S1 Supporting Information.  Portable-XRF – methods and limitations

The decision to use a p-XRF device, among other reasons, was based on keeping the samples and ‘crucibles’ intact. There is also a responsibility for archaeological finds in general, as they are artefacts of cultural heritage and are extremely scarce. As there are several well-known and severe problems presented when using the p-XRF device, especially when analysing prehistoric ceramic and slag-like material without first homogenizing and pulverizing it, a short discussion of the limitations and possibilities of the methodology is required. Although the p-XRF is often referred to provide only qualitative data, a comparison with results from SEM indicates that the p-XRF yields qualitative measurement results with a certain, but often minimal bias, that can be used to sort the samples according to higher or lower amounts of metal traces.   

Device settings and procedure
It is outside the framework of this appendix to delve into excessive details, so we believe only a brief review of the most important factors enabling us to get an idea of the reliability of the p-XRF measurements on the finds in focus is sufficient. A great variety of topics on p-XRF analysis has been published concerning the sample preparation, device settings, the environmental conditions during the measurements, the data processing and calibration, down to preliminary or final interpretation of the results. These are discussed in detail in a multitude of excellent papers on which we rely and to which we refer. For pottery and geological/ore samples, see: Böhme – Helfert 2010; Helfert 2010, 2013; Behrendt  et al. 2012; Hunt – Speckman 2015; Hall et al. 2012, 2014; Gallhofer – Lottermoser 2018; Speckman et al. 2011; Piercey – Devine 2014; Kenna et al. 2011; Rouillon – Taylor 2016; Shugar 2013; Shugar – Mass 2012; Speakman – Shackley 2013; Brand – Brand 2014. The p-XRF analysis of metal artefacts is recently discussed in: Cesareo et al. 2008; Lutz – Pernicka 1996; Pernicka 2014; Potts – West 2008; Prange et al. 2016; Shugar 2013; Shugar – Mass 2012) and for slags and crucibles in: (Bandama et al. 2016; Dungworth 2015; Orfanou – Rehren 2015; Rademakers – Rehren 2016; Scott et al. 2015; Slater – Doonan 2012; Tighe et al. 2018; Young et al. 2016; Zori – Tropper 2013. 
For the measurements, a portable ED-XRF device was used (Thermo Scientific Niton XL3t 950-HE GOLDD+ Serial nr. 89086), equipped with an Ag anode at max. 50 kV, silicon drift detector. A series of four filters were applied (main, low, high and light) by running the so-called test-all-geo mode, which is a combination of both the mineral- and the soil-modes. The filter settings were 90/90/60/120 seconds, resulting in a total measuring time of 6 minutes. The aperture has a diameter of 8 mm and neither helium nor vacuum was applied. In order to keep the window clean, the measurements were made with a 4 micrometer polypropylene foil (Fluxana, TF-240-255) between the p-XRF window and the sample. All measurements were performed in a benchtop stand using AC adapter. These settings were used for the measurements of certified reference material (CRM) and the samples from Pietrele and Blejeşti presented in this work. They follow the recommended procedure for the device, established during several years of evaluating and optimizing ceramic analyses with the Niton XL3t, by the Forschungsstelle Keramik at the Institut für Archäologische Wissenschaften, Goethe-Universität (Frankfurt a. M.) in cooperation with Analyticon Instruments (Rosbach v. d. Höhe), the company responsible for the service of Niton devices in Germany (Böhme – Helfert 2010; Helfert 2010, 2013). All Niton XL3t devices purchased by Analyticon Germany for archaeological use underwent a specialised calibration procedure for archaeometric purposes by the technical support of this company, which adjusts the mineral mode and the general and precious metals mode for archaeological material and artefacts. The result is a calibration process better adapted to archaeological needs compared to factory calibration. Unfortunately, few details of the exact procedure and used samples are available since it is proprietary software – a problem known to all p-XRF users, no matter what device or brand (Hunt – Speckman 2015; Hall et al. 2012; 2014). 

General precaution 
The device was allowed to warm up for ca. one hour before measuring blanks CRM and samples, as temperature drift can have effects on the results in the form of so-called noise. For the Niton XL3t, such drift disappears after the machine has been running for a while (Böhme – Helfert 2010; Helfert 2013; Hall et al. 2014; Gallhofer – Lottermoser 2018; Speakman – Shackley 2013). 
