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Abstract

:

Portable X-ray fluorescence (pXRF) is one of the main geochemical techniques employed in multi-elemental analysis screening for contaminated sites management. As the confidence of pXRF analyses are matrix-specific, efforts are made to provide studies of pXRF quality on different geochemical datasets, focusing on less investigated elements such as mercury (Hg) and antimony (Sb), to help both new and experienced users. The analysis of environmental solid samples from two decommissioned mining sites in NE Italy, characterised by Pb-Zn and (Hg-rich) Cu-Sb ore deposits, were prepared with two different protocols and compared with traditional destructive analyses. Sample composition was found strictly dependent to the occurrence of false positives and overestimation at low concentrations. In contrast, milling the sample did not produce major variations in the overall quality. Lead (Pb), Sb, and Zn reached the definitive data quality in at least one of the two datasets. Consequently, as far as a thorough QA/QC protocol is followed, pXRF can rapidly produce chemical data that is as accurate as that produced by destructive standard laboratory techniques, thus allowing to identify potential sources of contamination that could be reprocessed for the extraction of valuable elements and mitigating the dispersion of contaminants and ecological or health risks.
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1. Introduction


Portable X-ray fluorescence (pXRF) is widely accepted as geochemical in situ or laboratory instrumentation in several scientific and industrial fields such as mining exploration, environmental characterisation of contaminated sites for remediation, waste management, or archaeometry. It is a non-destructive, rapid, simultaneous multi-element analytical technique for solid sample analysis. Since it can be used in situ or in the laboratory for the analysis of unprepared or lab-prepared samples, it provides a cost- and time-saving alternative solution compared to the more accurate and expensive standard laboratory analytical procedures (e.g., Inductively Coupled Plasma Atomic Emission and Mass Spectrometry—ICP-AES and ICP-MS; [1,2,3,4]). Moreover, pXRF allows for the rapid collection of a considerable amount of data, facilitating geostatistical approaches and decision making. Even showing a relatively elevated analytical uncertainty, as long as a quality assurance/quality control (QA/QC) for pXRF measurement is followed, the confidence level of the decisions made onsite will actually be higher than with a small number of laboratory-prepared samples and fewer geochemical data [5]. Thanks to its compact size and weight, pXRF can also be used in remote regions, providing cost-effective technology for real-time data, especially when immediate action is needed as a result of environmental disasters [6].



The description of the technique and its applications have been reported in several studies and reviews [5,7,8]. Portable XRF offers many advantages and few disadvantages compared to conventional laboratory analysis of environmental samples. Sensitivity to trace element variations is one of the strong points of pXRF. However, there are possible pitfalls when a new pXRF instrument is employed, and it is worth focusing on the possible errors that occur during pXRF analyses since these instruments can be easily used by any operator.



The limit of detection (LOD) varies with different analysers and measurement time. Overall, the best instruments are capable of a LOD in the 5 to 100 mg/kg range for elements with an atomic number (Z) between 19 (K) and 68 (Pb). Hence, pXRF is not suitable for analysing very low concentrations although the sensitivity can vary among different analytes. For most of the elements of environmental concern, pXRF may not be capable of discriminating values above or below national regulatory threshold levels (e.g., in soils, for public, private, and residential use, the limit for Hg is fixed at 1 mg/kg according to Italian Legislative Decree 152/2006 [9]). However, this technique is particularly useful in the detection of samples with “anomalous” high concentrations with respect to background levels or weakly impacted environmental areas. Based on pXRF analysis on large datasets, a subset of samples can be selected for further analyses such as, for instance, mineralogical, compositional, or related to the speciation of potentially toxic elements (PTEs). Otherwise, old mining wastes with exceptional high metal concentrations can be identified for potential reprocessing. Thus, the extraction of valuable elements would be followed by the mitigation of dispersion of the contaminant and ecological or health risks. However, to achieve the best overall results, pXRF data should be validated using conventional laboratory-based spectrometric techniques, and geochemical expertise is required for the reliable interpretation of pXRF data. This is especially important since pXRF can over- or underestimate concentrations as well as detect false positives, with varying levels of accuracy for different elements.



