distribution between "geochemical (natural)", "sampling (site)"
and "analytical (anal.)" variability. The median value for all samples is also provided.

Table 6. Results of an unbalanced ANOVA (%) for the MMI® extraction, GEMAS Ap-samples.
All variables were log-transformed prior to the calculation. Left hand side ANOVA results in
alphabetical order according to element, and right hand side sorted according to increasing
"geochemical (natural)" variation for an easy identification of "problematic" elements (less
than 80% natural variation). Notation: natural (geochemical); site (sampling); analytical.

Element GEMAS Ap samples Element | SORTED
Median | natural | site | analytical TEWET
mg/kg % % % %
Ag 0.014 97.4 0.0 2.6 Pd *
Al 61 97.4 0.0 2.6 Pt *
As 0.02 92.5 2.2 5.2 Te 8.2
Au 0.0003 94.2 0.0 5.8 Se 75.4
Ba 1.09 96.5 0.0 35 Hg 87.5
Bi 0.0005 96.8 0.0 3.2 K 90.7
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Element GEMAS Ap samples Element | SORTED

Median | natural | site | analytical LERYETr

mg/kg % % % %
Ca 595 96.3 3.2 0.6 In 92.3
Cd 0.054 97.6 1.4 1.0 As 925
Ce 0.135 93.9 1.6 4.4 Pb 92.9
Co 0.1815 95.7 3.2 1.1 Th 93.1
Cr 0.065 97.0 0.0 3.0 Sc 93.2
Cs 0.0007 96.3 1.1 2.6 Eu 93.3
Cu 1.34 94.0 4.7 1.3 Sn 934
Dy 0.035 955 0.0 4.5 TI 93.6
Er 0.0202 96.6 1.0 2.4 Sm 93.7
Eu 0.0075 93.3 2.2 45 Ce 93.9
Fe 31 97.7 0.6 1.8 Th 93.9
Ga 0.002 94.3 0.0 5.7 Cu 94.0
Gd 0.036 94.2 0.0 5.8 Au 94.2
Hg 0.0005 87.5 5.2 7.4 Gd 94.2
In 0.00025 | 92.3 0.0 7.7 Ga 94.3
K 64.2 90.7 8.9 0.4 S 94.4
La 0.049 96.9 0.0 3.1 Sb 94.6
Li 0.0025 97.0 0.6 2.5 Nd 95.0
Mg 52 97.1 2.5 0.4 Mn 95.1
Mn 19.6 95.1 3.9 1.0 Mo 95.2
Mo 0.015 95.2 0.0 4.8 Ti 95.2
Nb 0.0009 96.5 0.0 35 Rb 954
Nd 0.1015 95.0 1.3 3.7 Dy 95.5
Ni 0.652 98.3 1.2 0.5 Y 95.6
P 4 98.3 0.7 1.0 Co 95.7
Pb 0.32 92.9 3.6 35 \% 96.1
Pd 0.0005 * * * Ca 96.3
Pr 0.02 96.3 2.2 1.5 Cs 96.3
Pt 0.0005 * * * Pr 96.3
Rb 0.069 95.4 4.0 0.6 Ba 96.5
S 24.2 94.4 0.0 5.6 Nb 96.5
Sh 0.002 94.6 2.9 2.5 Er 96.6
Sc 0.016 93.2 3.0 3.8 Bi 96.8
Se 0.01 75.4 6.6 18.1 La 96.9
Sm 0.029 93.7 2.3 4.1 Yb 96.9
Sn 0.0005 934 0.0 6.6 Cr 97.0
Sr 1.67 97.6 1.7 0.7 Li 97.0
Ta 0.0005 99.3 0.7 0.0 w 97.0
Th 0.005 93.9 0.0 6.1 Mg 97.1
Te 0.005 8.2 54.8 37.0 Zn 97.1
Th 0.0221 93.1 0.4 6.5 Ag 974
Ti 0.038 95.2 0.0 4.8 Al 97.4
TI 0.0006 93.6 53 1.1 Zr 974
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Element GEMAS Ap samples Element | SORTED
Median | natural | site | analytical LERYETr
mg/kg % % % %
U 0.084 98.5 1.1 0.4 Cd 97.6
\Y 0.027 96.1 0.1 3.8 Sr 97.6
w 0.001 97.0 0.5 2.6 Fe 97.7
Y 0.1835 95.6 0.0 4.4 Ni 98.3
Yb 0.016 96.9 2.1 1.0 P 98.3
Zn 0.76 97.1 1.9 1.0 U 98.5
Zr 0.051 97.4 0.0 2.6 Ta 99.3