Air humidity and air temperature should be kept at a normal indoor climate, as the water molecules in the air between the analyzer and the sample have severe effects on the measurements and high ambient temperature can cause overheating of the device, resulting in a shutdown. Both are monitored continuously. Also, a low water content of the sample is important (Helfert 2013; Shugar 2013). As with all studied samples from excavations years or decades ago, they were stored under controlled humidity conditions for a significant period of time, so we can expect them to be dry. 

Problems and limitations
The measurements had to be performed on the surfaces of the samples, which were either freshly cut, freshly broken, results of post-excavation breaks or old surfaces. To get optimal results, the samples should be homogenized by grinding them into powder. But, as mentioned above, that was not an option for this study. A slight variation between the results can therefore be expected, due to contamination from deposition and storage. 
To get an idea of the variability of the chemical composition related to uneven concentrations, each sample was measured at least three times on different spots. They give a mean concentration for the samples surface in an area of 8 mm in diameter (aperture of the used device). Also, it is clear that inhomogeneity could be tracked down to the sub-microscopic scale, but the question remains as to whether or not this is necessary in this case. As our focus is on the general chemical composition of the samples and the detection of peculiar lead traces, the sum of each of the 8 mm in diameter surface measurements is sufficient. 
It is known that a samples surface geometry influences the refraction of radiation. Another source of distortion is related to the uneven distribution of e.g. mineral temper in a clay matrix and chemical inhomogeneity in general. Crystallized components and grain size strongly influence the path of X-rays and, especially in combination with amorphous material, they amplify distortions in the readout of the detected fluorescence energies and their interpretation in the spectra. As radiation cannot penetrate materials of varying density and crystal structure in the same way, denser particles in the surface layer may prevent deeper-lying lighter components from being activated and detected. Thus, influences on the count rate of the detector lead to false calculations of the sample’s composition. These interactions are summed up to some extent in the term “matrix effect” and are further reasons why ground and homogenized samples are advantageous (Hunt – Speckman 2015; Hall et al. 2012, 2014; Gallhofer – Lottermoser 2018; Piercey – Devine 2014; Kenna et al. 2011; Shugar 2013).
Even if ideal fine-grained and homogenous samples are analysed, a multitude of complex phenomena can arise when interpreting the fluorescence spectra in order to determine the presence of a certain element and its quantity by plotting the count rate of detected radiation versus its energy. The final result is usually generated by proprietary software preloaded in the system – and herein lies its sensitive spot. To calculate the quantity of an element, the identification of its main lines (e.g. K and K) and their peak’s height relation to each other are necessary data. As the peaks of several elements differ only slightly in their energy, they can overlap to some extent with a peak of another element. Arsenic and lead are examples of this. The result is a sum peak with count rates too high for an element while the other element may not be reported by the software at all. Besides radiation effects in the sample itself (e.g. Bremsstrahlung), so-called escape peaks in the detector can produce radiations that are mere interferences inherent to the system, but they can contribute severely to the count rate of an element (Hunt – Speckman 2015; Hall et al. 2012, 2014; Gallhofer – Lottermoser 2018; Piercey – Devine 2014; Kenna et al. 2011; Shugar – Mass 2012; Speckman et al. 2011). 
Because of spectral interference, many elements are only adequately detectable in real world samples when present in amounts considerably higher than their limit of quantification (LOQ) would be when measured in an ideally clean matrix, i.e. in combination with elements that do not interfere with each other. The limit of detection (LOD) is defined as the lowest concentration for which the mere presence of an element can be detected and the LOD is often given for elements in SiO2 matrix by the device’s provider. This avoids many interference sources present in most rocks or artefacts and suggests a very low LOD instead. A LOD should not be confused with the LOQ, the lowest of an element’s quantifiable concentration, which is by definition 3.3 times higher than the LOD and is the truly relevant parameter (Thomsen et al. 2003). 
All these spectra related topics are well-studied but too complex for automatic software to be solved by computing algorithms alone. The human researcher has to control and decide here, as is the usual procedure for many laboratory-based analytics. It is outside the objective of this paper to discuss these subjects thoroughly. They are described in depth in several brilliant studies (Hunt – Speckman 2015; Hall et al. 2012, 2014; Gallhofer – Lottermoser 2018; Conrey et al. 2013; Kenna et al. 2011).

Evaluation of data quality
The usual procedure to overcome some of the mentioned severe problems is the so-called “matrix matched calibration”. By measuring samples of known composition (determined by other methods) with roughly the same element range that consists of the same material, plus ideally having comparable surfaces as the objects of study, the deviation of the p-XRF measurement in relation to the expected value is used for calibration.