The handling of the sample prior to pXRF analysis greatly affects the accuracy of the technique. Variations in soil moisture, particle size, heterogeneity, and density directly affect the accuracy of the results. For instance, Laiho and Perämäki [10] found that sample preparation could lead to more significant errors than the use of different pXRF instruments. When the sample preparation procedure is the same as the laboratory standard procedures, and the sample is sieved, dried, milled, and homogenised (“lab-prepared samples”), pXRF can provide accurate results comparable to destructive standard laboratory analyses (e.g., ICP-OES, ICP-MS), hereafter referred to as “laboratory analyses” [5,6,11]. However, the standard procedure can be so time-consuming that pXRF analysis on lab-prepared samples may not be cost-effective, as the gain in accuracy is followed by a reduction in the geochemical dataset.



The last issue affecting pXRF analyses is related to interferences and matrix effects. Interferences among elements can be produced by overlaps of the characteristic X-ray emission lines. Matrix effects appear as either X-ray absorption or enhancement phenomena, which can affect the determination of a single analyte. In the absence of a clear bias with any possibility to correct the output (e.g., adjusting the calibration slope of the linear regression), those errors may not be corrected. However, those effects can occur particularly in sites characterised by a uncommon geochemical composition, such as metal-bearing mineralised rocks or geological materials affected by mining, where trace elements that normally occur in the environment in the ppm or ppb range can reach notably higher concentrations, up to wt.%, with a variability of several orders of magnitude [12].



Mining exploration and industrial use of common and uncommon elements (e.g., precious metals, rare-earth elements—REEs) have increased in recent years due to an exponentially growing demand. As a result, there is still substantial concern regarding the subsequent risk of dispersion into the environment of those elements known for their high toxicity, such as mercury (Hg) or antimony (Sb). In the last decades, many studies [7,11,13,14,15,16,17] have reported the performance of pXRF instruments based on QA/QC validation procedures using certified reference materials (CRMs), blank samples, and/or traditional laboratory analyses on site-specific samples, studying different groups of elements in various matrices. Moreover, pXRF analyses of soil, lato sensu, samples are usually performed on common elements such as base metal(loid)s (e.g., As, Cu, Fe, Mn, Pb, Zn), whereas, curiously, highly toxic elements such as Hg and Sb have not been considered or have not been found in concentrations high enough and were detected in a small number of studies, e.g., [18,19]. Thus, the main purpose of this research was to evaluate the advantages and disadvantages of the use of pXRF on samples collected from two different decommissioned mining areas in Italy characterised by Pb-Zn and (Hg-rich) Cu-Sb ore deposits found to have very low to very high concentrations of As, Cu, Hg, Pb, Sb, and Zn. In order to reach this objective, a validation with traditional laboratory analyses considering various metal(loid)s was performed on a large geochemical dataset, including samples of soils, stream sediments, and mining wastes. Moreover, this research may provide insights as to how analytical determinations using pXRF can be influenced by (1) different spectral interferences and matrix effects at Pb-Zn and Cu-Sb mining sites, (2) low concentrations, and (3) heterogeneity and sample preparation.




2. Materials and Methods


2.1. Sampling Strategy and Sample Preparation


A total of 95 discrete samples of soils, stream sediments, mine wastes, and flotation tailings from two decommissioned mining sites in the Friuli Venezia Giulia Region (north-eastern Italy) were collected and analysed by means of pXRF, ICP-MS, and DMA-80 for As, Cr, Cu, Fe, Hg, Mn, Pb, Sb, and Zn determination. The two mining sites are the carbonate-hosted “Alpine-type”/“Mississippi-Valley-type” (MVT) Pb-Zn Raibl mine [20,21,22,23] and the Mt. Avanza “fahlore-type” Cu-Sb(-Ag) tetrahedrite mine [24,25]. The Pb-Zn Raibl site (46.442772° N, 13.568707° E) is a base metal hydrothermal ore deposit hosted in a Triassic massive dolomitic reef, characterised by a mineralogical assemblage where sphalerite (ZnS), galena (PbS), and pyrite/marcasite (FeS2) are the dominant constituents. The host rocks generally show a dominant carbonate composition. The main lithology is Triassic dolostone with a limited presence of shales, sandstones, tuffs, and ignimbrites [26]. At the Cu-Sb(-Ag) Mt. Avanza site (46.618780° N, 12.755281° E), the ore is composed of a (Zn-Hg)-rich variety of tetrahedrite, a complex Cu-Sb sulfosalt hosted in Palaeozoic rocks with a more pronounced silicate composition. The ore veins are located at the tectonic interface between the metamorphic Devonian limestones and Carboniferous, siliciclastic metapelites [24].



