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Abstract The provenance of raw lapis lazuli used since the Neolithic Age for the realization of carved artefacts can be pivoting
for the reconstruction of ancient trade routes. The role of main provider of this material in ancient times is generally attributed to
the Badakhshan quarries (Afghanistan), although other deposits could have been exploited as well since antiquity. The systematic
multi-technique analysis of lapis lazuli rocks coming from four known source areas (located in present-day Afghanistan, Tajikistan,
Siberia and Chile) has led in the last years to the compilation of a protocol for provenance determination. The protocol is based
on differences in the physical–chemical properties measured with non-invasive techniques (Ion Beam Analysis (IBA)), making it
suitable also for precious ancient artefacts. In this work, 10 new reference samples from the Mogok quarry (Myanmar), previously
subjected to a complete petrographic and mineralogical characterization, have been analysed employing μ-PIXE (Proton Induced
X-ray Emission) and μ-IBIL (Ion Beam Induced Luminescence) techniques. The subdivision of Myanmar samples into three groups,
previously suggested, is corroborated by diopside trace elements concentrations. The results also allow to include Myanmar as a
new provenance in the analytical protocol, indicating that provenance markers such as presence/absence of wollastonite, altered
pyrites and Sr content are still valid to discriminate also the Myanmar lapis lazuli from Chilean or Siberian ones. New weaker
markers (Zn content in diopside, Se and Cu contents in pyrite) are proposed for the discrimination of Myanmar from Afghan or
Tajik provenances; however, from the analysis it arose the need of investigating new mineral phases with IBA to find strong markers
for a definitive discrimination with samples from Southwest Asia.

1 Introduction

Lapis lazuli is commonly classified as a metamorphic rock [1], although the mechanisms that lead to its formation are quite complex
and up to now not completely understood. It is, however, certain that its generation requires precise geological conditions, occurring
only in few places around the globe [2]. The Badakhshan region in Afghanistan presents the richest and most famous lapis lazuli
quarries, but some other less exploited sources exist in the world, for example in Pamir Mountains (Tajikistan), near Irkutsk in the
Lake Baikal area (Siberia, Russia), in the Coquimbo region (Chile), near Mogok (Myanmar) [3]. Lapis lazuli is a complex rock
composed by a high number of mineral phases. The blue colour is provided by the lazurite phase ((Na, Ca)7.5-8 (Si, Al)12 (O, S)24

(SO4, Cl)1.3-2), a member of the sodalite group where sulphur ions are enclosed in cage-like structures [4]. Other main phases
are diopside (CaMgSi2O6), calcite (CaCO3), wollastonite (CaSiO3) and pyrite (FeS). In gemmology, lapis lazuli is defined as a
semi-precious stone and its value is enhanced by its peculiar colour and rarity. In fact, it has been appreciated and used since the
VII millennium BCE and can be found in glyptic art and inlays coming from ancient sites of different civilizations, such as Ancient
Egypt and the Indus Valley Civilisation [5–8]. The interest of archaeologists in this stone resides particularly on the fact that such
artefacts were found at a distance of thousands of kilometres from the known lapis lazuli quarries, posing a lot of questions on the
ancient trade routes connecting the sites and on the economic and social structure in ancient societies. The possibility to associate
the raw material to the place of geological origin by means of scientific analysis seems to be the optimal way to provide some
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Fig. 1 A representative set of the ten lapis lazuli rock samples from Myanmar and of the corresponding thick sections: a MYA07 (group 1); b MYA10 (group
2); c MYA02 (group 3); and d MYA12. B/W scale bar � 1 cm

