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A B S T R A C T   

Handheld (portable) X-ray fluorescence spectrometry (pXRF) allows for fast, in situ surface analysis, however, its 
application in archaeological research requires substantial optimisation. This paper investigates the matrix ef
fects of high lead glass on the experimental results of pXRF in comparison to laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) data. 289 archaeological glass mosaic tesserae with varying lead con
centrations up to 35 wt% PbO were systematically analysed by both techniques. In addition, thirteen reference 
glasses were analysed, including nine glass standards (BGIRA1-6 and AD1-3), which were not previously 
reported. 

The detection of low Z elements (Ca and above) was inaccurate in both low- and high-lead tesserae, due to a 
shallow depth of analysis and suboptimal surface conditions of archaeological glass. The presence of relatively 
low concentrations of lead (<0.5 wt%, depending on the element being measured) furthermore resulted in 
overlapping peaks. The limits of detection as well as accuracy for several trace elements were severely affected by 
high lead contents, leading to over- or underestimations. 

Separate empirical calibrations for low- and high-lead glasses were effective in correcting the data, and this 
approach is recommended for any study using pXRF to analyse glass assemblages, especially those containing 
variable concentrations of lead. We also advise that in addition to the analysis of reference materials a subset of 
an assemblage is analysed by another analytical technique, to assess the performance of the spectrometer and to 
establish a robust calibration protocol. Overall our results suggest that pXRF can be used as a survey technique to 
differentiate compositional groups and inform further sampling. Even though the identification of specific glass 
groups requires major element compositions, different primary glass types and colouring/opacifying techniques 
can be discriminated.   

1. Introduction 

The development of a handheld (portable) X-ray fluorescence spec
trometer (pXRF) has opened up new analytical options for scientists, 
curators and conservators working within the archaeology and cultural 
heritage sectors. The primary benefits are its capability for in situ 
analysis, its short acquisition time, and the relatively low cost of the 
machine. It can be transported to an object in a museum or on excava
tion, bypassing restrictions on invasive sampling or exportation of ob
jects or samples. The speed of analysis allows the examination of 
hundreds of samples in a relatively short period of time, making it an 
appealing tool for conducting a survey of a large assemblage. As a result 
of these advantages, the technique is used around the world on a range 
of archaeological materials (Adlington and Freestone, 2017; 

Dungworth, 2012; Gabler, 2017; Grave et al., 2012; Heginbotham et al., 
2019; Heginbotham and Solé, 2017; Janssens et al., 2016; Koleini et al., 
2020, 2017; Martinón-Torres et al., 2012; O’Grady and Hurst, 2011; 
Roxburgh et al., 2018; Tykot, 2016). 

The portability of pXRF comes at the cost of data quality, due in 
large part to the lack of sample preparation and lack of a vacuum 
during analysis, requiring a critical assessment of its performance. 
Studies comparing handheld spectrometers and laboratory-based XRF 
systems have shown that handheld systems generally compare 
favourably in terms of precision for certain materials such as obsidian 
(Craig et al., 2007; Goodale et al., 2012), although weathering on the 
surface of an artefact can adversely affect the results (Adlington and 
Freestone, 2017; Williams-Thorpe et al., 1999). Furthermore, the ac
curacy of the absolute concentrations generated by a spectrometer’s 
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built-in calibrations can be problematic (Brand and Brand, 2014; 
Sheppard et al., 2011), although the accuracy of the data can be cor
rected with additional linear calibration if the precision is sufficient. 
The successful application of pXRF depends upon a thorough under
standing of how the spectrometer works and the sample material; yet 
the ease of use means anyone can easily generate a table of data about 
their material (Scott et al., 2012). The potential for misuse has resulted 
in scepticism towards the technique and its application in archaeology 
(Brand and Brand, 2014; Frahm, 2013; Goodale et al., 2012; Liritzis 
and Zacharias, 2011; Shackley, 2010; Speakman and Shackley, 2013; 
Stroth et al., 2019). 