From each original sample, two aliquots of 0.5–1 kg were collected. Rock and plant fragments were removed, and the aliquots were manually pre-homogenised in situ. Once in the laboratory, the samples were dried in the open air to prevent Hg volatilisation and sieved using a 2.0 mm sieve. The first aliquot was heterogeneous and prepared via a “fast lab-preparation” mode similar to the “intrusive-unprepared” mode reported by the U.S. EPA [11], with a very similar approach to the GTK procedure described by Laiho and Perämäki [10] for sampling preparation. This “fast lab-preparation” mode simply consists of drying and sieving the sample using a 2.0 mm sieve and placing it into a pXRF sample cup. This procedure is a good compromise in terms of time if compared to the in situ mode (“point-and-shoot”), during which the analyser probe is placed in direct contact with the soil surface for a real-time measurement. The only differences between the procedure followed in this study and the GTK are represented by the use of 5 g of the sample placed in sample cups with a window X-ray film (Kapton) instead of plastic bags and a counting time of 60 s (three beams with different keV of 20 s each) instead of 120 s. The second aliquot of each sample was treated following a “lab-type preparation” [5], which is the “intrusive mode” described by the U.S. EPA [11], consisting of a time-consuming procedure in which 5 g of the sample were dried, milled in a tungsten carbide (WC) mill or an agate mortar, and homogenised into a fine powder.




2.2. Analytical Determinations by Means of Portable X-ray Fluorescence (pXRF)


In this research, an Olympus Vanta C Series with a 4 W Ag anode X-ray tube (VCA) and a silicon drift detector was used. The VCA has an excitation source ranging from 8 to 50 keV and is capable of detecting elements from magnesium (Mg) to uranium (U). As is the case with many pXRF instruments, there are various factory methods available, each with different calibrations. The “soil” method is more suited for trace concentrations, whereas the “geochem” method is more accurate at higher concentrations. Both methods were used to determine as many elements as possible with the best data quality [27] without moving the analyser between two measurements [5]. In this study, pXRF data > 1 wt.% were selected from the geochem method, whereas values < 1 wt.% were determined using the soil method. Both methods used three beams set to 20 s each, with a total of 1 min for analysis, replicated three times. Although the payback for longer analyses would be lower LODs, a reasonable measurement time was selected to maintain the analysis fast enough to characterise a large number of samples. The accuracy was evaluated by means of certified reference materials (CRMs; “PACS-3” and “MESS-4”, Marine Sediment, NRCC, Whitehorse, YT, Canada), which were analysed in the same batch of samples using both methods.




2.3. Confirmatory Analyses: Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) and Direct Mercury Analyser (DMA-80)


As a confirmatory analysis for the determination of metals (Cu, Fe, Mn, Pb, Zn) and metalloids (As, Sb) except for Hg, 250 mg of “lab-prepared” samples were acid-digested in PTFE vessels through a total acid dissolution in a closed microwave system (Multiwave PRO, Anton Paar) using two heating steps. In the first mineralisation step, inverse aqua regia (3:1, HNO3 67–69% and hydrochloric acid HCl 34–37%; hydrofluoric acid (HF, 47–51%, VWR Normatom), suprapure H2O2 (30%, Merck, only in the case of soil samples), and U.S. EPA method 3052 [28] were used. In the second step, boric acid (suprapure H3BO3 6%, Merck) was added to buffer the excess HF. Blank samples and CRMs were also digested for each microwave batch to evaluate the quality of the analysis. After mineralisation, the solutions were diluted up to a volume of 25 mL by adding Milli-Q water and stored at 4 °C until analysis. Total digestion with HF was chosen for its capability to dissolve refractory minerals such as silicate minerals.



Major and trace elements were determined by means of ICP-MS (NexION 350x equipped with an ESI SC autosampler, Perkin Elmer). In order to avoid and minimise cell-formed polyatomic ion interference, the analysis was performed using Kinetic Energy Discrimination (KED) mode. The instrument was calibrated via an analysis of standard solutions ranging between 0.5 and 500 µg/L prepared by dilution from multistandard solutions for ICP analyses (Periodic Table MIX1 and MIX2, TraceCERT Sigma-Aldrich). Several aliquots of CRMs were analysed to check for accuracy, and allowable recoveries ranging between 70–119% (PACS-3) and 83–107% (MESS-4) were obtained. Except for Cu in PACS-3 CRM, ICP-MS produced 106 of 112 results (94.6%) within the 80–120% recovery acceptance range for all analytes and replicates in the two CRMs. Moreover, potential matrix effects were evaluated by means of laboratory-fortified samples prepared by spiking a standard solution different from that employed for instrument calibration (Multielement quality control standard for ICP, VWR Chemicals) into actual samples. The repeatability of the ICP-MS analysis expressed as RSD% was <3%.



