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ARTICLE INFO ABSTRACT

Keywords: This study aims to assess the reliability of micro-X-ray fluorescence spectroscopy (p-XRF) as a quantitative, non-

p-XRF invasive tool for the in-situ compositional analysis of ancient glass. p-XRF is widely employed in archaeological

LA'I.CP'MS and materials science contexts due to its ability to rapidly detect major, minor, and trace elements without the

gﬁﬁgﬁailjzsanal is need for sampling. However, it is often assumed that its limited sensitivity to light elements (Z < 13) in field

Reproducibility Y applications poses challenges for a comprehensive characterisation of glass-making technologies and raw ma-
terials. In this study, we evaluate the analytical performance of p-XRF for glass analysis, going beyond compo-
sitional characterisation by systematically comparing it with Laser Ablation Inductively Coupled Plasma Mass
Spectrometry (LA-ICP-MS). LA-ICP-MS offers superior detection limits and a broader elemental range, but its use
is constrained by the need for sample preparation and its non-portable nature. The precision of p-XRF was
assessed through repeated daily measurements, while accuracy was evaluated using the certified reference
glasses Corning A and B. Correction trends were developed by comparing p-XRF results with both the nominal
concentrations of these standards and with corresponding LA-ICP-MS data, in order to mitigate inherent limi-
tations and enhance the method's reliability. The validated protocol was then applied to a set of Roman glass
samples of unknown composition. The results confirm that, despite its limitations, p-XRF can deliver accurate
and reproducible data, supporting its use as a rapid and versatile method for in-situ compositional analysis of
ancient glass.

1. Introduction glassmaking furnaces [1,2]. These trace elements also offer valuable

insights into archaeological and socio-economic aspects, such as trade

This study aims to demonstrate the effectiveness of micro-X-ray
fluorescence spectroscopy (p-XRF) as a reliable, non-invasive tech-
nique for the in-situ compositional analysis of ancient glass artifacts.
Although p-XRF is accessible and non-destructive, it has limited sensi-
tivity to light elements. To address this, a systematic comparison was
conducted with Laser Ablation Inductively Coupled Plasma Mass Spec-
trometry (LA-ICP-MS), a highly sensitive, laboratory-based technique
that requires microsampling of the material for analysis, whereas p-XRF
measures the surface composition without any sampling.

Compositional analysis of ancient glass is key to understanding its
manufacturing technology, raw materials used, and their provenance.
While major and minor elements are essential for chronological attri-
bution, trace elements, impurities from raw materials, are crucial for
identifying material sources or geographical localisation of primary
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routes and inter-societal connections.

Comprehensive characterisation of glass artifacts often requires a
combination of analytical techniques [2], with an increasing preference
for rapid, portable methods due to the fragility of these items and the
challenges associated with sampling, especially when surfaces are
heavily altered. In this context, comparative studies [3-6] have shown
that selecting the most appropriate analytical approach involves care-
fully balancing sensitivity, preservation of material, and the desired
depth of compositional information [7].

Among portable instruments, p-XRF represent a widely adopted
technique for analysing archaeological glass, valued for its versatility,
rapid acquisition, and sensitive multi-elemental analysis with detection
limits in the ppm region [8,9]. Its primary advantage in analysing
archaeological materials, particularly those prone to surface corrosion,
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is the ability to examine a microscopic area that has been pre-treated to
remove surface deterioration products, ensuring more representative
results. Portable p-XRF spectrometers, typically equipped with poly-
capillary X-ray lenses operating under atmospheric pressure, have lim-
itations in detecting light elements such as Na, Mg, and Al since X-rays
do not reach the detector [10,11]. The limited analytical sensitivity for
light elements, which emit low-energy (soft) X-rays, is primarily a
consequence of performing measurements in ambient air. Helium
purging (flushing) in front of the detector is therefore commonly used to
substantially enhance the detected signal, because the characteristic X-
rays of light elements would otherwise undergo strong attenuation along
the air path (transmission of ~1.3 % to 23.8 % per centimetre for X-rays
in the 1-1.5 keV range). In addition, in p-XRF configurations the
transmission efficiency of polycapillary optics drops for soft X-rays
because multiple total-reflection steps amplify the effects of reflectivity
losses, wall roughness, and geometric distortions, further weakening the
already low Rh L-line flux and thus the fluorescence signal from light
elements [12]. However, they are highly effective for detecting minor
and trace elements, making p-XRF a valuable tool for preliminary
qualitative or semi-quantitative analysis, often complemented by other
techniques.

Several studies have indicated that p-XRF alone is insufficient for
comprehensive glass analysis. This limitation has led to the frequent
combination of p-XRF with Scanning Electron Microscopy coupled with
Energy Dispersive X-ray Spectroscopy (SEM-EDX), which enables more
reliable detection of light elements and provides detailed physical and
morphological information [10]. Additionally, u-XRF is often integrated
with LA-ICP-MS [13-16], which enhances elemental coverage, offers
high sensitivity, and mitigates the impact of altered surface layers
through soft pre-ablation [15].

This study introduces an innovative approach by employing LA-ICP-
MS as a reference method to systematically assess the accuracy of p-XRF
in detecting major, minor, and trace elements in archaeological glass.
The comparative analysis provides also detailed insights into the
analytical range, detection limits, accuracy, and precision of both
techniques. In doing so, this research not only highlights the potential of
p-XRF as a rapid and non-invasive method but also establishes it as a
reliable tool for in situ quantitative analysis. Thus, the key contribution
of this study is that having demonstrated p-XRF's ability to produce data
comparable to LA-ICP-MS and proven its capability in preliminary glass
classification without compromising analytical quality, this technique
can be confidently used for on-site characterisation, reserving LA-ICP-
MS for specific cases.

2. Materials and methods
2.1. Materials

To validate the p-XRF quantitative protocol, this study analysed not
only certified reference materials (CRM) but also a set of 36 Roman glass
fragments from Aquileia (northeastern Italy), dating from the 1st cen-
tury BCE to the 4th century CE. The assemblage includes raw glass
chunks, production residues, and artefact shards, showcasing a variety
of colours, shape, and sizes. Each fragment was sampled to a maximum
dimension of 1 cm®, then embedded in epoxy resin and meticulously
polished to ensure a flat, uniform surface suitable for analysis. For ef-
ficiency and consistency, three to five fragments were mounted in each
resin disk. Sampling and embedding in epoxy resin were necessary for
LA-ICP-MS, which requires flat or near-flat surface for accurate analysis,
while p-XRF could technically have been carried out directly on the
original artifacts. To ensure consistent measurement conditions and
simplify sample transport (given that p-XRF was performed in Athens,
Greece, and LA-ICP-MS in Venice, Italy), the same samples were ana-
lysed with both techniques.
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2.2. Methods

2.2.1. Micro-X-ray fluorescence spectrometry (u-XRF)

The p-XRF analyses were performed using a customised version of
the Artax (Bruker AXS) micro-XRF spectrometer at the National Centre
for Scientific Research (NCSR) “Demokritos”, Athens (Greece). The
spectrometer probe consists of an X-ray microfocus Rh-anode tube
(anode spot size 50 x 50 pm, max 50 kV, max 1 mA, 30-W maximum
power consumption, Be window 0.2-mm thickness) and a polycapillary
X-ray lens (IfG) with a focal distance of about 21.2 mm. The X-ray
detection system includes an electrothermally cooled 10-mm? silicon
drift detector (X-Flash, 1000B) with 146 eV FWHM at 10 kcps coupled
with a digital signal processor. A colour CCD camera (approximately
%13 magnification) combined with a dimmable white LED and a spot
laser beam assures the reproducible positioning of the measuring probe,
as well as the visualisation and documentation of the analysed area.
Three stepping motors, coupled with the spectrometer head, allow
three-dimensional movement for advanced elemental mapping, and
precise alignment of the analysis spot at the focal distance of the poly-
capillary lens.