*.  Too many values near DL

Table 6 demonstrates that for the majority of elements the data quality is good to
excellent, and that the results can be reliably mapped. The most problematic elements in the
MMI® Ap data set, where care is needed when mapping and using the results are Pd, Pt, Te
and Se. Surprisingly for quite a few elements Ramsey’s 4% limit at the analytical level
(Ramsey, 1998) is exceeded: As, Au, Ce, Dy, Eu, Ga, Gd, Hg, In, Mo, S, Se, Sm, Sn, Thb, Te,
Th, Ti and Y; the results, however, are saved because of the very small sampling variance.
The ANOVA results indicate that even for these elements it would be possible to overcome
the problems by further improving their detection limits or by analysing all samples several
times and using the median as the "analytical result".

Table 7 shows the unbalanced ANOVA results for the MIR based prediction of the
particle size: sand, silt and clay. For the Ap samples all three are within acceptable limits,
though the prediction of the clay fraction is clearly better. For the Gr samples the quality of
the prediction of the silt fraction is poor and for the sand fraction the 20% level of the
technical variance is almost reached. Again the prediction of the clay fraction is clearly better.
When assessing all the results of QC (standards, precision and ANOVA), the only size
fraction that is really fit for the purposes of the GEMAS project is the clay fraction of both Ap
and Gr samples, which is also the conclusion reached by Janik et al. (2011).

Table 7. Unbalanced ANOVA results based on the GEMAS Ap- and Gr-field duplicates and
replicate samples for sand, silt and clay determined by the MIR method. All variables were

log-transformed prior to the calculation. Notation: natural (geochemical); site (sampling);
analytical.

GEMAS Ap samples (N=104) GEMAS Gr samples (N=93)
Overall Variance % Overall Variance %
Parameter median . ] Parameter | median ] ]
% natural | site | analytical % natural | site | analytical
Sand 48 89.0 3.7 7.4 Sand 56 80.4 0 19.6
Silt 36 84.4 3.6 12.0 Silt 325 69.7 0 30.3
Clay 13.5 91.3 3.1 5.6 Clay 12 90.8 0 9.2

For the Pb isotopes the unbalanced ANOVA (Table 8) indicates again that the data
quality is good and that the results can be used to provide reliable maps at the European scale.
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Table 8. Unbalanced ANOVA results based on the GEMAS Ap-replicate samples for the
determination of Pb-isotope ratios by HR-ICP-MS. Notation: natural (geochemical); site
(sampling); analytical.

Ratio GEMAS Ap samples
Median natural site analytical
% % %
200ph/?"Ph 1.202 92.6 5.9 1.4
207pp/2%ph 0.403 85.4 10.1 45
208pp/2%°ph 2.067 93 5.1 1.9

In general, the ANOVA results can be taken as an indication of "good (reproducible)
sampling"”. In conclusion, it appears that agricultural soil, as for the aqua regia extraction and
XRF, is an especially suitable and easy sample material for continental scale geochemical
mapping exercises (Reimann et al., 2009b, 2011).

4. EXTRACTION POWER OF MMI® METHOD

The extractability of elements in an aqua regia extraction with respect to XRF results
(true total concentrations) was discussed in the second GEMAS project QC report (Reimann
etal., 2011). The MMI® method is a partial method, and used up to now in only one
continental wide project, the Australian National Geochemical Survey (Caritat et al., 2011).
Hence, it is important to evaluate its “extraction power” in the GEMAS project with respect to
both aqua regia and XRF results.