Total Hg in powders was determined using a Direct Mercury Analyzer (DMA-80, Milestone, Sorisole, Italy) atomic absorption spectrophotometer, according to EPA method 7473 [29]. The LOD was calculated as 3 times the standard deviation of 10 blanks and divided by the slope of the calibration curve was 0.004 mg/kg. Regarding accuracy, acceptable recoveries were obtained using certified reference material (PACS-3), ranging between 100 and 105%.



All ICP-MS and DMA-80 analytical results were at least 10 times over the LODs. Data below such threshold were not considered in the statistical analysis. A summary of the accuracy of both methods is reported in Table S1.




2.4. Statistical Analysis


Data were processed in Python, with SciPy as the main package used for statistical analysis. Accuracy was determined by “recovery” calculated with ((pXRF value/CRM value) × 100), while repeatability, which is indicated as precision in the U.S. EPA report [11], was determined by RSD% as ((standard deviation/mean) × 100) on replicates for each analyte and technique. For further statistical analysis and data quality levels for pXRF results, the U.S. EPA [11] procedure was followed according to the majority of recent studies, e.g., [13,24,25,30]. Comparability of pXRF with confirmatory data (ICP-MS and DMA-80) was assessed using linear regression statistics, where optimal correlations were found with a coefficient of determination r2 = 1, slope equal to 1, and intercept with the y-axis equal to 0. Since a wide range in concentrations can be associated with a wide range in variance, to provide a correlation that was equally influenced by both high and low values, all data were log10 transformed according to the U.S. EPA method [11], providing equal weight in the square regression analysis to both small and large values. A Z-test was used to test the statistical similarity between the slope regression and an ideal slope = 1 and between the y-intercept of the regression function and an ideal y-intercept = 0. Furthermore, the t-test was also carried out on log10-transformed data to evaluate if the two datasets, respectively, obtained by means of pXRF and the confirmatory data for each element and sample treatment procedure belong to the same population, implying that any significant difference between the two analytical techniques occurred. t-Test, slope and y-intercept z-tests are successful for p-value > 0.05. Lower values of p-value imply significant differences between sample populations or from the ideal slope and y-intercept and vice versa. According to criteria established by the U.S. EPA [11], 3 levels of pXRF data quality can be defined: the definitive level is considered the highest level of quality, quantitative screening level data provide the quantification although it may be relatively imprecise, whereas qualitative screening level data indicate the presence or absence of elements of interest but do not provide reliable concentration estimates (Table 1).



Lastly, a “site-specific accuracy” was calculated ((pXRF concentration/ICP-MS or DMA-80 concentration) × 100) and used to highlight method detection limits (MDLs) and concentration effect issues for the analysis of pXRF [11]. The MDL is defined as a threshold below which the analytes exhibit a region where there is no longer a linear relationship.





3. Results


3.1. Accuracy and Repeatability: pXRF vs. Certified Reference Materials (CRMs)


Accuracy refers to the degree to which a measured value for a sample agrees with a reference of true value for a CRM. An acceptable range of 80–120% of recovery with respect to the certified value was used to evaluate accuracy and two CRMs (PACS-3 and MESS-4) were analysed via pXRF for this purpose (Table 2). Except for Hg and Sb, which were not detected by pXRF, acceptable recoveries were obtained for Cr, Fe, Mn, Pb, and Zn. In the case of Cu, accuracy was acceptable only in the PACS-3, which has higher concentrations of Cu, and As was not acceptable in either, with the better recoveries on the MESS-4 than in the PACS-3 most likely due to interferences related to the relatively higher concentration of Pb in PACS-3. Repeatability expressed as RSD% was <10% for all the analytes, with the lone exception of Pb in the MESS-4, which showed a slightly higher value (13%). In the case of As, the accuracy was lower in PACS-3, which has a higher Pb content (As mean recovery = 164% with Pb concentration = 188 mg/kg) than in MESS-4, which, conversely, has a concentration of Pb one order of magnitude lower (As mean recovery = 121% and Pb = 21.5 mg/kg) because the As-K and Pb-L X-ray overlaps can be so severe that the resolution may not be enough to discriminate between the two elements [7], and the identification of As may be compromised. In fact, when the Pb:As ratio exceeds 10:1, As is not efficiently detected by means of pXRF [31].