The analysis of glass by pXRF is made difficult by the lack of a vac
uum, preventing the detection of light elements, such as Na, Mg, Al and 
Si, which make up the bulk of most glass. Some systems may be used 
with a helium flush that allow the measurement of elements as light as 
Na (Kaiser and Shugar, 2012). However these data are most likely to be 
heavily influenced by the surface conditions of the object. Deterioration 
or accumulated corrosion products create layers of material that do not 
match the bulk composition. These layers disproportionately affect the 
measurement of low Z elements or elements read from low energy 
characteristic X-rays (Kaiser and Shugar, 2012). In other words, light 
elements, which make up the bulk of most glass, are more heavily 
influenced by deterioration or surface decorations, and possibly cannot 
be quantified as a characterisation of the bulk composition. This prob
lem has been addressed in the study of medieval and post-medieval glass 
by focusing on the measurement of heavy trace elements Rb, Sr and Zr 
(Adlington and Freestone, 2017; Dungworth, 2012), which have been 
used to distinguish broad compositional and technological glass types as 
well as recipe deviations. Furthermore, small sample size, thin samples 
and irregular surfaces may affect analysis by pXRF. The impact of minor 
irregularities, such as rough, bumpy or curved surfaces, may be cor
rected by normalising the intensity of the characteristic X-rays to scatter 
peaks (Potts et al., 1997; Wilke et al., 2016). A study exploring the 
usefulness of pXRF for obsidian sourcing using suboptimal conditions, 
including reliance on the machine’s built-in quantifications and samples 
that were small and irregularly shaped, yielded overall satisfactory re
sults (Frahm, 2013). 

Another significant obstacle to the use of pXRF is the matrix effects 
associated with glasses containing moderate or high amounts of lead. 
Even relatively minor concentrations of lead in a glass can interfere 
with the measurement of arsenic, for example, which is often quanti
fied using the Kα line (10.54 keV; Bearden, 1967) that is overlapped by 
the lead Lα line (10.55 keV). At higher concentrations, there is a 
greater likelihood that elemental concentrations measured from X-rays 
close to lead emission lines will be affected. Furthermore, the greater 
density of a high lead glass affects the Rayleigh and Compton scatter 
peaks as well as the depth of analysis for all elements (Kaiser and 
Shugar, 2012). 

This study systematically investigates the effects of lead contents on 
pXRF analyses of an assemblage of early Islamic mosaic tesserae by 
comparing the pXRF results with data obtained by laser ablation 
inductively coupled plasma mass spectrometry (LA-ICP-MS). Several 
matrix-matched reference materials were also analysed to discriminate 
effects attributable to the surface conditions of the tesserae, and those 
attributable to matrix effects associated with lead. Using this approach, 
we seek to identify elements that might be commonly problematic in 
pXRF analyses of similar assemblages as well as those that have the 
greatest potential to be accurately measured. Recommendations for an 
appropriate methodological approach will be made and the potential 
usefulness of employing pXRF to study an assemblage containing lead- 
rich glass such as mosaic tesserae will be discussed (Arletti et al., 
2011; Boschetti et al., 2016; Silvestri et al., 2014; Wypyski, 2005). 
Studies of mosaic tesserae stand to benefit enormously from pXRF 
analysis as it could be used to rapidly analyse hundreds of tesserae, even 
while in situ, and to identify groups of tesserae that may relate to 
different glass sources, recycling and/or later restoration campaigns, 

and the data may be used for further sampling decisions. Finally, data for 
several glass standards not previously published are also made available. 

2. Materials and methods 

Our approach depends upon the characterisation of archaeological 
glass in addition to matrix-matched reference materials. It is difficult to 
acquire a sufficient number of suitable glass standards, which together 
contain all the elements in the full range of concentrations found in an 
archaeological assemblage. This difficulty is exacerbated for high lead 
glasses, for which the selection is even more limited. The characterisa
tion of archaeological materials allows a greater number of data for a 
more robust investigation. Furthermore, while reference materials may 
be used to measure the performance of the pXRF spectrometer with an 
“ideal” sample – that is, a material that is flat, level, homogeneous, and 
in pristine condition – they cannot shed light on the performance of the 
spectrometer in the analysis of archaeological materials, which 
frequently do not meet these criteria. Therefore the characterisation of 
archaeological glass in this paper will provide a practical insight into the 
performance of pXRF under real conditions. 