Table 9 displays the calculated MMI®-extractability (MMI®/other method *100) results
in comparison to the total element concentrations (XRF) and to the aqua regia extraction in
per cent. MMI® extractability shows great variability, depending on the element, varying
from 30 to 37% (e.g., Cd, Au, Ag) to less than <1% (e.g., Sb, Th, Sc, P, Al) with respect to
aqua regia extractions, and 5.6 to 10.3% (e.g., U, Ca, Cu) to less than <1% (e.g., Sb, Th, Sc,
P) with respect to XRF total results. Note that “extractability” was calculated here based on
the median results for the compared methods and not sample per sample. It is quite apparent
from the extractability values that the MMI® method is a very weak extraction for all
elements, determined on the GEMAS Ap samples, and leaches only the weakly adsorbed
elements from soil. Hence, it should be a good method for the assessment of element
bioavailability, but also in mineral exploration for the location of concealed mineralisation.
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Table 9. Extractability of the elements analysed by the MMI® method in relation to aqua
regia extraction (near total), and XRF (true total concentrations). Left hand side in
alphabetical order according to element names; right hand side sorted according to
decreasing extractability of the MMI® method.

GEMAS Ap-samples Sorted GEMg\S Ap samples
: according to
g '\(AQ,;/(I)I ﬁgtL:':lcrteiglr? deterﬁ?nitions g EXtri?;?ﬁ;g?é;L}? MMI®
g Aqua % XRF % = Aqqa = XRF
w regia | Extract. Q50 Extract. S regia S
Q50 : i
W % w %
mg/kg | mg/kg mg/kg Extract. Extract.
Ag 0.014 0.038 36.8 - - Ag 37 Cu 10.3
Al 62 10,993 | 0.564 | 55,069 | 0.113 Au 33 Ca 7.06
As 0.02 5.48 0.365 7.00 0.286 Cd 30 U 5.60
Au | 0.0003 | 0.0009 33.3 - - Ca 20 Ni 3.26
Ba 1.09 62 1.76 384 0.284 S 12 Mn 3.25
Bi | <0.001 0.17 - 1.50 - U 11 Co 2.02
Ca 600 3,034 19.8 8,494 7.06 Sr 9.3 Sr 1.66
Cd 0.054 0.18 30.0 - - Cu 9.2 Pb 1.52
Ce 0.135 28.4 0.475 58.0 0.233 K 5.1 Mo 1.50
Co 0.182 7.5 2.43 9.00 2.02 Ni 4.4 Zn 1.26
Cr 0.065 20 0.325 62.0 0.105 Mn 4.4 Mg | 0.948
Cs | 0.0007 11 0.064 5.00 0.014 Mo 3.6 Y 0.681
Cu 1.34 14.5 9.24 13.0 10.3 7r 28 P 0.522
Fe 31 17,200 | 0.180 | 24,550 | 0.126 Se 28 K 0.406
Ga 0.002 3.43 0.058 12.0 0.017 Y 28 As 0.286
Hg | <0.001 0.03 - - - Co 2.4 Ba 0.284
In | <0.0005 | 0.018 - - - Pb 2.0 Th 0.246
K 64.2 1,250 5.14 15,819 | 0.406 Mg 1.8 Ce 0.233
La 0.049 14.3 0.343 23.0 0.213 Ba 1.8 La 0.213
Li 0.0025 114 - - - Zn 1.7 Sc 0.200
Mg 52 2,860 1.82 5,488 0.948 W 1.4 Fe 0.126
Mn 19.65 445 4.42 604 3.253 Sh 0.85 Al 0.113
Mo | 0.015 0.42 3.57 1.00 1.500 Th 0.76 Cr 0.105
Nb | 0.0009 0.48 0.188 13.0 0.007 Sc 0.74 Rb 0.095
Ni 0.652 14.7 4.44 20.0 3.26 P 0.63 Sh 0.080
P 4.1 653 0.628 786 0.522 Al 0.56 w 0.040
Pb 0.32 15.8 2.03 21.0 1.52 T 0.50 \% 0.040
Pd | <0.001 | <0.001 - - - Rb 0.48 Zr 0.020
Pt <0.001 | <0.001 - - - Ce 0.48 Ga 0.017
Rb 0.069 14.3 0.483 73.0 0.095 As 0.36 Cs 0.014
S 24.2 207 11.7 - - La 0.34 Nb | 0.007
Sh 0.002 0.234 0.855 2.50 0.080 Cr 0.33 Ti 0.001
Sc 0.016 2.15 0.744 8.00 0.200 Nb 0.19
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GEMAS Ap-samples Sorted GEMAS Ap samples
: ding to
MMI Aqua regia XRF accore ®
- Q50 extraction determinations Vb Bty e it L.
S method results
g Aqua % XRF % Aqua XRF
i regia | Extract. | Q50 | Extract. < regia £
Q50 i i
w % w %
mg/kg | mg/kg mg/kg Extract. Extract.
Se 0.01 0.354 2.82 - - Fe 0.18
Sn | <0.001 | 0.723 - 2.00 - Vi 0.11
Sr 1.675 18.1 9.25 101 1.66 Cs 0.064
Ta | <0.001 | <0.005 - 2.50 - Ga 0.058
Te <0.01 <0.02 - - - Ti 0.044