3.2. Validation Assessment: pXRF vs. ICP-MS and DMA-80


The comparability is determined by the degree to which the pXRF concentration of an element in a sample matches the concentration value obtained with the confirmatory analysis via reference methods. The comparability is assessed by the statistical equivalence of pXRF and ICP-MS (and DMA-80 for Hg) log10-transformed data and acceptable repeatability (RSD%) as described by the U.S. EPA [11], which indicates that pXRF results can reach definitive-, quantitative-screening-, or qualitative-screening-level criteria.



The first step in the evaluation of the quality of the pXRF analysis was performed under optimal sample preparation conditions (“lab-prepared” samples), where samples were finely ground and prepared in the same manner as samples for traditional laboratory analysis. The comparability between pXRF and confirmatory analysis on site-specific samples (soils, stream sediments, and mine wastes) are shown in the log-log plot in Figure 1 and in the statistical summary shown in Table 3.



The quality of pXRF analytical determination is variable among elements and matrices, in agreement to previous studies [13,27,32]. In general, a good comparability was found in both datasets for major elements as base metals (Table 3), according to previous investigations reporting significant correlations between digested samples through reference methods and pXRF for base metals [16,33]. In general, deviations from reference data may be due to uncertainties deriving from both pXRF and/or ICP-MS/DMA-80 analytical procedures, as demonstrated by the variability of the recovery for the different techniques (Table S1). Lead (Pb) was found to be the most accurate pXRF analyte and was the only element that reached the definitive data quality in both datasets among the nine elements investigated. Such high quality was the result of excellent comparability with ICP-MS analysis in a very wide concentration range, from 5 mg/kg to around 40,000 mg/kg (4 wt.%). Definitive quality levels were also obtained in the case of Zn in the Pb-Zn matrix and in the case of Sb in the Cu-Sb matrix. In addition, As, Fe, and Mn reached quantitative screening levels in both matrices, whereas Cu and Hg met the quantitative screening level only in the Cu-Sb-rich matrix due to the highest content of such metals in the host rocks and in the ore minerals [25,34].



In the case of As, results from pXRF were found to be slightly less correlated to ICP-MS results for the Pb-Zn site most likely due to the fact that As determination is affected by high Pb concentrations. The same issue was observed for the CRM analysis. Hence, for the Pb-Zn site, a better As determination was obtained by ICP-MS, e.g., [25], although statistics indicated that As could still be identified via pXRF at the quantitative screening level.



Chromium (Cr) and Hg (Table 3) reached low to very low concentrations in the Pb-Zn carbonate matrix. Their peaks were incorrectly interpreted by the factory calibration producing meaningless data (Figure 1). In the Pb-Zn site, Hg was in the 0.03–0.12 mg/kg interval according to the analysis performed by means of DMA-80, whereas the pXRF output was 33–280 mg/kg. The occurrence of false positives for Hg from pXRF is known to occur [18], and they can be removed after manual observation of the spectra. However, in the Cu-Sb site, Hg (up to 473 mg/kg—“quantitative”) determination was better than Cr (up to 182 mg/kg—“qualitative”).




3.3. Low Concentration Effect


Results from this research indicate that the reliability of the pXRF analysis decreased at low concentrations for some elements, thus resulting in an overestimation, as in the case of As, Cu, and Fe. The results of the comparison considering “lab-prepared” samples from the two mining sites between confirmatory analyses (ICP-MS/DMA-80) and errors that are represented with a percent “site-specific accuracy” (pXRF analyte concentration/reference concentration × 100) are presented in Figure 2.