Since the archaeological tesserae studied in this paper were generally 
large enough to accommodate the pXRF spot size of 1 cm (diameter) as 
well as being sufficiently thick, and also had at least one surface that was 
suitably flat and level, most of the discrepancies between the pXRF and 
LA-ICP-MS data are expected to originate in poor surface conditions or 
high lead matrix effects. Another possible source of error is sampling 
uncertainty due to the heterogeneity of some tesserae, which can derive 
from the presence of large inclusions or phases. Many of the high lead 
tesserae are highly heterogeneous (e.g., Fig. 1) as a consequence of the 
production of certain colours. For example, to create yellow from lead 
antimonate, the pigment must be added at relatively low temperatures 
to avoid dissolution of the lead antimonate crystals, resulting in 
incomplete mixing (Lahlil et al., 2011, 2008; Shortland, 2002). Simi
larly, high temperatures can cause the dissolution of crystalline particles 
of lead–tin oxide and eventually the formation of SnO2 crystals, con
verting the yellow colour into white (Matin et al., 2018). The resultant 
heterogeneity from incomplete mixing can present a problem for 
comparing analyses by pXRF and LA-ICP-MS. The analyses by pXRF 
(with its spot size of 1 cm in diameter) will encompass approximately 
the entire surface of the tessera, while analyses by LA-ICP-MS, with a 
beam width of 100 μm or less, take place over a much smaller area and 
can more easily avoid large inclusions and target individual phases in 
the glass. This may lead to poor agreement between the two techniques. 

Fig. 1. Optical microscope image of a red tessera from the Roman villa in 
Noheda (Noheda 62; Schibille et al., 2020a) showing a heterogeneous 
microstructure. 
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2.1. Archaeological materials 

The majority (n = 270) of the tesserae selected for this study are from 
Khirbat al-Minya, an early 8th-century Umayyad residence near Lake 
Tiberias (Israel) (Adlington et al., 2020; Ritter, 2017). LA-ICP-MS data 
identified these tesserae as having been made using natron as the pri
mary flux, with some tesserae containing up to about 35 wt% PbO 
(Adlington et al., 2020). Some samples (n = 19) from the Roman villa in 
Noheda, Spain, were also included in order to better understand the 
impact of the presence of lead on the measurement of antimony. The LA- 
ICP-MS data of these samples have been published (Schibille et al., 
2020a), and the selected tesserae include both natron-type glasses and 
plant ash glasses with moderate to high lead contents (about 5 wt%—35 
wt% PbO). 

2.2. Glass reference materials 

Thirteen glass reference materials were used in this study to help 
confirm whether analysis of different elements were affected by surface 
conditions or matrix effects. The four Corning standards (Corning A-D) 
are widely used and can be compared to published values (Adlington, 
2017; Brill, 1999; Wagner et al., 2012); of these, Corning C contains high 
lead (36.7 wt% PbO) as well as high barium (11.4 wt% BaO). Also 
included were six reference glasses from the British Glass Industry 
Research Association, BGIRA 1–6, which include three low-lead glasses 
(<0.01 wt% PbO) and three moderate- to high-lead glasses (3.5 wt%— 
33.1 wt% PbO). Neither the standards themselves nor their certified 
compositions are presently available from the manufacturer (now Glass 
Technology Services in Sheffield), however several laboratories appear 
to own samples of some or all of these glasses as they are referenced in 
published works, often without specifying which of the standards were 
used and almost always without reported compositions (Licenziati and 
Calligaro, 2016; Mao, 2000; Meek, 2016; Neri et al., 2018; Robinet et al., 
2008; Tesser et al., 2020; Verità et al., 2018; Zucchiatti et al., 2002). 
Exceptions of which we are aware are published analyses of BGIRA 3 (de 
Viguerie et al., 2009) and BGIRA 4 (Bugoi et al., 2016). As data for these 
are not easily available, the pXRF measurements were thus compared to 
our own LA-ICP-MS data (Table S1). Electron microprobe data (EPMA- 
WDS) are also included in Table S1. Finally, three glass reference ma
terials (AD1-3), designed to approximate medieval forest glass compo
sitions (with high K2O and CaO), were included in this study for their 
range of trace elements, although all contain<0.1 wt% PbO. The stan
dards were prepared at the UCL Institute of Archaeology, melted by the 
Roman Glassmakers, and characterised by EPMA-WDS and LA-ICP-MS 
(Adlington, 2019). The current preferred compositions are given in 
Table S2 (Adlington, 2019) but may be subject to further minor modi
fications as the standards are part of an ongoing round-robin organised 
by L. Dussubieux (a follow up to the one published in Dussubieux, 2016). 
The standards are held at the Institute of Archaeology, UCL. 