The acquisition of the spectra was obtained using 50 kV accelerating
voltage and 600 pA tube current. The region of interest (ROI) covered is
1 mm?, consisting of 36 spots spaced 0.2 mm apart, with an acquisition
(live) time of 1008 s per ROI, corresponding to 28 s per spot. The p-XRF
measurements are intrinsically robust and, under controlled conditions,
are not affected by whether the analysis is performed in the laboratory
or in-situ. For portable and handheld XRF instruments, analytical per-
formance is independent of the measurement environment, provided
that proper conditions are ensured. The hardware design of portable
p-XRF instruments differs substantially from that of laboratory desktop
systems, and this distinction motivates the present comparison. The aim
of this study is to assess whether a portable p-XRF spectrometer provides
reliable quantitative results for glass materials under controlled sample
conditions (embedded, polished specimens).

The sampling depth on silicate glass mainly depends on the energy of
the detected X-ray signals, ranging from 1 to 2 pm for light elements to
several hundred pm for heavy elements. The p-XRF spatial resolution is
~75 pm at Cu-Ka (8.04 keV) and ~30 pm at Sn-Ka (25.1 keV). Quan-
tification was conducted using PyMca software, applying the Funda-
mental Parameter (FP) method and accounting for the relative
transmission efficiency of the polycapillary lens, as described by [17].
To ensure the accuracy and stability of p-XRF measurements, CRM from
the Bundesanstalt fiir Materialforschung und -priifung (BAM, Federal
Institute for Materials Research and Testing) SO05—B and the Corning
Museum of Glass (CMG) A were analysed at the beginning and end of
each session. BAM S005—B was used to assess the daily precision of the
instrument for Si, K, Ca, Fe, Cu, Zn, and Sr, while CMG A was employed
for Sn, Sb and Pb. Additionally, measurements of BAM S005—B
collected throughout the campaign were used to fine-tune the PyMca
free parameter “flux”, which defines the absolute intensity of the
exciting beam. BAM S005—B and CMG A, along with CMG B, were then
analysed and compared with their certified values to verify measure-
ment accuracy. This cross-comparison further reinforced data reliability
and ensured the consistency of the analytical results. For the correction
of Sn and Sb data, CMG A and CMG B were used for Sb, and only CMG B
for Sn, as the concentrations of these elements in BAM S005—B are
below the limit of quantification (LOQ) (Table SI1 in Supplementary In-
formation). The total uncertainty in the reported p-XRF data for the
reference materials arises from two primary independent sources: the
statistical uncertainty associated with peak area counting, and the
variability in the mean flux parameter over the measurement campaign.
Statistical uncertainty, derived from peak area statistics, is typically
below 2 %, though it may reach up to 3 %. The second source, reflecting
the standard deviation of the mean flux value, is approximately 3 %.
Given that these two sources are independent, the combined relative
uncertainty was calculated quadratically.
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2.2.2. Laser ablation inductively coupled mass spectrometry (LA-ICP-MS)

The LA-ICP-MS instrument used in this research is based in Ca’
Foscari University of Venice, Venice (Italy) and consists of an Analyte
Excite ArF excimer 193 nm laser (Teledyne CETAC Photon Machines)
coupled to an iCAP-RQ quadrupole ICP-MS (Thermo Scientific). The
laser ablation device was equipped with a HelEx II two-volume ablation
cell mounted on a high-precision xy translating stage. The samples were
placed and fixed on a laser ablation holder. A rapid aerosol transfer line
(ARIS, Teledyne CETAC Technologies) and helium as carrier gas were
used to transport the ablated materials from the surface of the sample to
the torch of ICP-MS. The sampling depth on silicate glass can be roughly
assumed to be 0.5-1 pm. Assuming a homogeneous composition of the
samples, elemental analysis was performed in line scanning mode to
determine the bulk elemental oxide composition of the glass samples.
Table 1 provides the operational parameters used for the spot drilling
procedure. A pre-ablation step was performed to remove superficial
dust, using the same ablation parameters, but with a larger spot size and
higher repetition rate. Quantification of elements (as their elemental
oxides) in the glass samples was performed using a sum normalisation
calibration protocol [18]. The method described by van Elteren et al.
arbitrarily assumed an internal standard concentration of SiO5 as 50 wt
%. Then the normalisation algorithm adjusts that assumed value based
on the sum of all measured oxide concentrations, which equals 100 wt%.

To verify instrument stability and to monitor potential deviations in
the analytical setup during each session, CMG A, B, C, D were analysed
every 10 samples, while the CRM was measured only at the beginning
and end of each session. NIST SRM glass 612 was used also for signal
drift correction throughout the ablation. CMG A served for initial cali-
bration, providing a reliable reference for elemental quantification.
NIST 612, with certified concentrations for different elements including
Rare Earth Elements (REESs), was used to monitor drift. When combined
with internal standards like Si, NIST 612 is used for external calibration
and it enables correction for variations in ablation efficiency and matrix
effects, ensuring accurate trace element quantification throughout the
session.

2.2.3. Elaboration of the regression equations

To compare the p-XRF and LA-ICP-MS data from the archaeological
samples and assess the reliability of the p-XRF measurements relative to
LA-ICP-MS, regression equations were established for each element. LA-
ICP-MS was selected as the reference technique, and its values were
treated as error-free for data processing purposes, despite actual error of
about 5 %. Consequently, only p-XRF measurements were assumed to