The field-based MDL was variable considering different elements. Regarding the pXRF analysis, acceptable results were obtained at concentrations of Fe > 10,000 mg/kg, As > 100 mg/kg, and Cu > 30 mg/kg, respectively. Below such MDLs, site-specific recoveries showed a non-linear increase, which started approximately from 120–130%, reaching almost 500% at very low concentrations. Method detection limits (MDLs) and overestimation observed in this research were consistent with previous studies reporting similar MDLs [11]. Especially for such elements, MDLs were found to be several orders of magnitude higher than the LOD indicated by the instrument documentation (LOD: Fe = 10 mg/kg, As = 1 mg/kg, Cu = 3 mg/kg, with a measurement time of 120 s/beam, against 20 s/beam of this study). The discrepancy is due to differences in counting time and to disparities in the developer’s definition of MDLs [11].



The concentration effect for Cu and Fe was mostly found in the Pb-Zn samples most likely due to a lower geogenic abundance of these two elements with respect to the other investigated site. Indeed, the geological matrices of the Cu-Sb site are constituted by higher background levels of Cu and Fe, and subsequently, such elements can be better determined by pXRF. The main reasons for the higher background in the Cu-Sb site are (1) dominance of silicate minerals in the host rock, which are in general characterised by higher concentrations in various elements, including Fe, with respect to carbonates (dolomite, calcite), which are the major mineralogical constituent of wall rocks and gangue in the Pb-Zn site, and (2) the natural enrichment, as in the case of Cu, related to the high and disseminated occurrence of Cu-bearing tetrahedrite minerals and possibly to the presence of a halo, which is the product of diffusion of trace elements related to the ore deposit during its emplacement or weathering. A similar concentration effect was also observed for the CRMs. The accuracy of the analysis in the case of Cu was found to be low in MESS-4, where Cu is <100 mg/kg (accuracy = 158–164% and Cu concentration = 32.9 mg/kg), whereas the opposite was observed in PACS-3, where Cu is >100 mg/kg (accuracy = 111–135% with Cu concentration = 372 mg/kg). Analytical issues in As determination in the Pb-Zn samples appeared to be influenced by both concentration effects and interferences with Pb, as described previously. However, interference caused by high concentrations of Pb appeared to be weaker as concentrations increased.




3.4. Effect of Sample Treatment


In order to evaluate the quality of the pXRF analysis, an additional QA/QC test was adopted in this study involving the potential influence of heterogeneity in samples prepared with a fast preparation procedure. The analytical procedure for pXRF analysis was not changed between “fast lab-prepared” aliquots (only dried and sieved <2 mm) and “lab-prepared” samples, as described previously. The results are presented in Figure 3 and Table S2.



In general, the scatterplots regarding “fast lab-prepared” aliquots (Figure 3) are similar to those reported for the “lab-prepared” aliquots (Figure 1). Most of the elements that were significantly correlated during the first validation step also maintained significant correlations for unground samples (p < 0.001). Those correlations were still robust, and the repeatability did not suffer heterogeneity as long as the sample was not displaced between each pXRF replicate analysis. For the data quality classification adopted [11], there were hardly any substantial upgrades or downgrades between the comparability of homogenised “lab-prepared” and “fast lab-prepared” heterogeneous samples.



However, some differences were observed. Indeed, the pXRF analysis of heterogeneous samples produced data that are slightly less correlated, more scattered, and less accurate. A moderate improvement in the pXRF data quality was observed; therefore, laboratory milling operations of field samples should be evaluated on the basis of the data quality desired.





4. Conclusions


In areas close to mining operations, the preliminary use of pXRF may be able to easily identify the location of the mining wastes characterized by the highest metal or metalloid concentrations, exploring even the occurrence of elements of potential economic interest. Conversely, users may encounter unreliable results when pXRF data are not validated, especially when dealing with low concentrations. Care must be taken regarding the concentration effects since the absence or occurrence of very low concentrations can be interpreted by pXRF as higher background levels and also regarding actual LODs, which may be higher than those indicated by the factory producer due to different operating conditions.



In this study, the overall analytical quality was found to be mainly influenced by the composition of samples due to interferences, matrix effects, and low concentrations more than the heterogeneity of the sample. Although milling is a highly time-consuming procedure, the sample preparation should be carefully defined according to the desired data quality. However, the loss in comparability due to “fast lab-prepared” samples was negligible in comparison to compositional differences. A summary of the results is presented:




	-

	
Lead (Pb), zinc (Zn), and manganese (Mn): the determination of these base metals by pXRF was often found to be successful (from quantitative to definitive quality levels), and no notable analytical issues related to interferences or concentration effects were observed;