2.3. (Handheld) portable X-ray fluorescence spectrometry (pXRF) 

Analyses were carried out using an Innov-X Systems/Olympus Delta 
Premium DP-6000CC handheld portable X-ray fluorescence spectrom
eter (pXRF), which has a Rh anode, a silicon drift detector, and a spot 
size of 1 cm. The tesserae were analysed on the surface after cleaning, 
using a test stand. The analyses were carried out using the proprietary 
“Soils” mode, which is optimised for oxygen-rich matrices using 
Compton normalisation for quantification of 30 elements from phos
phorus through bismuth. The “Soils” mode uses three so-called “beams”, 
or settings with different combinations of primary radiation voltage, 
current and filters to target different regions of the spectrum. Beam 1 
operates with a 40 kV accelerating voltage, 89μA tube current, and a 1.5 
mm copper filter; Beam 2 uses a 40 kV accelerating voltage, 52μA tube 
current, and a 2.0 mm aluminium filter; and Beam 3 runs with a 15 kV 
accelerating voltage, 68μA tube current, and a 0.1 mm aluminium filter. 

Each beam was operated sequentially for 20 s for a total of 60 s 
analytical time per sample. In order to assess the quality of the data 
“straight from” the pXRF (Frahm, 2013), we rely solely on the built-in 
calibration programme with no further empirical calibrations applied 
to the data. The pXRF data are reported in Table S3. 

2.4. Laser ablation inductively coupled mass spectrometry (LA-ICP-MS) 

The Noheda tesserae and a subset of the Khirbat al-Minya tesserae 
were sampled by removing a small amount of material that was 
embedded in epoxy resin with the cross-section exposed and polished to 
remove any residue on the surface. The rest of the tesserae from Khirbat 
al-Minya were analysed after cleaning but without further sample 
preparation. 

Analyses were carried out at IRAMAT-CEB using a Resonetics M50E 
excimer laser (ArF, 193 nm) with a S155 ablation cell and a Thermo 
Fisher Scientific ELEMENT XR mass spectrometer. The samples were 
ablated in spot-mode with a 5 mJ energy, a 10 Hz pulse frequency and a 
beam diameter typically set to 100 μm, occasionally reduced to 50 μm 
when saturation of the signal caused by high concentrations of manga
nese, copper, lead and/or tin or antimony particles occurred. Samples 
were pre-ablated for 20 s to remove any surface alterations, and the 
acquisition time was set at 30 s. The ablated material was transported to 
the plasma torch by an argon/helium flow at a rate of approximately 1 
L/min for Ar and 0.65 L/min for He. A combination of internal (28Si) and 
external standards (NIST SRM610, Corning glasses B, C, and D and an in- 
house APL1) were used for calibration and quantification, following the 
procedures described by Gratuze (1999). Instrumental precision and 
accuracy were monitored throughout the analyses by measuring refer
ence materials (NIST SRM612, Corning A, B, C and D; Adlington, 2017; 
Jochum et al., 2011) at regular intervals (Adlington et al., 2020; Schi
bille et al., 2020a). 

3. Results 

The analyses by handheld pXRF were compared to accepted values 
(for the Corning and AD reference materials) and LA-ICP-MS data (for 
the BGIRA reference materials and the tesserae) in scatterplots showing 
a linear regression equation and the coefficient of determination (R2; 
Figs. 2–7). The slope of the linear regression can be regarded as a proxy 
for accuracy; the closer this number is to 1, the more accurate the 
measurements are in general. Similarly, R2 can be used as a proxy for 
precision. When R2 is close to 1, the agreement is linear and reproduc
ible. The pXRF analyses were also compared to the lead contents of each 
sample in order to determine whether lead contents affected the pXRF 
measurements due to overlapping peaks. 