answers about the issue. In the past decades, several attempts at provenance studies have been performed with various purposes and
methods, displaying, however, two main flaws: a limited number of samples to build a reference database [9] or the use of invasive
or destructive techniques, such as Isotope Mass Spectroscopy [10] or Powder X-ray Diffraction [1], that in the case of artistic or
archaeological artefacts are to be avoided as much as possible. With the aim to overcome these issues, a decade-long interdisciplinary
study favouring non-invasive techniques and based on a reference set of 45 lapis lazuli rocks with certain origin was started at the
Physics department of the University of Torino and is still ongoing. The analyses led to the compilation of an analytical protocol
that allows to discriminate among 4 provenances (Afghanistan, Tajikistan, Siberia and Chile) using provenance markers identified
with microscopy and Ion Beam Analysis (IBA) techniques [11]. In particular, Chilean lapis lazuli is of easy identification, due to the
widespread presence of wollastonite [12–15]. Siberian samples, instead, are the only ones characterized by iron oxide-hydroxide
minerals pseudomorphosed after pyrite [16, 17]. These samples also present a Sr content higher than about 180 ppm in diopside
crystals [15, 17]. In samples from Tajikistan and Afghanistan, well-preserved and idiomorphic pyrite crystals are generally detected
and these two provenances can be discriminated on the basis of the trace element content in this mineral phase [17]. These kind of
features, that are present in all samples from a given provenance, are considered strong markers. Regarding instead the “weaker”
markers, present only in some of the analysed rocks, diopside crystals in Afghan samples show a Ti content above 710 ppm, V
content above 210 ppm and Cr content above 220 ppm, together with a strong ionoluminescence band centred at about 770 nm [15].
Recently, new samples from Myanmar were acquired and a previous petrographic and minerochemical study has been undertaken
by means of SEM-EDX for the geochemical characterization of both major and minor mineral phases [18]. These samples have
been now analysed with μ-PIXE (Particle Induced X-rays Emission) and μ-IBIL (Ion Beam Induced Luminescence) in search for
new markers that could allow the extension of the provenance protocol.

2 Samples

The ten lapis lazuli samples were acquired in Myanmar: they are not georeferenced, but they came with a provenance certification
from Mogok (Mandalay region), where different extraction mines are present [19]. They were prepared as thick petrographic sections
(about 100 μm thickness) and carbon-coated before Ion Beam Analysis to avoid charging effects during the measurements in vacuum.
Representative images of the whole rocks and of the obtained sections can be seen in Fig. 1. According to the characterization with
optical and electron microscopy (BSE: Back-Scattered Electrons) and with SEM-EDX (Scanning Electron Microscope – Energy-
Dispersive X-ray spectroscopy) reported in a previous work [18], the main paragenesis is constituted by diopside, lazurite and calcite
with apatite and pyrite as accessory minerals. The samples can also be divided into three main groups on the basis of the identified
mineral phases: (1) the diopside–calcite group, with samples MYA07, MYA08 and MYA09; sample MYA12 is also tentatively placed
in this group, despite showing important differences with respect to other samples, as described in [18]; (2) the nepheline–haüyne
group, with samples MYA10 and MYA11; and (3) the amphibole group, with samples MYA02, MYA03, MYA04 and MYA06.

3 Instruments and analytical methods

The Ion Beam Analysis was focused on the mineral phases reported so far in the provenance protocol [11], namely wollastonite,
diopside and pyrite. Target crystals were identified in the thick sections via preliminary characterization with optical microscopy,
cold-cathodoluminescence (cold-CL) and electron microscopy: all the instrumentation is hosted at the Earth Science Department of
the University of Torino [18, 20]. As an example, an area of sample MYA07 is shown in Fig. 2: different minerals, identified by means
of BSE images and SEM-EDX microanalysis, show different luminescence features with cold-CL. In general, the luminescence
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Fig. 2 Representative SEM-BSE (top left) and cold-CL (top right) images and μ-PIXE maps acquired at INFN-LNL (bottom) for sample MYA07. In μ-PIXE
maps an area larger than for other analyses is reported. AP � apatite; CAL � calcite; DI � diopside; and LAZ � lazurite

colour is yellowish-white in diopside, red-orange in calcite and dark-blue in lazurite, whereas pyrite is not luminescent [14]. Target
crystals were chosen among the biggest in size (at least 100 μm in diameter) to ensure that the ion probed volume is fully included
inside them. Finally, during Ion Beam Analysis, μ-PIXE maps were used to select the final area of analysis. As for lapis lazuli
from other provenances, diopside crystals in Myanmar samples show a zonation phenomenon, observable in cold-CL images as
differences in the luminescence intensity, due in part to different amounts of trace elements. To take into account this variability,
it is necessary to select and analyse many areas in a sample. In particular, in this work a total of 43 areas, ranging from 3 to 5 for
each sample, were selected in diopside crystals. For pyrite, instead, only 8 areas were suitable for IBA, due to the small crystal
dimensions, and they were specifically limited to samples MYA07 (group 1), MYA10 and MYA11 (group 2), MYA02 and MYA06
(group 3) and MYA12. During the selection, particular attention was paid in considering only crystals that showed a S/Fe content
ratio typical of pyrite (1.1 ± 0.2) to avoid other iron sulphide minerals as, for example, pyrrhotite (Fe1-xS (x=0-0.17)).