	-

	
Arsenic (As): the element met the “quantitative” quality level in both datasets. However, better comparability is found in sites where Pb is not dominant, and As concentrations are elevated enough due to As-K and Pb-L X-ray overlaps, which reduce the accuracy of As determination, so that the traditional laboratory analysis may be preferential. A concentration effect was observed leading to a decrease in comparability for As < 100 mg/kg;




	-

	
Chromium (Cr): the metal showed moderate comparability between the two analytical approaches in the Cu-Sb matrix, characterised by relatively higher Cr concentrations and occurrence of false positives by using pXRF in the carbonate-hosted Pb-Zn samples that should be removed by the user via manual spectral interpretation. Overall, Cr never exceeded the “qualitative” level when determined via pXRF;




	-

	
Copper (Cu): comparability of pXRF with ICP-MS results was strongly dependent on the element concentration and acceptable for Cu > 100 mg/kg, whereas below such values, Cu concentrations detected via pXRF were false;




	-

	
Iron (Fe): similar to Cu, its detectability by pXRF was strongly dependent on the concentration. Comparability between the two analytical approaches was found to be optimal for values >10,000 mg/kg, which are common in many (but not all) natural samples;




	-

	
Mercury (Hg) and antimony (Sb): these trace elements were found quantitatively determined by pXRF only when occurring with concentrations > 10–20 mg/kg. Conversely, when the real sample concentrations were below such values, as in the case of Hg, pXRF produced false-positive results, which should be manually removed by the user via spectral interpretation. Unfortunately, this result reveals a serious limitation in using pXRF, as the operator may be precluded from detecting low concentrations of Hg in soils that exceed those threshold levels specified by national regulations that define the use of uncontaminated soil. This is the case with the Italian legislation, for instance, where the highest threshold level, defined by major land use, i.e., for commercial and industrial purposes, is fixed at 5 mg kg−1, whereas for public, private, and residential use, it is 1 mg kg−1 (Italian Legislative Decree 152/06 [9]).









Overall, pXRF is a rapid and inexpensive technique, useful for preliminary quantification of element concentrations in contaminated solid matrices (e.g., soil, sediment, mining waste) without complex sample preparations followed by destructive standard laboratory analyses (e.g., ICP-OES, ICP-MS, DMA-80) and in a relatively short time interval. However, this study has shown that analytical results obtained using pXRF cannot be accepted outright, and they must be carefully evaluated, as interpretations should also take into consideration an initial accurate QA/QC protocol in addition to the skill and experience of the operator.
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Figure 1. Comparison between pXRF and standard laboratory analyses (ICP-MS and DMA-80 for Hg) in “lab-prepared” samples (powders) of two datasets from Pb-Zn and Cu-Sb mining sites, marked using different colours. 
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Figure 2. Concentration effect on pXRF data: site-specific recovery versus confirmatory analyses in “lab-prepared” samples (powders) of two datasets from a Pb-Zn and Cu-Sb mining sites, marked with different colours. Possible acceptance ranges are depicted in blue and yellow. 






Figure 2. Concentration effect on pXRF data: site-specific recovery versus confirmatory analyses in “lab-prepared” samples (powders) of two datasets from a Pb-Zn and Cu-Sb mining sites, marked with different colours. Possible acceptance ranges are depicted in blue and yellow.
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Figure 3. Comparison between pXRF and confirmatory data (ICP-MS and DMA) in “fast lab-prepared” samples (only dried and sieved < 2 mm) of two datasets from a Pb-Zn and Cu-Sb mining sites, marked with different colours. 
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Table 1. US EPA Criteria for establishing data quality [11].
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	Data Quality Level
	Statistical Parameter





	Definitive
	r2 = 0.85 to 1.0. The repeatability (RSD%) must be less than or equal to 10%, and inferential statistics indicate the two data sets are statistically similar.



	Quantitative screening
	r2 = 0.70 to 1.0. The RSD% must be less than 20%, but the inferential statistics indicate that the data sets are statistically different.