Table 1
LA-ICP-MS operational parameters used for glass analysis.
Laser Ablation ICP-MS
Laser type ArF excimer 193 RF power 1550 W
nm
He gas flow  0.25Lmin~! Cooling gas 14 L min™*
cell flow
He gas flow 0.25 L min~! Auxiliary gas 0.8 L min~!
cup flow
Transfer ARIS Ar makeup gas 0.8 L min~!
line flow
Spot size 135 pm (pre- Monitored 5Li, “Be, 7B, !'Na, Mg,
ablation), 40 pm isotope masses  '2Al, 1%si, 1°p, 19K, 2°Ca,
(ablation) 21g, 2275 23y 24y 2y
Fluence 6 J/cm? (pre- 26Fe, 27Co, 2Ni, 2°Cu,
ablation), 307n, 31Ga, 33As, 3*Se,
4 J/cm? (ablation) 37Rb, sr, 3%, *9Zr, *'Nb,
Repetition 30 Hz (pre- “2Mo, Y Ag, *Cd, “In,
rate ablation), 20 Hz 508n, 51Sb, *°Ba, *La,
(ablation) %8Ce, *°Pr, ®*Nd, *°Sm,
Scanning Continuous line 3y, ®4Gd, ®°Tb, *°Dy,

mode %7Ho, °®Er, ®°Tm, 7°Yb,
Ablation Fixed dosage 10 7ILu, 7°Au, 82Pb, 5%Bi,
mode 90Th, %2y
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have experimental uncertainties. Two different approaches were used to
model the regression. The first assumed that, for each value of x; (LA-
ICP-MS measured concentration), the corresponding y; (u-XRF measured
concentration) is distributed with mean a + bx; (where a is the intercept
and b is the slope), with the same variance for all y; data. The second
approach considers different variance for each yj, arising from un-
certainties related in both calibration and the measured quantities, as
discussed in section 2.2.1. The expected values were aexp = 0, and bexp =
1.

The second approach, accounting for varying y; variances, generally
improved the data fit outputs (a and b parameters). However, systematic
underestimation remained in some cases: possible reasons are the as-
sumptions of error-free x data, uniform 3 % instrumental error across all
y elements, the experimental procedures such as the different points of
analysis on the glass samples, and the differing sampling depth of the
two techniques in nonhomogeneous materials.

3. Results and discussion
3.1. Daily precision of u-XRF

Multiple measurements were performed using BAM S005—B and
Corning A reference materials to evaluate the daily precision of p-XRF.
BAM S005 was analysed at both the beginning and the end of each
session, and was used for Si, K, Ca, Fe, Cu, Zn, and Sr, while CMG-A was
measured only at the beginning of each session and served as reference
for Sn, Sb and Pb. To assess measurement variability, the mean, standard
deviation and 2¢ error were calculated and plotted together with the
daily measurements, as shown in Fig. 1 for some major and minor ele-
ments (Fe, Cu, Zn, and Sr plots are presented in Figure SI1 in Supple-
mentary Information). Since BAM S005—B was measured more
frequently within each session, it appears more often in the dataset than
CMG-A. Before calculating concentrations, the raw peak area data were
investigated. This was necessary to assess the instrument's performance
accurately: peak area stability reflects the fundamental precision of the
p-XRF system, while consistent concentration values demonstrate the
robustness of the quantification procedure. The trend comparison
showed variations within one standard deviation, confirming the sta-
bility of the instrument's operating conditions as well as the reproduc-
ibility of the sample repositioning on the reference sample.

The parallel trends observed in the two datasets indicate that the
stability of the raw spectral measurements translate directly into
consistent concentration values. This reinforces the reliability of the
p-XRF method under normal operating conditions, while also showing
that variations in peak area directly affect the accuracy of the quanti-
fication process. Overall, p-XRF delivered reliable and repeatable
elemental analyses, with most variations remaining within acceptable
limits.

3.2. Analysis of Corning reference glasses

The quantification procedures for both p-XRF and LA-ICP-MS ana-
lyses were validated by comparing the results obtained for CMG A and B
for elements above the limit of detection (LOD) (Tables 2 and 3).
Certified reference values and concentrations measured by both tech-
niques are presented in Tables 2 and 3, while p-XRF results for BAM
S005—B compared against its reference values, are given in Table 4.
Specifically, Tables 2 and 3 summarise the measured concentrations,
relative standard deviations (RSD), and bias values for Corning A and B
glasses, providing a quantitative assessment of the accuracy and preci-
sion of both p-XRF and LA-ICP-MS methods.

Overall, the comparison across major, minor, and trace elements in
the reference materials shows good consistency for most components. As
reported in Tables 2 and 3, p-XRF measurements exhibit variable biases,
both positive and negative, with relative standard deviations generally
within acceptable ranges, confirming reliable analytical performance.
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Fig. 1. Daily precision of p-XRF measurements for elements (fit peak area) and their corresponding oxides (concentration). The black line with markers represents
the daily values, the red dashed line indicates the mean, yellow area shows 16 as 3 % for Si/SiO», K/K,0 an Ca/CaO and 5 % for the rest, and the pink area represents
the 20 error range. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

However, it should be noted that for a small number of elements (Sr, Zr,
Ba, and Pb) in Corning A and B glasses, the observed percentage bias,
positive for Zr and Sr and negative for Ba and Pb, is of very similar
magnitude for both techniques. This may indicate either greater in-
homogeneity for these elements within the glasses or a systematic offset
in the respective nominal (certified) values. LA-ICP-MS shows excellent
agreement with the certified values, with minimal deviations for most
elements, albeit with a few exceptions. Both techniques demonstrate
high precision, as indicated by low RSDs (~1.6 %), and good accuracy,
as reflected by the reported bias values.

The bias trends are further illustrated in Fig. 2, which reports the
ratios between p-XRF and LA-ICP-MS results and the certified values for
Corning A (Fig. 2a) and Corning B (Fig. 2b) glasses. To visualise these
results, the ratio between the certified value and the values obtained
from p-XRF and LA-ICP-MS were calculated and reported in Fig. 2a-b
(Radar plot of BAM S005—B in Figure SI3 in Supplementary Information).
Ratios close to 1 indicates strong agreement with the reference value,
and while most elements fall within this range, confirming consistent
measurement performance, certain elements exhibit significant
deviations.
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Table 2

Certified values of Corning A and concentrations measured by p-XRF and LA-
ICP-MS, expressed in wt%. The relative error (%) reflects the total uncer-
tainty, accounting for both the 3 % calibration uncertainty and the variability
observed in replicated measurements performed on different days. The p-XRF
relative error is 3 % for all oxides, except for Rb,0, ZrO,, and SnO,, for which it
is 4 %. The relative standard deviation (RSD, %) reflects measurement repeat-
ability. Relative bias (%) is reported as the difference between the measured and
certified values, expressed as a percentage of the certified value. LOQ is
expressed as 3*LOD.