Several elements were well measured in terms of precision (R2) in 
both the reference materials and the tesserae, regardless of lead content. 
Ti, Mn, Cu, Zn, Sb and Pb all had an R2 better than 0.95 for the reference 
glasses; in the analyses of the tesserae, the R2 were generally lower but 
all had an R2 better than 0.9 except for Ti, with R2 = 0.84 (Fig. 2). The 
pXRF overestimated concentrations of Ti in nine tesserae and one 
reference glass (AD2) (Fig. 2A–B), which introduces greater error into 
the measurement of this element. The source of this error is not clear, 
but is possibly due to the heterogeneity of some tesserae. Most of these 
nine tesserae are red, orange or yellow, which are highly heterogeneous 
and may have large phases and/or inclusions (Fig. 1). Coloured glasses 
have been found to have much more variable titanium concentrations 
than colourless counterparts (Schibille et al., 2018). Whatever the cause, 
without these nine outliers the precision in Fig. 2B is substantially 
improved (R2 = 0.94). At least two tesserae were measured with 
elevated Mn contents, both of which were coloured with manganese 
(Fig. 2D). This again may reflect a high degree of heterogeneity of the 
colourants within the glass matrix. While the precision for these ele
ments was good, the accuracy was much more variable, with slopes 
ranging from 0.73 to 1.26 (Fig. 2). 
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3.1. Surface conditions and shallow depth of analysis 

Phosphorus, potassium and calcium were well measured in the 
reference materials in terms of precision. In terms of accuracy, phos
phorus and, to a lesser extent, potassium are systematically over
estimated in the analyses of the reference materials. In the tesserae, both 
precision and accuracy of these three elements were poor, regardless of 
lead content (Fig. 3). While generally the upper range of the concen
trations in the reference materials exceeds those found in the tesserae, 
especially for potassium, much of this error is attributed to the very 
shallow depth of analysis for these elements (Table 1), and the likely 
alteration of the surface composition due to the burial environment and 
deterioration. 

3.2. Mismeasurement due to peak overlap 

For several elements there was no correlation between the pXRF 
measurements and the LA-ICP-MS results (e.g., Fig. 4A); these elements 
were instead correlated with the Pb contents of the glass (Fig. 4B–D). 
The affected elements included S (based on analysis of reference ma
terials only, as S was not analysed by LA-ICP-MS) and As, which are 
both commonly measured from peaks that overlap lead peaks (S-Kα 
2.31 keV with Pb-Mα 2.35 keV, and As-Kα 10.54 keV with Pb-Lα 10.55 
keV). Cd (Kα 23.17 keV) also shows a positive correlation with Pb 

contents, due to an overlap with the sum peak of the Pb-Lα and Pb-Lβ 
lines (23.165 keV). Elements present in relatively low concentrations 
and that are measured from the low-energy region of the spectrum (e. 
g., Cl-Kα 2.62 keV, La-Lα 4.65 keV, and Ce-Lα 4.84 keV) also show a 
positive correlation with lead contents; Cl overlaps with Pb-Mγ (2.65 
keV), while La and Ce appear to be affected by the presence of sum 
peaks of Pb-M lines. Measurements of Y show a positive correlation 
with lead contents in tesserae containing up to about 2 wt% PbO. 
Above this threshold the pXRF was below detection for Y (Fig. 4D; Y- 
Kα 14.96 keV, Pb-Lγ at 14.76 keV). It is important to stress that mea
surement of these elements is affected even at relatively low concen
trations of lead. For example, La contents were highly overestimated by 
pXRF in glasses containing more than 2 wt% PbO. Even below this 
threshold the La readings were unreliable as some glass with PbO <
0.5 wt% were reported to have more than 100 ppm La. 

The high barium contents (11.4 wt% BaO) of Corning C have a 
similar effect on the measurement of Ti (Ti-Kα 4.51 keV; Ba-Lα 4.47 
keV), V (V- Kα 4.95 keV; Ba-Lβ 4.83 keV) and Cr (Cr-Kα 5.41 keV; Ba-Lγ 
5.53 keV; Fig. 5). Interference from Ba did not appear to adversely affect 
the analysis of the remainder of the reference glasses (BaO < 0.5 wt%) or 
any of the tesserae (BaO < 0.1 wt%); however, these peak interferences 
will be relevant to the study of ancient Chinese glasses (Henderson et al., 
2018) and Late Islamic Arabian glazes (Živković et al., 2019) with lead- 
barium composition. 