IBA measurements in vacuum (ca. 10-5 mbar) were carried out at the AN2000 accelerator of INFN-LNL laboratories (Legnaro,
Padova, Italy), specifically dedicated to interdisciplinary research based on ion beams [11, 21–23], with a 2 MeV protons microbeam
(beam size ca. 6 μm). μ-PIXE and μ-IBIL signals were acquired simultaneously for luminescent phases. For each acquisition, an area
of 30×30 μm2 was scanned. The charge was measured directly on the sample holder and integrated by a pico-ammeter. The PIXE
detector was a high-purity germanium (HPGe) Ortec IGLET-X, positioned at 45◦ with respect to the ion beam. To simultaneously
analyse light and heavy elements with the same detector, an aluminium funny filter [24] was placed in front of the detector window.
Spectra analysis was carried out through GUPIXWIN software (version 2.2.3) [25] using a set of reference mineral standards (SPI
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Table 1 Summary and comparison of the specifics for the ion beam analysis facilities used for lapis lazuli analysis in this work: general features and μ-PIXE
and μ-IBIL experimental conditions are listed.

FACILITIES

INFN-LNL NewAGLAE

General features Location Legnaro (PD), Italy Paris, France

Measurement type in vacuum in air

Beam energy 2 MeV 3 MeV

Beam size 5–6 µm 30–40 µm

Average beam current 200 pA 500 pA

μ-PIXE Detector 1 HPGe 4 SDD (1 LE and 3 HE)

Absorbers Al funny filter Mylar (100 µm) for HE

Acquisition software OM-DAQ AGLAE-ACQ

μ-IBIL Collimating lens 74-UV (200-2000 nm) –

Optical fibre QP600-1-UV-VIS + QP1000-2-SR

P600-025-UV-VIS

Ø=600 µm Ø=1 mm

Spectrometer Ocean Optics USB4000 Ocean Optics QE65000

Bandwidth 350–1000 nm 200–1000 nm

Spectral resolution 2 nm 3 nm

Acquisition software OO Spectra Suite AGLAE-ACQ

#02753-AB Mineral standards) for calibration. The μ-IBIL apparatus set in the vacuum chamber of the microprobe facility was
introduced in 2011 by our group [26]. The photons emission induced by ion bombardment was collected through an Ocean Optics
collimating lens that gathers the signal with an angle of 45◦ with respect to the beam direction. A system of optical fibres leads the
light emitted from the sample to the spectrometer. The instrument used in this work is an Ocean Optics USB4000 spectrometer with
a 350-1000 nm bandwidth and a 2 nm spectral resolution.

Measurements with extracted beam were also performed on diopside crystals at NewAGLAE facility (C2RMF, Paris, France)
with a 3 MeV protons beam, in the framework of SIBILLA project (via IPERION CH and IPERION HS, EU Transnational Access
programmes). The beam spot dimension was about 40 μm, and the current set-up is well described in [27]. The μ-PIXE set-up relies
on a set of four SDD detectors: one detector, placed at 45◦ relative to the beam axis, is dedicated to the measurement of low-energy
(LE) X-rays (1-10 keV); the other three SDD detectors, screened with 100 μm Mylar absorbers and positioned with a 50◦ relative
angle to the beam axis, are dedicated to measure high energy (HE) X-rays (>3 keV), greatly increasing the statistics for the detection
of trace elements. Helium is fluxed in front of the low-energy detector to improve the detection efficiency of low-energy X-rays,
reducing their absorption by air components. The charge is monitored by recording Si X-rays emitted by the Si3N4 100 nm thick
exit window by means of a dedicated SDD detector. Using the mechanical scanning mode acquisition, it is possible at this facility to
combine a vertical magnetic scanning of the beam (“pen”) with a horizontal target translation for the fast acquisition of elemental
maps and corresponding spectra. The pen size is selectable from 50 μm to 1 mm: in this work it was used a 250 μm pen. The IBIL
set-up consists in a 1 mm diameter optical fibre placed at 45◦ angle with respect to the beam direction that collects the light and leads
it to an Ocean Optics QE65000 spectrometer recording from 200 to 1000 nm with a resolution of 3 nm (using a 100 μm entrance slit)
[28]. All the IBIL spectra were corrected in intensity for the instrumental efficiency at different wavelengths. The great advantage of
this system mainly consists in the simultaneous acquisition of PIXE and IBIL 2D information (both spectra and maps), that can be
handled after acquisition with the homemade software AGLAEMap [29]. The quantitative elemental analysis is performed instead
via TRAUPIXE [29], a custom-made software based on the aforementioned GUPIXWIN that can combine low and high energy
PIXE spectra using a single element as pivot. Standards used for calibration in this facility are diorite (DrN, Service d’Analyse des
Roches et des Minéraux), granite (MA-N, Group International de Travail “Etalons Analytiques des Mineraux, Minerais et Roches”)
and phlogopite (Mica-Mg, Centre de Recherche Petrographiques et Geochimiques) pellets made from powder, all of them rich in
numerous different elements. In Table 1, a short comparison of the two facilities is reported. Tests performed by measuring certified
standards and lapis lazuli samples confirmed that the quantitative results obtained in the two facilities are comparable, within a 2
sigma error.
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Fig. 3 Content in ppm of Fe, Mn, Sr and Zn in diopside for the three different Myanmar groups and MYA12. The box plots represent the dispersion of the
experimental points: the median line and the two percentile values 0.25 and 0.75. The squared symbols in correspondence to 0 value represent the number
of measurements below the limit of detection (LOD)