Th | 0.0221 2.89 0.765 9.00 0.246
Ti 0.038 86 0.044 3,621 0.001
Tl 0.0006 0.12 0.500 - -

U 0.084 0.77 10.9 1.50 5.60
\Y 0.027 254 0.106 68.0 0.040
0.001 0.073 1.37 2.50 0.040
0.184 6.69 2.75 27.0 0.681
Zn 0.76 45 1.69 60.5 1.26
Zr 0.051 1.79 2.85 259 0.020

<z

5. RESULTS -SOME FIRST MAPS

One additional quality criterion for a data set will be the appearance of the maps when the
analytical results are plotted (Reimann et al., 2008). Figure 7 shows a map of the clay size
fraction in European agricultural soils (Ap), Figure 8 a map for the 2°Pb/*°’Pb-ratio and
Figure 9 a map for Cs as determined in an MMI® extraction of the Ap samples. The question
to be asked is, ""do the maps contain any clear regional features or could they as easily
represent random variability due to a too low sample density or sampling and analytical
errors, indicated by a lack of any significant regional trends"? All three maps show, however,
clear regional scale features. This is the final indication of the high quality of the GEMAS
project analytical results, which has been achieved by applying strict independent quality
control procedures. Information about data quality, or better suitability for mapping, can also
be directly derived from the semi-variogram analysis, if kriging is used as the interpolation
method (Reimann et al., 2008).
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Figure 7. Growing dot map (for a description and discussion of the mapping technique see
Reimann et al., 2008) for “% clay” in agricultural soil of Europe (GEMAS Ap-samples).

Figure 8. Growing dot map (for a description and discussion of the mapping technique see
Reimann et al., 2008) of the “®°Pb/?°"Pb ratio in agricultural soils of Europe (GEMAS Ap-
samples).
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Figure 9. Growing dot map (for a description and discussion of the mapping technique see
Reimann et al., 2008) of Cs following a MMI®-extraction in agricultural soils of Europe
(GEMAS Ap-samples).

6. TRUENESS OF GEMAS ANALYTICAL RESULTS - THE RING TEST

The chosen procedures for QC within the GEMAS project as documented in Reimann et
al. (2009a, 2011) and this report here guarantee that the data are fit-for-purpose (in case of the
GEMAS project for the plotting of reliable geochemical maps, depicting processes
determining the distribution of measured elements/parameters at the European scale), they
can, however, not provide information about the “trueness” of analytical results. Analytical
results can be highly accurate without reflecting the “true’ concentration value of a chemical
element. In a geochemical mapping project, high accuracy is of primary importance to reflect
regional scale differences and needs as such more attention than the “trueness” of analytical
results; whether the data reflect the ‘true’ concentrations of an investigated element is in this
connection a secondary consideration. However, when wishing to compare the data to results
from other investigations, trueness, or better the documentation of the deviation of project
results from the “true” values, the bias, becomes suddenly very important. ‘Bias’ is the
difference between an analytical result and an accepted reference value (Reimann et al., 2008;
Biéevre et al., 2011; Demetriades, 2011; Johnson, 2011).

The trueness of the analytical results can be judged directly if certified reference
materials were hidden between the real project samples, unrecognisable by the laboratory.
However, certified reference materials:

(1) Are expensive and valuable because the available amount is limited, and it is unrealistic to
insert (hide) a certified reference material several times among the real project samples
weighing usually 50 — 100 g (or more) each.