Corning A
Certified p-XRF Relative u-XRF LA- LA-ICP-
values standard relative ICP- MS
deviation bias % MS relative
(RSD) % bias %
SiO, 66.56 64.47 2.7 -3.1 66.78 0.3
K20 2.87 2.47 4.6 -13.9 2.98 3.8
CaO 5.03 4.3 4.9 —14.5 5.19 3.2
TiOy 0.79 0.70 5.0 -11.4 0.79 0.0
MnO 1.00 0.92 6.0 -8.0 1.03 3.0
FeO 1.09 0.88 5.3 -19.3 1.10 0.9
CoO 0.13 0.16 6.0 23.1 0.18 38.5
NiO 0.02 0.02 6.8 0.0 0.03 50.0
CuO 1.17 1.12 5.7 -4.3 1.15 -1.7
ZnO 0.044 0.046 4.9 4.5 0.05 13.6
Rb,O 0.01 0.01 6.3 0.0 0.01 0.0
SrO 0.10 0.11 6.3 10.0 0.10 0.0
Zr0O, 0.005 0.011 9.7 120.0 0.01 100.0
SnO,y 0.19 0.16 6.1 -15.8 0.19 0.0
Sb,05 1.75 1.46 6.5 -16.6 1.77 1.1
BaO 0.50 0.36 5.5 —28.0 0.44 -12.0
PbO 0.12 0.07 6.5 —41.7 0.06 -50.0

Table 3

Certified values of Corning B and concentrations measured by p-XRF and LA-ICP-
MS, expressed in wt%. The relative error (%) reflects the total uncertainty, ac-
counting for both the 3 % calibration uncertainty and the variability observed in
replicated measurements performed on different days. The p-XRF relative error
is 3 % for all oxides, except TiO5, CoO and BaO which is 4 %. The relative
standard deviation (RSD, %) reflects measurement repeatability. Relative bias
(%) is reported as the difference between the measured and certified values,
expressed as a percentage of the certified value. LOQ is expressed as 3*LOD.

Corning B
Relative
Certified p-XRF standard p-XRF LA- LA-ICP-
values deviation relative ICP- MS
(RSD) % bias % MS relative
bias %
SiO2 61.55 63 1.2 2.4 62.51 1.6
K20 1.00 0.99 0.7 -1.0 1.01 1.0
CaO 8.56 8.1 0.9 —-5.4 8.57 0.1
TiO, 0.09 0.10 1.3 11.1 0.11 22.2
MnO 0.25 0.24 0.5 —4.0 0.22 -12.0
FeO 0.34 0.31 0.7 —-8.8 0.36 5.9
CoO 0.046 0.04 2.0 -13.0 0.04 -13.0
NiO 0.10 0.09 1 —-10.0 0.10 0.0
CuO 2.66 2.84 0.7 6.8 2.70 1.5
ZnO 0.19 0.20 0.5 5.3 0.19 0.0
SrO 0.019 0.02 1.0 5.3 0.02 5.3
Zr0O, 0.03 0.03 6.6 0.0 0.03 0.0
SnO,y 0.04 <LOD - - 0.03 —25.0
Sb,05 0.46 0.46 4.3 0.0 0.43 —6.5
BaO 0.12 0.08 6.6 —33.3 0.07 —41.7
PbO 0.61 0.47 0.9 —23.0 0.40 —34.4

For both reference materials, p-XRF ratios group around unity for
most major and minor oxides, confirming overall good agreement with
certified compositions. In Corning A (Fig. 2a), p-XRF shows a systematic
tendency toward negative bias for several oxides while pronounced
positive deviations are observed for selected trace elements such as
ZrO,, consistent with the large relative biases reported in Table 2.
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Table 4

Certified values of BAM S005—B and concentrations measured by p-XRF,
expressed in wt% and ppm. The relative error (%) reflects the total uncertainty,
accounting for both the 3 % calibration uncertainty and the variability observed
in replicated measurements performed on different days. The reported uncer-
tainty (ppm) is provided by the manufacturer of the CRM, while the p-XRF
relative error is is 3 % for all oxides, except V,0s, MnO, NiO, As,O3 and PbO
which is 4 % and for TiO, and CoO is 5 %. The relative standard deviation (RSD,
%) reflects measurement repeatability. Relative bias (%) is reported as the dif-
ference between the measured and certified values, expressed as a percentage of
the certified value. LOQ is expressed as 3*LOD. *Not certified, informative
values.

BAM S005-B
Unit Certified Uncertainty p-XRF Relative
values (ppm) standard p-XRF
deviation relative
(RSD) % bias %
SiOy* % 71 - 70 2.7 -1.4
K,0* % 0.7 - 0.66 3.9 -5.7
CaO* % 10.5 - 9.5 4.0 -9.5
TiOo ppm 163 9 163 6.4 0.0
V205 ppm 349 22 345 4.6 -1.1
MnO ppm 124 5 120 6.0 -3.2
Fe;O3  ppm 422 11 380 4.7 —-10.0
CoO ppm 49.4 2.4 52 6.1 5.3
NiO ppm 59.0 2 60 7.9 1.7
CuO ppm 112 5 120 5.7 7.1
ZnO ppm 203 10 234 4.7 15.3
As;O3  ppm 132 8 165 5.3 25.0
SrO ppm 151 7 185 6.6 22.5
ZrO, ppm 842 125 1002 7.2 19.0
MoO3  ppm 343 12 408 8.3 19.0
PbO ppm 202 8 200 9.6 -1.0

However, the overlap between the Zr-Ka and Sr-Kg lines could introduce
significant error, given that the Sr concentration is over 11 times higher
than that of Zr. PbO ratios obtained by both p-XRF and LA-ICP-MS show
underestimation. For p-XRF, this may stem from the low concentration
of Pb in the reference material. For LA-ICP-MS, the underestimation of
PbO concentration is likely due to fractionation effects during laser
ablation and transport processes, where the size distribution of particles
generated during laser ablation affects transport and ionisation effi-
ciency in the ICP, potentially leading to elemental fractionation [19,20].
These processes may result in a systematic underestimation of PbO in
LA-ICP-MS analyses, particularly when present in low concentrations.
These effects are due to the low concentration levels and proximity to
the detection limits, where small absolute differences result in amplified
relative deviations. In contrast, for Corning B (Fig. 2b), the ratios from
p-XRF and LA-ICP-MS are more consistent, with only a few oxides
deviating from the certified values. Deviations remain moderate for
most oxides, with slightly larger biases observed for BaO, PbO, and
selected trace components. In contrast, LA-ICP-MS ratios remain close to
unity for nearly all elements in both reference materials, reflecting its
higher sensitivity and lower susceptibility to matrix and detection-limit
effects.

Overall, the radar plots corroborate the tabulated bias values and
further support the robustness and quantitative reliability of p-XRF
under controlled conditions, particularly for major and minor glass
constituents.

3.3. Comparison between u-XRF and LA-ICP-MS data of archaeological
glass

The analysis of the archaeological samples followed the same
approach, considering only oxides that can be detected by both tech-
niques, as p-XRF cannot detect Na, Mg and Al compared to LA-ICP-MS.
However, a comparison between the p-XRF residual matrix and the LA-
ICP-MS Nay0 + MgO + Al;O3 wt% sum is provided in Table SI2 in
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Fig. 2. Radar plot of major, minor and trace elements of (a) Corning A and (b) Corning B expressed as ratio between the value obtained using p-XRF and LA-ICP-MS

and the respective certified value of the reference material.