Fig. 4 Representative μ-IBIL spectra for diopside crystals measured in Myanmar samples at INFN-LNL

4 Results and discussion

An in-depth description of the mineralogical phases observed in the different rock groups can be found in [18]. About wollastonite,
diopside and pyrite, the first relevant result arising from the application of IBA to Myanmar samples was obtained by means of
a quick scan of the beam over the whole thick section: the strong IBIL signal characteristic of wollastonite [14] was not found,
confirming the outcome of petrographic analysis [18]. Instead, it was observed an IBIL signal with a main band centred at 585 nm
that is typical of diopside [15]. The results obtained from μ-PIXE measurements on diopside crystals are reported in Table 2. Major
and minor elements previously quantified in [18] are not reported, but it is interesting to observe that Fe was detected by means
of SEM-EDX only in samples MYA10 and MYA11 (group 2), i.e. the samples that in μ-PIXE measurements have the higher Fe
content on average. Instead, all other elements listed in Table 2 were under limit of detection (LOD) using SEM-EDX.

When separating the analysed diopside crystals according to the sample grouping previously mentioned, it can be seen an evident
discrimination between group 2 and the others as regards the Mn and Fe contents (Fig. 3). For the two samples belonging to group
2, Mn is always detected above 210±3 ppm, whereas Fe is over 3400±20 ppm. Moreover, Sr content is lower than 36±7 ppm in all
the diopside crystals except in group 2 (max. 180±20 ppm) and MYA12 (max. 160±20 ppm) samples. However, as it is thoroughly
explained in [18], sample MYA12 is a peculiar case for its paragenesis and its assignation to group 1 is tentative. A difference in
MYA12 with respect to other group 1 samples is also observed in Zn content, that is very low and completely below the LOD only
in this sample. This grouping could be due to the provenance of the analysed samples from different mines located in the Mogok
area, and it allows to underline that for this kind of provenance studies it is important to consider many samples from an extraction
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Table 3 Quantitative results for μ-PIXE analysis at INFN-LNL on 8 pyrite crystals in reference geological samples from Myanmar. Data are reported in
ppm as concentration ± error and relative limit of detection (LOD); bdl=below detection limit. In the case of MYA06 and MYA12, two pyrite crystals were
analysed

Sample Group Ni Cu Zn As Se Mo

Conc. LOD Conc. LOD Conc. LOD Conc. LOD Conc. LOD Conc. LOD

MYA02 3 550 ± 50 52 210 ± 30 35 270 ± 30 34 500 ± 20 27 42 ± 14 20 100 ± 30 37

MYA06 3 500 ± 50 48 bdl 34 bdl 33 bdl 36 bdl 17 bdl 56

430 ± 50 45 bdl 33 bdl 50 bdl 21 bdl 18 bdl 51

MYA07 1 bdl 52 bdl 38 bdl 55 bdl 24 bdl 19 bdl 66

MYA10 2 110 ± 40 47 220 ± 30 33 bdl 32 170 ± 20 18 38 ± 12 17 bdl 31

MYA11 2 bdl 84 bdl 35 bdl 35 60 ± 20 22 52 ± 13 13 bdl 44

MYA12 1? 260 ± 40 39 bdl 28 bdl 41 bdl 18 540 ± 20 14 bdl 37

150 ± 40 47 710 ± 40 30 bdl 53 70 ± 20 23 110 ± 20 19 100 ± 30 30

area to take also into account differences in trace elements due to the paragenesis. At the same time, such differences could be used
to distinguish among extraction mines in the same area.