(2) May look different than the project samples in terms of colour and/or texture and are then
easily recognisable as “special” for the laboratory.
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(3) Are often not certified for the same sequence of parameters/elements that are reported by
the project.

(4) May have a different matrix than the project samples, and

(5) May have been used to calibrate the analytical instruments.

Thus, for the GEMAS project a different approach was chosen. Two large project
standards, Ap and Gr, were produced. These standards were hidden more than 100 times in
each of the two sample sets (Ap and Gr), and analysed together with the real project samples.

To estimate the bias of the GEMAS project results, the two project standards were sent
out to 21 laboratories/institutions in16 countries to carry out a proficiency test (Kriete, 2011).
A proficiency test is originally designed to check the analytical performance of the
participating laboratories. A laboratory can pass such a test or fail — for certain elements, or
even a whole analytical technique. If a sufficient number of laboratories have participated in
such a proficiency test, it is also possible to establish the analysed samples as reference
materials — with reference values including their uncertainty. For the participating
laboratories, their performance and whether they “passed of failed” is of greatest interest. For
the GEMAS project the most important result was, however, to obtain reference values for the
two standards (Ap and Gr), and to document the bias of the methods chosen for the project in
relation to these reference values. The performance of the laboratories was the main result of
an internal report to all laboratories, attached here as Appendix2.

In total, 21 institutions or laboratories from 16 countries agreed to participate in the
GEMAS ring test and submitted analytical data (Table 10). The samples AP and GR were
distributed to the participants in April 2010. The final deadline for submitting results was July
2011 in order to include as many data sets as possible. Several institutions provided data from
different laboratories or sections applying different analytical methods. Since these were
treated at different laboratories in total 36 data sets were available (Table 10). The data for the
project standards, as obtained during the routine analytical work for the GEMAS project, were
taken from the QC-reports (Reimann et al., 2009a, 2011) and treated as a “normal” laboratory
contribution.

For the assessment, the consensus value of all participants was established as ‘assigned
value’ or ‘reference value’. This “assigned value’ is regarded as the best estimate of the “true
value”. According to the recommendation of ISO 13528 robust statistics were applied for the
estimation of consensus values. Table 11 shows the established reference values in
comparison to the results received in the GEMAS project. Results demonstrate that for the
majority of elements the GEMAS results are rather close to the reference value. It is clear that
the aqua regia method for the GEMAS project is a weak variant of the many existing varieties
of aqua regia extractions. The elements Ti, Ga, K, Na, Cs show a bias of over -40%.

Table 10. Participating laboratories in the ring test of the GEMAS project for the Ap and Gr
standards.

Country Institution No. Analytical Methods
Data
Sets
Germany Federal Institute for Geoscience 7* FB-XRF; ICP-MS, ICP-OES PP-XRF
and Natural Resources
TU Freiberg 4 FB-XRF; ICP-MS, ICP-OES PP-XRF
Biolab 1 ICP-OES
Austria Geological Survey of Austria 1 PP-XRF
Australia Geoscience Australia, Canberra 1 XRF, ICP-MS
Canada ACME Analytical Laboratories 1* ICP-MS
United Kingdom | British Geological Survey 3 PP/FB-XRF, ICP-MS
Czech Republic Czech Geological Survey 3 AAS, wet chemistry, ICP-MS, PP-XRF
Switzerland University Lausanne 1 FB/PP XRF
Slovakia Geological Survey of the 2 ICP-OES, AAS
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Country Institution No. Analytical Methods
Data
Sets
Slovak Republic
Poland Polish Geological Institute 3 PP-XRF, ICP-OES, ICP-MS
Portugal National Laboratory of Energy 2 XRF, ICP-OES, AAS
and Geology
F.Y.R.O.M. Cyril and Methodius University 1 ICP-OES, AAS
Skopje
Italy University of Bologna 1 PP-XRF
Norway Geological Survey of Norway 1 FB/PP XRF, ICP-OES
(NGU)
Spain Geological Survey of Spain 2 XRF, ICP-MS
(IGME)
Sweden Geological Survey of Sweden 1 ICP-MS
(SGU)
United States US Geological Survey 1 ICP-OES,-/MS, AAS