For archaeological ceramics and potter’s clay, a SiO2-rich matrix is generally assumed as sufficient for calibration. Some teams use powdered obsidian as reference material because its components are homogenously distributed and the material is predominantly amorphous (Speckman et al. 2011). Nevertheless, calcium- or alumina-rich pottery has to be kept in mind when e.g. lime-rich temper (coarse or fine-ground) was added or clay mineral’s concentration increased by intense levigation. 
One aim of this paper is to discuss if a study using p-XRF of the material under investigation turns out to be sufficient to pose several questions, e.g. if traces of lead or metal in general are present on or in some ceramic vessels or not. According to the aforementioned difficulties and limitations of the p-XRF method, the accuracy of the measuremts of the device used must be evaluated first. As stated above, an ideal matrix matched calibration cannot be applied at the current state of the project. To illustrate the accuracy and comparability of the results given by the p-XRF device used, we present and discuss the evaluation of 497 measurements made between 2015 and 2018 on several commonly used CRM composed of different geological and industrial material with different elemental concentrations (S1 and S2 Tables). According to geochemical standard procedure, the results of the main components (except Na) are calculated as oxides and normalised to 100 wt%. Besides lead, this study focused only on the traces of zinc, copper and sulfur. The possibilities and difficulties of their detection in ceramics with p-XRF is discussed in literature also to some extent in the following papers: Hunt – Speckman 2015; Hall et al. 2012, 2014; Gallhofer – Lottermoser 2018; Conrey et al. 2013; Bandama et al. 2016; Dungworth 2015; Orfanou – Rehren 2015; Rademakers – Rehren 2016; Scott et al. 2015; Slater – Doonan 2012; Tighe et al. 2018; Young et al. 2016; Zori – Tropper 2013.
[bookmark: _GoBack]Although the CRM concentrations of several elements in question do not cover the complete range necessary to establish ideal calibration factors for pottery, the dataset is useful to get an idea of the effective magnitudes. This can serve as a practical estimation of the reliability and comparability of the results and is expressed in several parameters. The expected values given for the standards are compared to the mean value of the p-XRF measurements, the standard deviation (SD) of the p-XRF result is given as well as the relative standard deviation (RSD) or precision (S2 Table). Furthermore, the regression analysis and graphical comparison against reference values is used to assess the accuracy of p-XRF measurements, i.e. the so-called ‘goodness of fit’ or comparability, expressed by the linear coefficient of correlation (r²) and the graph parameters intercept and slope (S3 Table and S1 Figure). (Rawski et al. 2016; Rouillon – Taylor 2016; Ramsey – Ellison 2007; Hunt – Speckman 2015; Hall et al. 2012, 2014; Gallhofer – Lottermoser 2018; Piercey – Devine 2014; Kenna et al. 2011).
We follow the criteria for characterising data quality proposed by Rouillon & Taylor 2016, respectively US EPA 1998, for defining three data quality levels, supplemented by a review of relative bias following Rostron & Ramsay 2017. For the highest level known as the ‘definitive level’, the statistical parameters are r² = 0.85 – 1 and RSD ≤ 10 %. The medium level, named ‘quantitative screening’, has r² = 0.7 – 1.0 and RSD < 20 % and the lowest level, called ‘qualitative screening’, with r² < 0.7 and RSD > 20 %. In other words, level one means that two datasets (e.g. the given standard and actual measurement) are statistically similar (at a level of 5 %), level two means that there is a linear correlation between them (i.e. their deviation) that can be corrected (by calibration) and level three means that they are statistically different datasets (no linear relation means no calibration is possible).
The performance of the Niton XL3t for seven of nine main oxides is good, as eight have relative standard deviations (precision) less than 10% for all analysed CRM and also seven have a coefficient of correlation higher than 0.85. Thus, the device gives accurate and precise data for SiO2, TiO2, Al2O3, Fe2O3(Total), MnO, CaO and K2O. The RSD for MgO is greater than 20% for most CRM and the correlation of P2O5 far below 0.7 which means both fall out of the quantitative screening level and within the level of qualitative screening only, calibration by the aid of the given CRMs is not possible. This result is not surprising, as both are reported frequently as problematic for p-XRF, especially when they appear in low concentrations (Hunt – Speckman 2015; Hall et al. 2012, 2014; Gallhofer – Lottermoser 2018). 