Diopside crystals present also a strong luminescence investigated by means of μ-IBIL. In Fig. 4, a representative set of spectra
acquired for the analysed diopside crystals is shown. They present the typical main band at 585 nm attributed to the presence of
Mn2+ ions and a much smaller band at 690 nm that could be due to V2+ or Fe3+ [30]. Only for sample MYA06, the latter band seems
to spread wider on a range from 700 nm to 850 nm. Most of the samples also show the very broad band around 450 nm, attributed
to the TiO6 complex [30].

About pyrite crystals, they are well preserved, but smaller and in lower amounts compared to lapis lazuli from other provenance
areas. The results from μ-PIXE measurements on pyrite crystals are reported in Table 3, where only trace elements found above
the detection limit were considered. Although the number of measurements for each group is low, also in this case some differences
among them can be observed. In particular, samples from group 3 seems to have a higher content in Ni than other samples. Moreover,
Se and Cu contents seem to be higher in MYA12 than in all other samples. Also, the occurrence in pyrite of Se and, to a lesser
degree, of As as substitutes of S may be considered as peculiar of the Myanmar provenance among the Eurasian lapis lazuli.

4.1 Revised protocol

On the basis of Ion Beam Analysis results, a revised version of the protocol that would take into account also Myanmar lapis
lazuli is proposed. Moreover, on the occasion of the protocol reformulation, a revision of previous data in the database was made,
re-evaluating all the elemental concentrations and removing a few points due to the presence of contaminants. Analyses on samples
confirmed that lapis lazuli from Myanmar is characterized by the absence of wollastonite as main mineral phase. Instead, diopside
is one of the main minerals in all the groups, as in all lapis lazuli from other Asian sources. Hence, the presence of wollastonite
as main mineral phase remains a strong marker for a Chilean provenance [12–15] and can be confirmed. In the previous protocol,
selenium in pyrite was also reported as weaker marker for this provenance, because it was observed in content higher than 40 ppm
only in some of the Chilean samples, with a maximum around 100 ppm [11, 14]. In Myanmar samples, selenium was measured
in variable quantity starting from the LOD (around 17-19 ppm) up to 540±20 ppm. Consequentially, the Se marker is not able to
distinguish Chilean from Myanmar samples, so it was ultimately decided to remove it from the protocol. As observed previously in
[11], the protocol can be subject to changes on the basis of new information and as measurements on samples from different lapis
lazuli sources grow.

Following the protocol, Siberian samples continue to be the only ones characterized by iron oxide-hydroxide minerals pseudo-
morphosed after pyrite [16, 17], because in Myanmar samples pyrite crystals are well formed: this allows to confirm altered pyrites
as a strong marker for the Siberian provenance. Moreover, in the previous protocol we considered as an additional strong marker
the fact that in all Siberian samples Sr content is higher than about 180 ppm in diopside crystals [15, 17]. In Myanmar lapis lazuli,
Sr content in diopside crystals (Table 2 and Fig. 5 for a comparison to the reference dataset published in [11]) is low and not higher
than 90±20 ppm nearly in all the analysed areas (96% of the total) with two exceptions: sample MYA11 (180±20 ppm) and sample
MYA12 (max. 160±20 ppm). This means that the Siberian sample with the lower Sr content is indistinguishable from the Myanmar
samples that have the higher contents of Sr, on the basis of this chemical element only. In the revised protocol, we decided to change
this marker into a weak marker, i.e. only Siberian samples (but not all) have Sr > 200 ppm.