*: this laboratory delivered also the analytical results used for the GEMAS project

Table 11. Results of the ring test of the Ap and Gr standards showing the assigned values, the
mean value of the GEMAS QC data and the relative bias. N=number of laboratories
contributing to this parameter (if N<5 no assigned value provided — see Table 12), only
parameters/analytes that are reported in the GEMAS project are provided, for further
elements and more details on the statistics behind this table see ring test report as delivered

to the participating laboratories (Appendix 2).
GEMAS Ap standard GEMAS Gr standard
Assigned | N | GEMAS | Relative Assigned | N | GEMAS | Relative
value QC data bias value QC data bias
TOTAL wit% wit% % wt% wit% %
SiO, 56.7 14 56.8 0.2 72.7 14 72.9 0.3
TiO, 0.693 18 | 0.697 0.6 0.651 18 | 0.652 0.2
AlL,O; 12.9 18 12.8 -0.8 11.4 18 11.2 -1.8
Fe,03 5.3 18 5.25 -0.9 4.01 18 3.86 -3.7
MnO 0.097 19 | 0.098 1.0 0.081 18 0.08 -1.2
CaO 5.72 18 5.57 -2.6 0.511 18 | 0.482 -5.7
MgO 2.34 17 2.37 1.3 0.969 17 | 0.968 -0.1
Na,O 1.05 16 1.03 -1.9 1.23 17 1.2 -2.4
K,0 2.44 17 2.3 -5.7 2.27 17 2.16 -4.8
P,0Os 0.225 15| 0.225 0.0 0.198 17| 0.196 -1.0
LOlI 12.2 14 12.4 1.6 5.78 14 6.06 4.8
TOTAL mg/kg N | mg/kg % mg/kg N | mg/kg %
As 10 20 11 8.5 11 20 11 2.7
Ba 346 25 342 -1.1 372 25 360 -3.2
Bi 0.36 <3 0.30 <3
C 2700 1100
Ce 63 18 65 3.8 60 17 62 31
Co 14 23 14 -2.4 11 23 11 -2.5
Cr 100 25 111 11 84 25 97 15
Cs 8.2 12 8 -2.9 5.8 11 6 3.0
Cu 25 24 19 -23 22 24 18 -19
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GEMAS Ap standard GEMAS Gr standard
Assigned | N | GEMAS | Relative Assigned | N | GEMAS | Relative
value QC data bias value QC data bias
Ga 16 16 16 -0.7 14 16 13 -5.0
Hf 4.4 9 <5 5.9 10 8 +26
La 32 16 24 -25 30 15 27 -10
Mo 0.97 <2 1.05 <2
Nb 13 18 14 3.7 12 18 13 4.2
Ni 52 25 52 -0.3 39 25 38 -2.6
Pb 22 23 21 -4.3 20 23 19 -3.9
Rb 110 20 99 -10 91 20 86 5.4
S 331 9 140 -68 265 <100
Sb 1.9 9 <5 2.3 <5
Sc 13 16 13 -0.2 10 16 9 -13
Sn 34 11 <4 3.7 11 <4
Sr 149 23 148 -0.5 91 23 90 -14
Ta 11 5 <5 0.95 5 <5
Th 10 17 11 9.2 9.4 17 12 27.7
U 2.8 13 3 6.6 2.4 13 <3
\% 104 25 103 -1.0 80 25 77 -3.5
w 1.9 7 3 47 15 7 <3
Y 23 20 29 25 21 20 25 19
Zn 91 25 92 1.2 69 24 67 -2.6
Zr 175 19 178 1.9 224 19 227 1.5
Aqua regia mg/kg N | mg/kg % mg/kg N | mg/kg %
Ag 0.054 0.030
Al 1847 10 | 1307 29 1688 10 | 1138 33
As 9.6 13 8.7 -9.6 10 13 9.6 -7.0
Au 0.0017 0.0017
Ba 77 11 71 -7.9 82 11 71 -14
B 4.5 2.6
Be 0.91 0.65 -28 0.92 0.64 -30
Bi 0.33 0.36 7.9 0.28 0.32 15
Ca 38094 10 | 37307 2.1 2687 10 | 2359 12
Cd 0.21 0.22 4.9 0.18 0.2 13
Ce 35 28 -20 39 27 -32
Co 12 12 13 11 10 12 10 -0.6
Cr 35 12 27 -23 31 12 24 -23
Cs 2.7 5 1.6 -41 2.0 5 1.1 -46
Cu 24 13 24 1.3 22 13 22 -0.2
Fe 30214 10 | 28396 6.0 24339 10 | 22171 8.9
Ga 8.0 6 3.6 -55 7.6 6 34 -55
Ge 0.043 0.037
Hf 0.079 0.059
Hg 0.10 0.12
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GEMAS Ap standard GEMAS Gr standard
Assigned | N | GEMAS | Relative Assigned | N | GEMAS | Relative
value QC data bias value QC data bias