In addition to the oxidic main components, we took a closer look also to a few selected trace elements, namely lead, zinc, copper and sulfur. According to their RSD and r², the device gives data for three elements within the definitive quality level. Only copper has in two cases (Loess 1 and NIST 2780) a RSD higher than 20% while it remains below 10% for the other standards. Its coefficient of correlation is excellent, with 0.99. Although this outcome is promising and consistent with published results of many teams evaluating different portable and benchtop XRF devices in archaeology and geology, also concerning Mg and P (Hunt – Speckman 2015; Hall et al. 2012, 2014; Gallhofer – Lottermoser 2018), it is appropriate to have a look at the magnitude of bias between the expected and measured values of the Niton XL3t (S2 Table). 
In sum, the elements Pb, Cu, Zn and S and most oxides (with the exception of MgO and P2O5) give datasets that are in linear correlation to the standards while having little variation and low noise. Stronger discrepancy is noticeable when monitoring bias and relative bias, the latter should ideally be less than 10% (Rostron & Ramsay 2017). None of the oxides can catch up completely with this requirement because for several CRM the relative bias exceeds 10% considerably while the value is satisfying for other standards. For SiO2, relative bias between ca. 1 and 16% is reported (0% for the blank check sample of pure SiO2). Between ca. 6 and 15% for TiO2, ca. 2 – 23% for Al2O3, between ca. 5 and 32% for Fe2O3(T), ca. 8 – 25% for MnO, ca. 4 to up to 54% for CaO and ca. 6 – 44% for K2O. For Cu, Zn and S also high relative bias is attested while only Pb remains below ca.10% for all except one CRM (NIST 2780, which has also the highest rel. bias for Cu, Zn and S).
These are high bias values, but the bias is precisely what will be adjusted much more towards the correct value by calibration. At the moment we will keep the data as they are to discuss several other issues not often referred to in literature.
Especially the CRM Loess-1, but also Till-4 and others to some extent, show high relative bias which can relate partially to a high content of elements not measurable with the p-XRF, i.e. Na2O and a sum of light volatile components combined under the term loss on ignition (LOI, cf. S1 Table). Alongside H2O and OH, larger amounts of CO2 bound in calcium carbonate (calcite, a main component in marls and limestones) have strong effects on the final result of the calculation and normalisation of the main oxidic components to a sum of 100 wt%; in CaCO3, considerably less Ca is bound than in CaO (factor c. 0.56). By calculating the complete Ca of the Loess-1 measurements as carbonate (by relying also on the so-called ‘balance’, a value that is calculated by the devices’ software that should express the amount of non-measurable components), one can come up with an amount of CO2 around 14.4 wt%, given by the standard 14.9 wt%. Recalculating CaO then leads to 18.3 wt%, which is not ideal but quite a bit closer to the expected 16.3 wt% and considerably better than the former 25.2 wt% obtained by previous normalisation. If this procedure is accepted, then the recalculation of the remaining oxides results in a better fit to their specified values also. The limitations of this paper prevent us from following that hypothesis thoroughly and this procedure does not work as effectively as in this example for all CRM we investigated, where surely also other components and effects complicate the matter. It nevertheless highlights an important topic for both the analysis of ceramic and clay. As soon as samples contain higher amounts of carbonates, resulting from e.g. a lime or marl rich clay or from adding temper, the increased amount of carbonate not detectable for any non-invasive surface method will create considerable problems because it is overlooked in the normalisation (Hunt – Speckman 2015; Hall et al. 2012, 2014; Conrey et al. 2013). Only invasive analytical methods can give proper estimations for the amount of LOI (e.g. by heating powdered samples in an oven and monitoring its weight loss), but also the detection of calcite or marl in thin section microscopy can help with estimating the presence of carbonates in the samples and give indications to help fit the normalisation on calcium carbonate instead of calcium oxide. 
To conclude, it is clear that the Niton XL3t can provide precise and comparable data – to some extent – for most main and selected trace elements with the exception of Mg and P. As the difficulties related to these two components are well known and widespread, at least for samples with low content and without adjusted calibration, Mg and P have to be omitted in studies of elemental composition or they have to be compared to results from other analytical methods. The remaining elements have a high potential for archaeological and geochemical interpretation, but as long as no matrix matched calibration is performed, the relative bias described above remains operative for all components and has to be taken into account when talking about the concentration of an element or an oxide. The strong influence of LOI and carbonates remains a serious factor. As described above, we reject the calibration with the set of CRM used at the present stage of research since we prefer to discuss the p-XRF results in contrast to analysis with other methods (SEM, XRD and optical microscopy) on original material of the study.
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