In the previous version of the protocol, it was shown that Tajik and Afghan samples can be discriminated on the basis of the
trace element content in pyrite, in particular Cu and Ni [17]. An arbitrary line can be drawn in the Cu vs Ni plot to maintain the
ideal separation between Tajikistan and Afghanistan data, with equation Cu � 0.6·Ni (see Fig. 6a). In comparison with the strong
markers identified for Afghanistan and Tajikistan, despite the low statistics in Myanmar samples provided by eight points (Table 3),
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Fig. 5 μ-PIXE results for trace elements in diopside, comparing Myanmar provenance to data from the other reference geological samples [11], grouped by
provenance area. The box plots represent the dispersion of the experimental points: the median line and the two percentile values 0.25 and 0.75. The squared
symbols in correspondence to 0 value represent the number of measurements below the limit of detection (LOD)
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Fig. 6 Trace element contents for markers in pyrite. a Cu vs Ni: Myanmar samples, in purple hue, are represented with a different colour for each group
defined in [18] and results are compared to data from the other reference geological samples from Southwest Asia [11]. The green dashed line defines the
ideal separation between Tajikistan and Afghanistan data adopted in the new proposed protocol. b Se vs Cu: when evaluating only Myanmar and Tajik lapis
lazuli, above a concentration of 27 ppm for Se only Myanmar samples are found (purple dashed line); the area delimited by the red dashed line contains
instead only Tajik samples, defining a combination of two weaker markers

Fig. 7 The new proposed flow chart of the operative protocol, revised after taking also into account the Myanmar reference samples. Along the block chain,
solid lines are used for strong markers, dashed lines for weaker markers. Additional weaker markers are reported as text next to the provenance balloon

some new considerations can be made. For all crystals, Ni content was found below 550 ± 50 ppm, whereas Cu content raised up to
710 ± 40 ppm. This certainly leads to an uncertainty in discrimination with Tajik provenance and with a fraction of the measured
Afghan samples. However, if the Se content is plotted in function of Cu content (Fig. 6b), it can be noticed, first of all, that a Se
concentration above 40 ppm is only characteristic of Myanmar samples, but in an uncertainty between only Myanmar and Tajik
lapis lazuli this limit can be lowered to 27 ppm. Also, in the same binary comparison, a combination of the two conditions Cu
content above 180 ppm and Se content under 26 ppm identifies an area where only Tajik samples are present. Nevertheless, the
discrimination of Myanmar samples with Tajik or Afghan ones can rely so far only on weaker markers.
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Fig. 8 Comparison between the content of Zn, Fe and Mn in diopside for Afghan samples (database) and for a selection of the three different Myanmar
groups plus sample MYA12

About other trace elements in diopside for Myanmar lapis lazuli, Cr content resulted unusually very low compared to other lapis
lazuli provenances (see Fig. 5) and therefore an interesting indicator for a Myanmar origin. Indeed, chromium is for all samples
under the limit of detection, with the exception of four crystals: one from sample MYA03 (9Â±3 ppm) two from sample MYA06
(9Â±2 and 8Â±2 ppm) and one from MYA07 (8Â±2 ppm). It must be observed that the average LOD values for Cr are 50 ppm
using INFN-LNL set-up and 7 ppm at NewAGLAE. Myanmar samples appear to be also poorer in Mn traces, generally below
150 ppm; the small cluster visible slightly above 200 ppm is composed only by points related to samples MYA10 and MYA11,
i.e. group 2, as can be seen in Fig. 3. Moreover, an element that was not previously included in the operative protocol, but seems
to have relevance for Myanmar provenance, is zinc: half of the samples show a Zn content higher than 50 ppm that leads to an
incompatibility with an Afghan provenance (Fig. 5). Considering that this feature is not present in all samples, this can only be
considered as a weaker marker to distinguish Afghan and Myanmar provenances. Zirconium was found in Myanmar lapis lazuli
as well, but the concentrations were not determinant for a discrimination with any other provenance (see Fig. 5). Finally, apart for
the copper content (max. 15±5 ppm in sample MYA02), in all the Myanmar samples no other elements occasionally observed in
diopside from other provenances were identified, i.e. As (max. LOD � 13 ppm), Pb (max. LOD � 32 ppm), Y (max. LOD � 51
ppm). However, due to the scarce occurrence of these elements in lapis lazuli from other provenances, they cannot be used as marker.
Lastly, μ-IBIL spectra acquired for the diopside crystals analysed in this work present the smaller band at 690 nm, similar to the
one noticed in some Tajik and Siberian samples [15] but not the band at 770 nm, that can continue to be considered a weaker marker
for the Afghan provenance.