In 0.033 0.023

K 3976 8 2357 41 3553 8 2100 41
La 16 7 13 -17 18 7 13 -30
Li 26 9 22 -16 21 9 15 -28
Mg 10613 11| 9708 8.5 4046 11| 3256 20
Mn 689 11 682 1.1 604 11 565 6.4
Mo 0.77 5 0.7 -8.8 0.88 5 0.79 -10
Na 119 7 52 56 67 6 37 44
Nb 0.22 0.26

Ni 44 13 47 59 36 13 34 -6.1
P 851 7 886 -4.1 781 7 772 11
Pb 17 12 18 5.1 15 12 16 6.3
Pd 0.0017 0.0003

Pt 0.0009 0.0004

Rb 30 5 17 -42 28 5 14 -49
Re 0.00013 0.00015

S 184 119

Sh 1.0 7 0.92 -9.2 1.4 7 1.2 -16
Sc 51 7 4.3 -15 4.0 7 3.1 -23
Se 0.57 0.35

Sn 0.89 1.5

Sr 81 11 82 0.9 22 11 20 -1.7
Ta 0.0015 0.00092

Te 0.039 0.025
Th 4.8 5 4.7 -1.7 4.5 5 3.9 -14
Ti 90 6 30 67 120 6 48 60
Tl 0.19 5 0.14 -26 0.19 5 0.14 -26
U 0.91 5 0.8 -12 0.73 5 0.49 -33
\% 37 10 24 -35 34 10 22 -35
w 0.061 0.051

Y 9.8 6 8.9 -9.1 7.9 6 6.8 -14
Zn 86 13 76 -12 68 13 58 -14
Zr 2.0 2.0

Table 12 shows the results of the ring test for parameters/elements where no assigned
reference value is provided due to the small number of participating laboratories. However,
even this small number of determinations gives an indication of the "trueness” of GEMAS Ap
and Gr standard results.
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Table 12. Results of the ring test of the Ap and Gr standards showing the determined values
from different laboratories, and the mean of the GEMAS QC data. For more details refer to

Appendix 2.
Parameter | Unit |GEMAS|LAB1|LAB2 [LAB3|LAB4|LAB5| | GEMAS |LAB1|LAB2 |LAB3|LAB4
Ap QC GrQC
data data
CEC meq/100g| 24 17
total C wt% 2.7 11
pH_CaCl, 7.3 7.3 5.9 5.9
TOC wt% 1.2 12 | 14 11 1.1 1
Agqua regia extraction Agqua regia extraction
Ag mg/kg | 0.054 |0.054|0.053 |0.063|0.063 0.03 | 0.03 | 0.037|0.041|0.046
Au mg/kg | 0.0017 |0.0015 0.0017 {0.0017|0.0022
B mg/kg 4.5 4.5 2.6 2.6
Ge mg/kg 0.043 0.037
Hf mg/kg | 0.079 |0.079|0.077 |0.082 0.059 |0.059 |0.013
Hg mg/kg 0.1 0.1 | 013 [ 0.11 | 0.13 0.12 | 0.12 | 0.14 | 0.13 | 0.19
In mg/kg 0.033 0.023
Nb mg/kg 022 | 022|029 |021]| 0.2 026 | 0.26 | 042 | 04 | 0.37
Pd mg/kg | 0.0017 0.00028
Pt mg/kg | 0.00089 0.00044
Re mg/kg | 0.00013 0.00015
S mg/kg 184 116 | 186 | 242 | 248 119 119 | 155 | 153 | 163
Se mg/kg 057 | 057 | 109 | 0.4 | 0.39 035 | 0.35 | 0.26 | 0.28
Sn mg/kg 089 | 089 | 1.2 15 15 | 1.9
Ta mg/kg | 0.0015 |0.001 0.00092 | 0.002
Te mg/kg | 0.039 |0.039|0.043 0.025 |0.025 |0.035
w mg/kg | 0.061 |0.043 0.051 |0.058
Zr mg/kg 2 2 164 | 1.63 | 1.53 | 2.2 2 2 1.09 | 0.43 | 3.24