Supplementary Information, demonstrating the close agreement between
the p-XRF residual-matrix and the LA-ICP-MS oxide sum. Table 5 reports
the chemical composition of the archaeological glass as determined by
p-XRF and LA-ICP-MS. For Ba, although LA-ICP-MS detected concen-
trations above ~40 ppm, p-XRF measurements were excluded because
strong spectral interferences from Ti significantly increase the effective
detection limit, preventing reliable quantification. However, overall, the
two datasets show good correlation, with the exceptions of SnO2 and
Sb20s, which are discussed separately in section 3.4.

Results obtained from the archaeological glass analysis by both
techniques were compared in scatterplots (Fig. 3 a-1), which include a
linear regression equation and the coefficient of determination (R)
(Table 6). As discussed in section 2.2.3 regarding the treatment of
analytical uncertainties, the variable-error approach, which accounts for
element-specific variances in the p-XRF measurements, generally
improved the regression parameters. However, this method may over- or
under-estimate the true uncertainty for different elements, and residual
systematic underestimation remained in several cases. For this reason,
the simpler constant-error model was ultimately preferred for consis-
tency and reliability, using the equations reported in Figure SI2 in
Supplementary Information. Estimating p-XRF uncertainty is inherently
challenging, as it depends both on the limited variability at different
points of the same sample and, more importantly, on variability among
different glass samples. The combination of uncertain p-XRF errors and
the assumption of zero error for LA-ICP-MS can distort regression out-
comes, likely contributing to discrepancies observed with the variable-
error model. Additionally, for some elements, the concentration
ranges were narrow and did not cover the full compositional scale uni-
formly. For example, SiO5 ranged from ~48-77 wt%, while other ele-
ments started near zero. This partial coverage limits the generalizability
of slope and intercept parameters across the entire range. In this com-
parison, a slope value close to 1 indicates good agreement between
techniques, while R values approaching 1 reflect strong linearity and
reproducibility.

All the major oxides in the glass composition exhibit R values above
0.8. Similarly, for the calculated intercept values, which should be
compatible with 0 within the experimental uncertainties, most elements
show acceptable values, except for ZrO, and PbO. For the trace elements
SrO and ZrO:, the plots show more variability, with data largely scat-
tered around the best fit line. For SrO, R value suggests a limited
goodness of the initial working hypothesis. ZrO: shows a strong R value,
but a non-zero intercept value suggests a moderate systematic over-
estimation by p-XRF compared to LA-ICP-MS data. These results indicate
that, while p-XRF and LA-ICP-MS are broadly comparable for most ox-
ides, some elements require caution in direct cross-technique data

interpretation.

Considering the scatterplot and linear regression of the oxides of the
archaeological samples obtained by both techniques, along with the
results presented in previous sections regarding the daily precision of
p-XRF and its validation using CRM, the robustness and reliability of
p-XRF was demonstrated. Based on this statement, p-XRF was confi-
dently applied to investigate Roman archaeological glass samples,
allowing to make considerations regarding the raw materials employed,
such as sand, fluxes, and colourants, as well as their provenance, as
discussed in the following text.

u-XRF data indicate that the archaeological samples can be attrib-
uted to a typical Roman glass production. CaO concentration ranges
from 6 to 8 %, aligning with Low Magnesium Glass (LMG) classification
[21]. As for the flux source, most of the samples presents K-O concen-
tration below 2 %, while only few samples display a higher concentra-
tion (>4-5 %). This would suggest the possible use of two different
fluxes, potentially natron and plant ash. When natron is used, KzO re-
mains below 1.5 %, whereas plant ash results in concentrations above 3
% [21]. This information, together with the CaO concentration may
suggest that the few samples with elevated K20 levels may correspond to
High Magnesium Glass (HMG), though MgO data are not available.
Since NayO and MgO cannot be detected by p-XRF, the alkali source
cannot be conclusively determined; however, speculation and hypoth-
esis can be accurately made based on the other major elements.

Regarding the evaluation of samples' colour, p-XRF data obtained for
the minor elements that characterise the glass composition indicated the
oxides responsible for glass colouration. For example, Cu contributes to
the blue colouration in some blue glass samples, while a combination of
Cu and Co produces a deep blue [22], and purple glass shows high Fe
and Mn concentrations [23]. Emerald green, typically produced in the
early 1st century CE for luxury and decorative items, results from mul-
tiple colouring and opacifying agents like Cu, Fe, Pb, Sn, and Sb, and the
addition of plant ash to the natron-based glass batch [24]. High Pb levels
are present in yellow translucent and opaque glass [25]. The identifi-
cation of different opacifiers, such as SbyOs and SnO,, is particularly
significant, highlighting the historical transition from antimony- to tin-
based opacifiers [26].

Furthermore, trace elements also provide insights into raw material
selection and their provenience [1], facilitating a more accurate deter-
mination of sand composition. In particular, the concentration of Sr,
which is associated with the presence of aragonite from seashell, is
significant for understanding the provenience of the silica source used.
Correlations between CaO and Sr data, as well as Sr and Zr, suggest that
mainly a single sand source was used in the production of these glass
fragments. High concentration of Sr (300-600 ppm) with low



Table 5

Comparison of the chemical composition of archaeological glass determined by p-XRF and LA-ICP-MS. For SnO: and Sb20s, both the uncorrected (values in brackets) and corrected concentrations are reported.

SiOy K;0 CaO TiO, Cry03 MnO Fe,03 CoO CuO ZnO Asy03 Rb,O SrO ZrOy SnO, Sb,05 BaO PbO
Unit % % % % ppm % % ppm % ppm ppm ppm ppm ppm % % ppm %
p-XRF 3 3 3 3 4 3 3 3 3 4 3 4 3 3 4 4 - 3
relative
error (%)
AG1 Emerald green p-XRF 64 1.12 6.1 0.13 - 0.67 0.97 - 1.90 250 - - 680 165 (0.15) (0.05) - 0.03
0.20 0.12
LA-ICP-MS 65.8 1.02 6.6 0.14 - 0.67 1.31 - 1.77 156 - - 567 79 0.18 0.08 252 0.02
(0.12)
AG2 Emerald green p-XRF 64 1.24 5.7 0.15 - 0.57 1.02 - 2.27 180 - - 620 124 0.16 - - 0.04
LA-ICP-MS 66.5 1.19 6.6 0.17 - 0.55 1.46 - 2.31 86 - - 649 96 0.11 0.05 252 0.04
(0.18)
AG3 Emerald green p-XRF 61 1.33 5.8 0.14 - 0.67 1.25 - 2.22 200 - - 530 135 0.25 - - 0.03
LA-ICP-MS 63.7 1.40 7.1 0.17 - 0.74 1.47 - 2.43 125 - - 560 105 0.22 0.01 256 0.03
XRF 65 1.61 6.4 0.18 0.81 1.44 2.30 280 570 144 0:21) (0.08) 0.09
AG4 Emerald green W ’ ) ) - ) ’ - ’ - - 0.28 0.17 - ’
LA-ICP-MS 66.8 1.50 6.8 0.17 - 0.80 1.49 - 1.71 186 - - 514 115 0.19 0.08 324 0.08
(0.23) (0.11)
AGS Emerald green p-XRF 64 1.31 7.5 0.25 - 0.89 1.33 - 2.32 - - - 570 201 0.31 0.21 - 0.17
LA-ICP-MS 63.8 1.25 8.3 0.25 - 0.98 1.55 - 1.89 - - 571 183 0.25 0.11 619 0.17
(0.09) (0.31)
AG6 Emerald green p-XRF 65 0.59 5.6 0.09 - 0.30 0.60 - 2.40 - - - 330 59 0.12 0.55 - 1.25
LA-ICP-MS 65.7 0.64 6.9 0.11 - 0.27 0.75 - 2.64 - - - 457 78 0.13 0.56 216 2.02
SiOy K;0 CaO TiO, Cr03 MnO Fey03 CoO CuO ZnO Asy03 Rb,O SrO ZrOy SnO, Sb,0s BaO PbO
Unit % % % % ppm % % ppm % ppm ppm ppm ppm ppm % % ppm %
p-XRF relative error (%) 3 3 3 3 4 3 3 3 3 4 3 4 3 3 4 4 - 3
AG7 Red p-XRF 64 0.49 5.6 0.10 - 0.84 3.50 - 0.47 - - - 410 134 (0.17) (0.12) - 1.46
0.24 0.23
LA-ICP-MS 64.4 0.90 6.7 0.10 - 0.90 4.01 - 0.44 113 173 - 457 77 0.29 0.22 358 1.47
(0.12) (1.70)