Fig. 2. Comparison of pXRF data with accepted values of reference glasses and with LA-ICP-MS data of archaeological tesserae for elements that were well measured 
in both the reference glasses and the tesserae. There are some outliers, most notably the several tesserae measured with higher TiO2 (2B). Concentrations are all in 
oxide wt% for this figure. 
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3.3. Limits of detection and quantification (LOD/LOQ) 

The limits of detection (LOD) and/or limits of quantification (LOQ) 
of some elements were raised in the presence of lead. Measurements of 
Co, Ni, Rb and Zr were below detection in reference materials and 
tesserae with elevated Pb concentrations, although the threshold varied. 
Co was below detection limits by pXRF in glasses containing more than 
about 3.5 wt% PbO; for Ni, this threshold was 1.5 wt% PbO; for Rb, 4.8 
wt% PbO; and for Zr, glasses containing more than 2.5 wt% PbO were 
either significantly undermeasured or below detection. 

Some of these elements were poorly quantified even in the low-lead 
glasses, suggesting a higher LOD or LOQ might be advisable for both 
high and low lead glasses. For example, Co was well measured in both 
reference materials and the tesserae when concentrations exceeded 
100–200 ppm Co (Fig. 6A); these glasses generally contained <1–1.5 wt 
% PbO (no cobalt glasses with high lead concentrations could be found). 
Measurements of Co present at less than about 100 ppm were very poor 
(Fig. 6B). Similarly, Rb was well measured in the reference materials, 
which have concentrations up to almost 800 ppm Rb (Fig. 6C). The 
tesserae, however, contain Rb < 20 ppm, which adversely affected the 

Fig. 3. Comparison of pXRF data with accepted values of reference glasses and with LA-ICP-MS data of archaeological tesserae for P, K, and Ca. These elements were 
well measured in the reference glasses in terms of precision, but poorly measured in the tesserae suggesting that poor surface conditions and shallow depths of 
analysis (Table 1) have affected the analyses by pXRF. Concentrations are all in oxide wt% for this figure. 

Table 1 
The critical depth of analysis, or the depth from which 99% of the characteristic 
X-rays are emitted, of selected elements in a low- and high-PbO tessera. Model 
calculations are based upon the chemical compositions of samples from Khirbat 
al-Minya (MR-T106 with < 0.01 wt% PbO and MR-T127 with 32 wt% PbO) and 
the spectrometer settings used in this study.   

Char. X-ray (keV) Critical depth of analysis (μm) in 
Low PbO tessera High PbO tessera 

P  2.01 11 8 
K  3.31 38 14 
Ca  3.69 52 18 
Ti  4.51 83 27 
Mn  5.90 174 52 
Fe  6.40 219 64 
Cu  8.05 371 113 
Sr  14.17 1764 234 
Zr  15.78 2351 234  

Fig. 4. Graphs demonstrating the effect of Pb peaks overlapping with other elements. (A) La concentrations measured by pXRF are not consistent with LA-ICP-MS 
data for La, but instead are correlated with Pb contents of the glass (B). As concentrations measured by pXRF are similarly correlated with Pb contents (C), while Y 
contents are correlated up to about 2 wt% PbO, and higher than this Y contents were reported as below detection. Legend below graphs. 
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precision (R2 = 0.43) as the low concentrations approach the detection 
limits (Fig. 6D). Low concentrations of Ni also showed low precision (for 
Ni < 100 ppm, R2 = 0.57; Fig. 6G–H). 

Analysis of Zr in low lead glass by pXRF was excellent in terms of 
precision (R2 = 0.96 for tesserae containing <2.5 wt% PbO) but very 
poor in accuracy (m = 1.40), underlining the need for empirical cali
bration on top of the machine quantification algorithm. 

3.4. Elements requiring separate calibrations for different Pb 
concentrations 

The measurement of some elements, most conspicuously Fe and Sr, 
would benefit from different calibrations for low- and high-lead glasses. 
For Fe, a different slope is observed for tesserae containing more than 
about 4.5 wt% PbO (Fig. 7A). Sr is undermeasured in glass with PbO 
greater than 7 wt% compared to glass with lower concentrations of PbO. 
A good linear agreement exists between the pXRF and LA-ICP-MS data 
for Sr for glass containing <7 wt% (R2 = 0.95), and for glass 7 wt% to 
14.3 wt% PbO (R2 = 0.93; Fig. 7B). The linear relationship between the 

pXRF and LA-ICP-MS data for Sr is weak for glass containing more than 
about 14.3 wt% (R2 = 0.67), but these data might still be improved with 
empirical calibration (Fig. 7B). 