7. CONCLUSIONS

Results of quality control for (a) prediction of the particle size distribution (clay, silt and
sand fraction) based on the MIR spectra for GEMAS Ap and Gr samples, (b) analysis of Pb-
isotope ratios of the GEMAS Ap samples by HR-ICP-MS following a 7N HNOg3-extraction
and (c) the determination of 55 chemical elements (Ag, Al, As, Au, Ba, Bi, Ca, Cd, Ce, Co,
Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Hg, In, K, La, Li, Mg, Mn, Mo, Nb, Nd, Ni, P, Pb, Pd, Pr,
Rb, S, Sb, Sc, Se, Sm, Sn, Sr, Ta, Th, Te, Th, Ti, TI, U, V, W, Y, Yb, Zn and Zr) following a
weak MM ®-extraction of the Ap samples are presented.

Quality control of the particle size distribution results (prediction of clay, silt and sand
fraction via MIR spectra based on a European soils model), demonstrate that the clay size
fraction can be well predicted and used for mapping, while the estimation of the silt and sand
fractions are at present of indicator quality only. A further improvement of the European soils
model would be desirable and, if accomplished, MIR has clearly the potential to provide a
very easy and cheap method to obtain reliable particle size information on European soils.

Quality control for the Pb-isotope analysis demonstrates that these results are of good
guality and can be used to map the lead isotopic landscape of the continent. Although Pb-
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isotopes are much used in environmental sciences to speculate on contamination (Komarek et
al., 2008), the lead isotopic background has never been established at the European scale. The
maps show that the continental-scale isotopic background needs to be established before
reaching far-fetched conclusions about the sources of an element in the environment. The
results suggest that it would be highly interesting and that it is actually possible to establish
the continental-scale systematics of some other isotope systems (like Cu, Fe, Hg...). Such data
are, for example, of great importance for forensic studies.

Quality control of the results from the MMI®-extraction show for the majority of
elements a surprisingly high quality given a weak extraction. There are, however, problems
with a number of elements that their detection limits are not low enough. Most problematic
are Bi, In, Pd, Pt, Ta, Te, followed by Hg, Se and W. The other 46 elements all show
acceptable and usable results.

Results of the ring test with the two GEMAS standards Ap and Gr demonstrate that for the
majority of elements the GEMAS results are rather close to their respective reference or
assigned values. It is also clear that the aqua regia method chosen for the GEMAS project is a
weak variant of the many existing varieties of aqua regia extractions. The elements Ti, Ga, K,
Na, Cs show a bias of over -40%, while most metals come close to the assigned “true” value
In an aqua regia extraction.
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APPENDIX 1. " Thompson and Howarth*-plots of MMI® replicate analyses from the Gr
samples.

The mean of the replicate pairs is plotted along the x-axis, the absolute difference of the two
results along the y-axis. The limit for 10 % precision is indicated by the stippled line, 20%
precision by the continuous line. On this plot, pairs with poor precision can easily be

identified and compared to the results from the project standard within the same batch of 20
samples.
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APPENDIX 2. Results of the GEMAS ring test as supplied to the participating laboratories.

Cornelia Kriete
Bundesanstalt fir Geowissenschaften und Rohstoffe (BGR), Postfach 510153, 30631 Hannover, Germany
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APPENDIX 3. Predicting particle size distribution in soils of the GEMAS sampling
programme using infrared spectroscopy and partial least squares regression

With permission of CSIRO, IMOA and ECI
Les Janik, Michael J. McLaughlin, Sean Forrester
CSIRO Land and Water, Adelaide, Australia
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