AGS Blue p-XRF 64 0.57 5.8 0.07 - 0.27 0.64 - 2.54 150 - - 360 120 0.16 2.90 - 0.08
LA-ICP-MS 66.2 0.63 6.6 0.11 - 0.22 0.85 - 3.08 64 78 - 415 86 0.17 2.63 181 0.09
p-XRF 72 0.64 7.6 0.08 - 1.35 0.36 - - - - 720 105 - - - -

AGO Colourless LAICP-MS 717  0.36 7.3 0.06 - 1.30 0.38 - - - - - 488 50 - - 482 -
p-XRF 70 0.48 7.7 0.05 - 0.02 0.27 - - - - 560 141 - - - -

AG10 Amber LAICP-MS 701  0.33 8.8 0.06 - 0.02 0.38 - - - - 488 %0 - - 209 -
p-XRF 72 0.59 11.2 0.03 - 0.01 0.07 - - - - - - - - - -

AGI1 Amber LAICP-MS 723 048 109  0.03 - 0.01 0.12 - - - - - - - - - 120 -

AG12 Brown p-XRF 62 0.61 4.7 0.32 45 0.13 1.30 - - - - 520 294 - - - -
LA-ICP-MS 65.5 0.42 5.1 0.30 57 0.13 1.61 - - - - 365 187 - - 189 -

SiO, K>0 CaO TiO, Cry03 MnO Fe,03 CoO CuO ZnO Asy03 Rb,O SrO ZrOy SnO, Sb,05 BaO PbO
Unit % % % % ppm % % ppm % ppm ppm ppm ppm ppm % % ppm %

u-XRF relative error (%) 3 3 3 3 4 3 3 3 3 4 3 4 3 3 4 4 - 3

AG13 Brown p-XRF 68 0.83 3.8 0.17 - 0.31 0.91 - - - - - 390 241 - - - -
LA-ICP-MS 69.3 0.56 4.0 0.15 - 0.28 1.10 - - - - 262 126 - - 193 -

(continued on next page)
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Table 5 (continued)

SiO, K20 CaO TiO, Cry03 MnO Fe,03 CoO CuO ZnO Asy03 Rb,0 SrO ZrO, SnO, Sb,0s BaO PbO
Unit % % % % ppm % % ppm % ppm ppm ppm ppm ppm % % ppm %
AG14 Yellow p-XRF 69 0.50 6.8 0.06 - 0.01 0.24 - - - - - 440 - - - - -
LA-ICP-MS 71.7 0.31 7.4 0.05 - 0.01 0.30 - - - - - 374 - - - 203 -
p-XRF 61 1.23 5.5 0.23 - 0.40 1.27 - 0.06 - - - 550 243 - - - 0.04
AG15 Brown
LA-ICP-MS 65.6 1.17 6.4 0.23 - 0.40 1.55 - 0.02 - - - 456 158 0.01 0.02 237 0.02
AG16 Colourless p-XRF 72 1.13 7.0 0.15 - 0.46 0.71 - 0.07 80 - - 520 171 - - - 0.02
LA-ICP-MS 71.1 1.03 7.5 0.15 - 0.41 0.83 - 0.05 56 - 48 456 109 0.01 0.08 274 0.02
AG17 Colourless p-XRF 69 0.48 6.7 0.06 - 0.16 0.35 - 0.01 - - - 520 - - - - 0.02
LA-ICP-MS 72.6 0.36 8.0 0.06 - 0.17 0.39 - 0.01 - - - 450 - - 0.02 282 0.01
AG1S Colourless p-XRF 63 7.69 1.5 0.47 - 0.12 2.32 - - 136 - 300 450 843 - - - -
LA-ICP-MS 64.3 7.03 1.9 0.44 - 0.10 2.42 - - 113 - 234 343 629 - - 636 -
SiO, K20 CaO TiOy Cry03 MnO Fe,03 CoO CuO ZnO Asy03 Rb,0 SrO ZrO, SnO, Sby0s BaO PbO
Unit % % % % ppm % % ppm % ppm ppm ppm ppm ppm % % ppm %
u-XRF relative error (%) 3 3 3 3 4 3 3 3 3 4 3 4 3 3 4 4 - 3
AG19 Brown u-XRF 70 0.74 7.2 0.08 - 0.37 0.44 - 0.07 - - - 540 162 - - - 0.02
LA-ICP-MS 70.7 0.58 8.2 0.07 - 0.35 0.45 - 0.11 - - - 506 57 - 0.03 240 0.01
u-XRF 72 0.58 7.3 0.06 - 0.40 0.38 - - - - - 610 - - - - -
AG20 Colourless LAICP-MS 723  0.33 7.6 0.05 - 0.26 0.39 - - - - - 426 - - - 206 -
AG21 Blue p-XRF 77 6.04 6.4 0.02 - 0.01 0.05 920 2.64 141 - 92 - - - - - 0.03
LA-ICP-MS 75.2 5.27 6.3 0.02 - 0.01 0.06 103 2.31 156 129 84 - - - - - 0.01
AG22 Blue p-XRF 67 0.62 7.4 0.06 - 0.75 0.73 610 0.1 - - - 630 123 - - - 0.01
LA-ICP-MS 68.4 0.45 8.1 0.06 - 0.74 0.86 425 0.09 - - - 515 54 - 0.02 267 0.01
(0.93)
AG23 Blue p-XRF 67 0.45 7.2 0.04 - 0.40 0.67 560 0.14 63 145 - 490 133 - 1.60 - -
LA-ICP-MS 69.1 0.33 8.1 0.06 - 0.45 0.92 489 0.16 53 140 - 472 52 - 2.28 231 0.01
(0.18)
-XRF .61 .1 5 - . .41 - .1 - - - 1 12 - - .
AG24 Colourless p-XRI 67 0.6 6. 0.08 0.45 0.4 0 510 6 0.33 0.05
LA-ICP-MS 71.5 0.49 6.6 0.08 - 0.43 0.50 - 0.1 - - - 410 71 - 0.22 189 0.04
Si0, K»0 CaO TiO, Cr,03 MnO Fe,03 CoO CuO ZnO As,03 Rb,O Sr0 71O, Sno, Sb,05 BaO PbO
Unit % % % % ppm % % ppm % ppm ppm ppm ppm ppm % % ppm %
p-XRF relative error (%) 3 3 3 3 4 3 3 3 3 4 3 4 3 3 4 4 - 3
AG25 Blue p-XRF 77 7.23 6.7 0.03 54 0.10 0.10 - 1.99 154 320 122 - - - - - -
LA-ICP-MS 76.2 6.93 6.9 0.02 65 0.09 0.12 - 1.78 58 331 109 - - - - 136 0.01
u-XRF 69 0.46 7.0 0.06 - 0.03 0.27 - - - - - 530 119 - - - 0.01
AG2 Amb:
G26 mber LAICP-MS 697 030 75 005 - 0.02 0.31 - - - - - 403 54 - - 173 001
(0.24)
AG27 Purple p-XRF 67 0.82 6.8 0.09 - 2.12 0.80 - 0.31 90 - - 760 125 - 0.43 - 0.39
LA-ICP-MS 65.6 0.53 6.9 0.09 - 2.26 0.90 - 0.25 68 59 - 615 72 0.03 0.30 307 0.33
(0.11)
AG28 Blue p-XRF 70 1.21 5.2 0.12 - 0.56 0.54 - 0.02 - - - 510 150 - 0.21 - 0.02
LA-ICP-MS 70.6 1.08 5.9 0.11 - 0.56 0.66 - 0.01 - - - 380 100 0.51 0.14 274 0.01
AG29 Blue p-XRF 69 1.25 7.1 0.07 - 0.36 0.44 - 0.27 - - - 570 95 - - - 0.03
LA-ICP-MS 70.6 0.92 7.4 0.07 - 0.37 0.56 - 0.19 - - - 412 57 0.02 0.03 263 0.02
AG30 Grey u-XRF 69 1.05 7.5 0.07 - 0.37 0.41 - 0.14 - - - 580 117 - - - 0.02