	Qualitative screening
	r2 = less than 0.70. The RSD% is greater than 20%. The data must have less than a 10 percent false-negative rate.
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Table 2. QA/QC of pXRF data from CRMs. Data presented in bold are out of the acceptable quality range.
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Element

	
CRM Value (mg/kg)

	
Mean Accuracy—Recovery (%)

	
Mean Repeatability—RSD (%)




	

	
PACS-3

	
MESS-4

	
PACS-3

	
MESS-4

	
PACS-3

	
MESS-4






	
As

	
30.3

	
21.7

	
164%

	
121%

	
3.9%

	
6.1%




	
Cr

	
90.6

	
94.3

	
120%

	
106%

	
7.4%

	
4.1%




	
Cu

	
356

	
32.9

	
104%

	
160%

	
3.5%

	
2.4%




	
Fe

	
41060

	
37900

	
107%

	
102%

	
0.6%

	
1.4%




	
Hg

	
2.98

	
0.09

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Mn

	
432

	
298

	
107%

	
103%

	
3.7%

	
3.4%




	
Pb

	
188

	
21.5

	
93%

	
93%

	
3.4%

	
13.0%




	
Sb

	
14.7

	
1.07

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Zn

	
376

	
147

	
109%

	
102%

	
2.0%

	
3.3%
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Table 3. Statistical summary of comparability on “lab-prepared” samples (powders). Linear regression and t-test performed on log10-transformed data. n, number of data; Y-int, Y-intercept.
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Matrix

Type

	
Element

	
Data

Quality a

	
n

	
Concentration Range

ICP-MS—DMA

	
Concentration Range

pXRF

	
RSD%

	
r2

	
t-Test

	
Slope

z-Test

	
Y-Int

z-Test




	

	

	

	

	
(mg/kg)

	
(mg/kg)

	

	

	
p-Value






	
Cu-Sb

	
As

	
Quantitative

	
37

	
8.20–654

	
13–1057

	
7%

	
0.963 *

	
0.000

	
0.527

	
0.185




	
Cr

	
Qualitative

	
25

	
6.91–182

	
28–156

	
12%

	
0.523 *

	
0.021

	
0.721

	
0.720




	
Cu

	
Quantitative

	
37

	
10.1–4019

	
17–7739

	
8%

	
0.979 *

	
0.000

	
0.641

	
0.201




	
Fe

	
Quantitative

	
37

	
3248–49,918

	
3405–44,504

	
1%

	
0.970 *

	
0.000

	
0.731

	
0.410




	
Hg

	
Quantitative

	
11

	
0.04–473

	
11–720

	
14%

	
0.959 *

	
0.127

	
0.802

	
0.637




	
Mn

	
Quantitative

	
37

	
138–1227

	
113–1452

	
3%

	
0.929 *

	
0.004

	
0.605

	
0.458




	
Pb

	
Definitive

	
37

	
14.7–1216

	
12–1156

	
6%

	
0.988 *

	
0.760

	
0.770

	
0.524




	
Sb

	
Definitive

	
15

	
1.64–1049

	
20–1627

	
9%

	
0.970 *

	
0.576

	
0.704

	
0.589




	
Zn

	
Quantitative

	
37

	
20.3–1204

	
30–1462

	
4%

	
0.969 *

	
0.007

	
0.849

	
0.709




	
Pb-Zn

	
As

	
Quantitative

	
52

	
0.91–2693

	
5–2886

	
10%

	
0.856 *

	
0.000

	
0.383

	
0.051




	
Cr

	
Qualitative

	
5

	
2.04–50.0

	
84–218

	
7%

	
0.100

	
0.007

	
0.035

	
0.000




	
Cu

	
Qualitative

	
34

	
0.69–45.0

	
8–50

	
16%

	
0.358 *

	
0.000

	
0.024

	
0.001




	
Fe

	
Quantitative

	
53

	
99–96,674

	
263–92,931

	
1%

	
0.952 *

	
0.000

	
0.201

	
0.003




	
Hg

	
Qualitative

	
7

	
0.03–0.12

	
33–280

	
11%

	
0.050

	
0.000

	
0.537

	
0.017




	
Mn

	
Quantitative

	
57

	
16.6–1239

	
30–1449

	
7%

	
0.895 *

	
0.003

	
0.917

	
0.747




	
Pb

	
Definitive

	
58

	
5.05–41,436

	
6–36,853

	
5%

	
0.993 *

	
0.370

	
0.789

	
0.718




	
Sb

	
Qualitative

	
2

	
0.05–75.0

	
21–84

	
-

	
-

	
-

	
-

	
-




	
Zn

	
Definitive

	
58

	
10.2–49,752

	
15–56,400

	
4%

	
0.992 *

	
0.053

	
0.887

	
0.711








a Data quality levels are defined by [11]. * Significant for p < 0.001. Different colours identify the three data quality levels.
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