4. Discussion 

4.1. Methodological recommendations 

Overall, the results are very promising as the use of pXRF for the 
study of lead-rich glass is only marginally more problematic than the 
study of low-lead glasses. The pXRF results of several elements were 
excellent in terms of precision. Elements impeded by peak overlap are 
typically affected even at low amounts of lead. The main obstacle to 
analysing high lead glasses is the increased LOD or LOQ of some ele
ments. The inability to measure Zr or Rb in the presence of high lead 
concentrations is likely to be a limitation for many studies using pXRF on 
lead-rich glass. 

Some elements were systematically over- or undermeasured in the 
presence of higher lead concentrations. The application of empirical 
calibrations is therefore particularly pertinent to assemblages contain
ing variable concentrations of lead to correct systematic differences in 
the analysis of low- and high-lead glasses. This may be best achieved by 
analysing not only reference materials to establish the performance of 
the spectrometer, but also characterising a subset of the assemblage by 
an alternate technique. In so doing, a control group is created that allows 
the identification of elements that are affected by surface conditions or 
matrix effects, and ultimately provides the means to develop robust 
empirical calibrations tailored to the assemblage. 

In this study, the comparison of pXRF and LA-ICP-MS data for Fe and 
Sr showed a clear need for the development of different calibration 
curves for low- and high-lead glasses, in order to lessen some of the 
effect that high lead concentrations have on pXRF analyses and to make 
the results internally consistent. In most archaeological scenarios, it will 
be uncommon to have some 300 samples characterised by LA-ICP-MS to 
compare the pXRF data with, as in the present study. We expect that in 
most studies a much smaller number of samples will form the control 

Fig. 6. Comparison of pXRF data with accepted values of reference glasses and with LA-ICP-MS data of archaeological tesserae for elements that were poorly 
measured or below detection in high lead glasses. The problem is less apparent in the reference materials, which tend to cover a wider range of concentrations and 
include few high lead glasses. Fig. 6B, D and H also demonstrate the poor precision in the analyses of Co, Rb and Ni when present in low concentrations even in the 
low-lead tesserae. Concentrations are all in element ppm for this figure. 

Fig. 5. Corning C spectrum between 4 and 6 keV, showing Ba peaks over
lapping the Kα lines of Ti, V and Cr. 
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group, in which case the need for separate calibrations based on lead 
content may not be as evident. Therefore the best and most straight
forward approach is to create multiple calibrations for all the elements 
reported. 

As a demonstration of this approach, a subset of 58 samples from the 
Khirbat al-Minya tesserae were chosen to form a control group for 
developing empirical calibrations. These samples were preselected and 
were mounted in resin blocks in an initial phase of the research. Three 
groups were formed based on the lead content measured by pXRF, with 
the thresholds determined by breaks observed in the data: glass con
taining <7 wt% PbO (uncalibrated pXRF data); glass containing be
tween 7 wt% and 18 wt% PbO; and glass containing more than 18 wt% 
PbO1. Calibration curves were based upon linear regression analysis 
using the LA-ICP-MS data as the “true” compositions of the tesserae 
(designated as the independent variable on the x-axis) to correct the 
pXRF data (y-axis). A separate calibration curve was generated for each 
element in each of the three lead groups (e.g., Fig. 8A). The calibrations 
improved not only the accuracy but the precision of the pXRF analyses, 
even for elements with acceptable precision pre-calibration. For Sr, the 
improvement is pronounced. When the calibrations for Sr based on the 
control group (Fig. 8A) were applied to data for the entire assemblage, 
the undermeasured Sr contents of the higher lead glass groups were 
corrected and the accuracy and precision were brought into an accept
able range (compare Fig. 8B and C). 