(continued on next page)
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Table 5 (continued)

K20 CaO TiO, Cr,03 MnO Fe,03 CoO CuO ZnO As,03 Rb,0 SrO ZrO, SnO, Sb,0s BaO PbO

Si0,

%

%

ppm

ppm

ppm

ppm

ppm

%

ppm

%

%

%

%

Unit

248 0.01

0.01

51

414

0.10

0.48

0.33

0.75 7.4 0.05

71.1

LA-ICP-MS

K20 CaO TiO, Cry03 MnO Fey03 CoO CuO ZnO Asy03 Rb0 SrO 71Oy SnO, Sb,0s5 BaO PbO

SiO,

%

ppm

ppm ppm ppm ppm %

ppm

ppm

%

% % % ppm

%

Unit

p-XREF relative error (%)

228
113

100

0.18
0.20
0.79
0.81

0.14
0.13
0.77
0.81

0.05
0.05

6.2

0.95
1.02
0.76
0.91

Amber p-XRF 71

AG31

427

68
520
531

6.5

72.9

LA-ICP-MS
-XRF

265

62
58

0.06
0.07

400
457

0.05
0.06

7.3
8.5

69
LA-ICP-MS 68.4
J-XRF

Grey

AG32

262

580
643
860
723

571
593

0.29
0.37

1.17
1.33
0.27
0.21

0.69 6.4 0.05
0.82 8.0 0.05

66
70.1

LA-ICP-MS
-XRF

Purple

AG33

0.01
0.01

245

350
307

0.01
0.01

0.64
0.73

0.07
0.07

10.4
12.4

2.13
2.29
0.40
0.31

67
66.5

LA-ICP-MS
-XRF

Colourless

AG34

0.33
0.30

198
149

1455
1196

0.04
0.03

0.18
0.13

0.04
0.04

6.7

7.4
22.9
229

76
74.7

LA-ICP-MS
-XRF

Colourless

AG35

0.04

410
330

96
60

0.22
0.17

0.36 4.06
0.30 5.34

161
186

0.68
0.64

3.62
3.68

48
51.8

Purple LA-ICP-MS

AG36
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concentrations of Zr (<100 ppm) suggest the use of coastal sand (Egypt),
which is different from inland (Levantine) silica sources that generally
exhibit higher zircon content [28].The correlation trends of TiO, data
with both Fe;03 and Zr provide additional information about the type of
sand used, reflecting the presence of iron-titanium minerals (ilmenite)
and zircons [28-30]. These minerals, commonly found in sand deposits,
serve as indicators of sand composition. Correlation between titanium
and zirconium helps characterise the mineralogical mark and the
composition of the sand used in the production of glass. These findings
suggest the use of sand rich in auxiliary minerals such as zircon and
ilmenite, consistent with coastal sand from Egypt.

The compositional results obtained from the unknown archaeolog-
ical glass fragments using p-XRF align closely with those reported in the
study by Zanini et al. [31], which investigated the raw materials used in
glass production in the Aquileia area and provided evidence for both
primary glass working and recycling practices.

3.4. Sn and Sb data correction

The challenge in investigating SnO5 and Sb2Os lies in the less accu-
rate characterisation of the exciting beam distribution at high energies,
which are necessary to excite Sn and Sb with absorption K-edges at 29.2
keV and 30.49 keV, respectively. Additionally, due to the high energy
filtering effect of the polycapillary lens, the K-lines of Sn and Sb are less
effectively excited compared to elements with lower atomic number.
Their L-lines, in turn, are significantly affected by spectral interferences.

To correct Sn and Sb concentrations, reference materials and LA-ICP-
MS data from the archaeological samples were used. The p-XRF mea-
surements were plotted against the certified values of the reference
materials and the corresponding LA-ICP-MS data, and regression equa-
tions were calculated to perform the corrections. For the correction
process, the corresponding regression equation was used to correct the
SnO, and Sb,05 concentration of the archaeological samples obtained
by p-XRF and then compared with LA-ICP-MS data. BAM S005—B was
not used because the concentrations of Sn and Sb are below the LOQ of
p-XRF and Corning B was excluded for Sn, as its reference concentration
falls below the LOQ.

Fig. 4 presents the comparison between p-XRF and LA-ICP-MS data
for SnO2 and Sb20s, before and after correction, as for the equations,
before and after correction, and R coefficients see Table 3. Despite the
overall improvement, some archaeological samples still show discrep-
ancies. This may be due to differences in the homogeneity of the glass
matrix. The reference materials are compositionally uniform, whereas
the archaeological samples often contain micro-scale inhomogeneities.
These can lead to local variations in SnO2 and Sb20s concentrations
depending on the area analysed, particularly given the localised char-
acter of p-XRF analysis at the range of tens of pm.