Taking into consideration all the results obtained on Myanmar samples, it is possible to include this provenance into the analytical
protocol. The flow chart of the protocol could then be modified as suggested in Fig. 7. Strong markers such as wollastonite for Chilean
samples and altered pyrites for Siberian samples are confirmed and maintained. The high concentration of strontium in Siberian
samples can still be considered a marker, even if a 4% of Myanmar samples showed a Sr content of about 180 ppm that is the lower
limit for the Siberian samples; for good measure, this limit is raised to 200 ppm and the marker classified now as weak. The strength
of Cu and Ni markers in pyrite is still valid for the distinction between Tajikistan and Afghanistan, but fails in the discrimination from
Myanmar samples. No strong markers were found to distinguish between Myanmar and Afghan or Myanmar and Tajik samples, but
weaker markers in diopside or pyrite can help in the single differentiations. Specifically, in the Myanmar–Afghanistan uncertainty,
only Myanmar samples are characterized by a content of Zn in diopside higher than 50 ppm and only Afghan samples have a Ti
content above 800 ppm, a V content above 320 ppm, a Cr content above 75 ppm or a Mn content above 310 ppm (these values were
fixed taking into account the maximum values in Table 2 for each elements increased by a standard deviation). Moreover, it was
confirmed that the presence of a strong ionoluminescence band centred at about 770 nm [15] is incompatible both with a Tajikistan
and Myanmar provenance. As regards the Myanmar–Tajikistan distinction, samples with a Se content in pyrite above 27 ppm (the
maximum LOD for Tajik samples) can be assigned to the Myanmar provenance, while those characterized by a Cu content above
180 ppm (as the minimum Cu content measured in Tajik samples is 210±30 ppm) and simultaneously a Se content under 26 ppm
can be classified as Tajik (see Fig. 6b).

Samples that do not present these markers remain with an uncertain attribution, arising the need to possibly investigate different
mineral phases to find new strong markers. This need is enhanced by the limited number of pyrite crystals found in Myanmar
samples for IBA (in this study only in 60% of the Myanmar samples suitable pyrite crystals were found). If the analysis is limited
only to diopside and not to pyrite crystals, e.g. when the latter is very scarce in the rock sample, to distinguish among Afghanistan
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and Tajikistan the elemental contents in diopside found in the previous protocol are still valid, i.e. only Afghan samples show one
of the following features: a Ti content above 710 ppm, a V content above 210 ppm or a Cr content above 220 ppm [11, 15].

Lastly, in Fig. 5 for the comparison with other provenances the results from the whole Myanmar sample set were considered.
However, it is interesting to observe that when the data from diopside crystals are separated according to the sample grouping
previously mentioned, it can be seen an evident discrimination between Afghan samples and single Myanmar groups. As shown in
Fig. 8, Zn content can be used for a distinction from group 1 samples, Fe content for group 2 samples or MYA12 and Mn for group
3 samples. For now, these results were not considered for the protocol, due to the possibility that when increasing the statistics on
the Mogok area, elemental contents from different mines could overlap.

5 Conclusions

Studies on the provenance of lapis lazuli can greatly improve the knowledge on trade routes active in the ancient past. The importance
to have a reference set of samples with certain origin arises when trying to produce an analytical protocol able to attribute a certain
provenance to artefacts whose raw material is of unknown origin. Thanks to IBA measurements on new samples acquired in
Myanmar, it has been possible to introduce an additional provenance in the analytical protocol developed by our group, currently
based on the analysis of diopside, pyrite and wollastonite mineral phases. Features characteristic of the three different Myanmar
groups previously identified within the new samples with other techniques were found with IBA, in particular for the different Mn,
Fe and Sr concentrations in diopside. From the comparison with other provenances, it was found that Myanmar lapis lazuli is easily
distinguishable from Chilean and Siberian rocks thanks to two strong markers, the absence of wollastonite and the well-preserved
pyrite crystals, and one weaker marker, the low strontium content in diopside. The combination of Ni and Cu in pyrite remains a
strong marker for the differentiation of Afghan and Tajik lapis lazuli. No strong markers were found to distinguish between Myanmar
and Afghan or Myanmar and Tajik samples, but weaker markers in diopside or pyrite can help in the single differentiations and in
particular the high Zn and the low Ti, V, Cr and Mn concentrations in diopside, the high Se content in pyrite and the absence of the
770 nm band in diopside IBIL spectra. Nevertheless, the need of strong markers is still unsatisfied. For these reasons, the study of
different mineral phases by means of IBA techniques is foreseen in the near future.
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