4.2. Applications and usefulness 

The usefulness of pXRF for analysing an assemblage containing high 
lead glasses will depend on the assemblage itself and the research 
questions of the study, however some comments may be made based on 
the Khirbat al-Minya tesserae. While identification of different base glass 
types would be impossible without major elements, compositional 
groups can be observed in the TiO2, Sr and Zr concentrations (Fig. 9). A 
group identified elsewhere as Egypt 1a (Adlington et al., 2020) is 
compositionally distinct, and while the Levantine and Foy 2.1 groups 
overlap (in both the pXRF and ICP data), they are mostly separate in 
their Sr contents in particular. A fourth group referred to as “Low 
Al2O3”, overlaps both the Levantine and Foy 2.1 groups in their TiO2, Sr 
and Zr contents, again a problem with both the pXRF and ICP data. Two 
samples from this group were measured by pXRF as having very high 
TiO2 contents, as noted previously (Fig. 2B), which would result in a 
misidentification during grouping. The single HIMT tessera is clearly 

distinguished from the rest. While the separation of groups is imperfect, 
and the information insufficient for pinpointing the specific identity of 
different primary glass groups, these data could still be useful for 
guiding sampling decisions for further analysis using more robust 
techniques. 

Aside from compositional grouping, pXRF identifies most of the 
different colouring and opacifying oxides such as Mn, Fe, Co, Cu, Sn and 
Pb. Sb, which was well measured in the Noheda samples and reference 
glasses, was below detection in the Khirbat al-Minya assemblage. Un
fortunately, the use of calcium phosphate, used as an opacifier in many 
of the tesserae, would be very difficult to identify using handheld pXRF. 
Other technological characteristics could be detected, such as a covari
ance between lead and tin, evincing the use of lead–tin oxide, and be
tween copper and zinc for the different Egypt 1a colours, indicating the 
use of a single raw material to create multiple colours. 

Handheld pXRF has the potential to be useful in the study of other 
types of lead glass. Lead was used in this assemblage to aid in the pro
duction of specific colours of tesserae, and similarly was used to make 
strongly coloured beads, glazes and enamels (Beltrán et al., 2020; Brun 
and Pernot, 1992; Henderson and Warren, 1981; Tite et al., 1998; Tite 
and Shortland, 2008), although the analysis of glazes and enamels by 
pXRF may be problematic due to sample thinness. Lead can also be used 
in glass as a primary fluxing agent, lowering the melting temperature 
and extending the working time of the molten glass, but also giving the 
glass a higher refractive index and greater brilliance (Rehren and 
Freestone, 2015). Lead glass types including lead-barium glass are found 
in ancient China and in the early Islamic world (Fuxi, 2009; Henderson 
et al., 2018; Wypyski, 2015). A novel type of Islamic lead glass was 
recently identified in 8th- to 9th-century al-Andalus (Schibille et al., 
2020b) that preceded a specific type of Iberian soda ash lead glass 
produced locally (de Juan Ares and Schibille, 2017; Duckworth et al., 
2015). Lead glasses are also documented in northern Europe during the 
medieval period (Mecking, 2013), and was used to create lead crystal 
glass in England in the late seventeenth century (Dungworth, 2019; 
Dungworth and Brain, 2009). 

5. Conclusions 

For in situ analysis of ancient and medieval mosaic decorations pXRF 
presents a viable and as this paper shows, effective method that can 
identify group affiliations and thus inform sampling and conservation 
strategies. In view of the varying lead concentrations of glass tesserae, 
however, the analytical protocol must be optimised, and an empirical 
calibration is strongly advised. Our study demonstrates how data can be 
substantially improved by relatively simple adjustments based on linear 
regression. Best practice for glass studies using pXRF, especially when 
studying assemblages with variable lead contents, should include not 
only the analysis of secondary standards, but the analysis of a subset of 
the assemblage by another, more precise analytical technique. By 

Fig. 7. Tesserae with different concentrations of lead showed different correlations between the pXRF and LA-ICP-MS data, suggesting that different calibrations for 
low- and high-lead glasses would be beneficial. In the measurement of iron (A), regression analysis of the tesserae with more than 4.5 wt% PbO had a much higher 
slope. The measurement of Sr (B) shows at least three different groups based on lead content, each with a different linear relationship to the LA-ICP-MS data. 

1 The thresholds between these groups differ from those noted in Fig. 7, as 
those thresholds were based on the observation of problems in the data for Fe 
and Sr, and on lead contents measured by LA-ICP-MS. The thresholds in this 
section are determined solely on lead concentrations (measured by pXRF) of the 
assemblage, and breaks therein. 
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establishing such a control group, it becomes possible to differentiate 
between surface and matrix effects, and to develop targeted calibrations 
that should be bracketed based on lead concentrations. 
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