3.5. Validation of the y-XRF quantification protocol

For the quantification of the p-XRF measurements and determination
of the concentration of the sample elements, the widely used open
source PyMca software suite was properly configured to account for the
energy distribution of the exciting beam at the exit of the polycapillary
lens [23]. This fundamental parameter-based approach allows for the
quantification of elemental concentrations in cultural heritage materials
using at least a minimum number of certified materials with similar
matrixes with the measured ones to account for unknown instrumental
factors (e.g. incident flux, solid angle of detection etc.). However, the
availability of a broader set of certified materials including trace
element concentrations spanning an order of magnitude can signifi-
cantly improve the performance of PyMca, as it has been clearly
demonstrated in [32].

This p-XRF quantification protocol was here successfully validated
by LA-ICP-MS, providing a practical foundation for p-XRF-based quan-
tification. To evaluate the data and make a comparison, the
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Fig. 3. Scatterplots of u-XRF data with LA-ICP-MS concentrations of archaeological glass. All the concentration are expressed in wt% except for SrO and ZrO, that are

expressed in ppm.

concentrations of the elements (expressed in oxides wt% and ppm) of the
archaeological glass obtained by the two techniques were compared, to
ensure that only the same elements detectable would be considered.
Further corrections were applied only for Sn and Sb since p-XRF is less
sensitive to these elements. Consequently, their quantification is more
challenging and requires careful calibration and correction methods.
As previously mentioned, the main practical limitation in analysing
ancient glass with a p-XRF is its impracticality in detecting light ele-
ments without adding a helium atmosphere in the detection channel.

10

The role of light elements is fundamental for investigating glass
composition because they are indicative of the flux and stabilisers used
and studying the historical period and geographical location of the
production centres and furnaces. In addition, Al,O3 also provides in-
formation about the provenience of the sand, and based on its concen-
tration into the glass composition, it is possible to discriminate Egypt
from Levantine provenance [33]. As for the evidence of recycling, the
simultaneous presence of the decolorising agents MnO and SbyOs at
concentrations exceeding their natural upper limits [27,33-36] provides
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Table 6

Linear regression equation and the coefficient of determination (R) for major,
minor and trace elements of the respective scatterplots in Fig. 2. ACR stands for
Applicability Concentration Range, and all the concentration shown in the ACR
column are expressed in wt% except for SrO and ZrO, that are expressed in ppm.

y=a+bx

a Ga b op R ACR
SiO, -9.8 4.2 1.12 0.06 0.95 48-77
K20 0.05 0.04 1.06 0.02 0.99 0.3-7.8
CaO -0.6 0.2 0.99 0.03 0.99 1.5-23
TiO, —0.006 0.003 1.06 0.02 0.99 0-0.7
MnO 0.04 0.01 0.92 0.02 0.99 0-2.3
Fe,03 0.02 0.02 0.81 0.02 0.99 0-5.5
CuO 0.03 0.04 0.99 0.03 0.98 0-3
SrO 0.003 0.003 1.09 0.07 0.81 70-860
Zr0, 0.0018 0.0006 1.34 0.05 0.97 50-850
SnO, 0.0008 0.0148 0.8 0.2 0.73 0.1-0.3
SnO,_corrected 0.0012 0.0204 1.1 0.2 0.73 0.1-0.3
Sb,0s 0.01 0.06 0.5 0.1 0.96 0-2.9
Sb,0s_corrected 0.004 0.097 0.9 0.2 0.96 0-2.9
PbO 0.017 0.014 0.75 0.03 0.97 0-2

strong evidence, because these agents are rarely found together in raw
glass from primary furnaces. Furthermore, the elevated levels of impu-
rities such as Cu, Co, Sn, and Pb indicate recycling, as their natural oxide
concentrations are generally below 100 ppm [1,37], unless intentionally
added for purposes such as colouring, decolorising, or opacifying.

A more important distinction is related to the ability of LA-ICP-MS to
remove superficial layers from the sample prior to analysis with a pre-
ablation, while with p-XRF it is possible mechanically. By removing
these superficial layers, LA-ICP-MS ensures that the analysis is more
representative of the bulk composition of the material. This advantage is
particularly relevant when considering the influence of surface
contamination or alteration layers on the results, and for depth-specific
compositional analysis or resolving fine inclusions. By ablating a small
portion of the sample with a laser, LA-ICP-MS achieves extremely low
detection limits, often in the ppm or ppb range, allowing for precise
quantification of most elements [13,38,39]. p-XRF, however, excels in
detecting heavy elements with high atomic number due to their strong
fluorescence signals [40,41].

The in-depth elemental information in p-XRF analysis is constrained
by each element's fluorescence energy and the attenuation caused by the
glass matrix, which is dependent on the sample matrix composition,
density, irradiation geometry and energy distribution of the exciting
radiation. Low-energy elements, such as Si, emit X-rays that are absor-
bed close to the surface, limiting their information depth to just a few
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Sb—K X-rays can emanate from depths of hundreds of micrometres.

In this work, the focus was on validating the acquisition of compo-
sitional data from ancient glass. However, p-XRF had also been
employed by [42] to assess alteration states and to monitor corrosion
processes in museum glass collections. The analytical validation pre-
sented here further demonstrates that p-XRF is a reliable and robust tool,
not only for compositional studies but also for preventive conservation
in museums.

4. Conclusion

This study aimed to demonstrate that p-XRF, despite its known
limitations in detecting light elements during field applications, can
serve as a highly effective tool for the comprehensive characterisation of
glass-making technologies and raw materials. Through a comparative
analysis of glass reference materials using both p-XRF and LA-ICP-MS, it
was shown that p-XRF delivers precise and reliable data for most ele-
ments, with LA-ICP-MS providing a robust benchmark for validating its
quantitative accuracy. While some discrepancies were observed for
certain elements, such as SnOz and Sb20s, due to calibration limitations
and sample heterogeneity, p-XRF has proven to be highly effective in
detecting and quantifying minor and trace elements, including colouring
and impurities in raw materials, which are critical and valuable for
provenience studies.

By streamlining the analytical process, p-XRF facilitates the acqui-
sition of valuable archaeological information, enabling the preliminary
identification of raw materials and potential provenience indicators.
This can be achieved before resorting to more resource-intensive tech-
niques, thus optimising the analytical workflow and supporting more
targeted research strategies. Furthermore, this validation extends its
applicability beyond compositional studies by providing critical infor-
mation for conservation decision-making. This integrated approach
enhances both conservation and heritage management, allowing cura-
tors and conservators to make informed interventions while minimising
the need for destructive sampling.

Looking ahead, the integration of p-XRF into standardised analytical
protocols has the potential to redefine best practices in archaeological
science, fostering greater accessibility, repeatability, and inter-
disciplinarity in the study of ancient glass.
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