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11 In this work, laser ablaticinductively coupled plasmmass spectrometry was usea investigate

12 for the first timeglass weathering mechanisms using higbolution 2D and 3D elemental maps of

13 altered layers of ancient glass. Roman archaeological glass shards, displaying several corrosion
14 indicators, were studied using multiple rastscanning ablation with high depthnd lateral

15 resolution. The concentration gradient of different elements was captured (in its variations from
16 the surface to the bulk of pristine glass) by multiple ablations on degraded regions of interest to
17 observe the dissolution of the glass netwatke to the hydration and leaching processes that
18 occur during its alteration. The results indicated an enrichment of silicon and a depletion of
19 alkaline/alkaline earttelementsconcentration in the first few microns of depth under the surface
20 area sugesting that a dealkalinisation phenomenon occurs on the glass surface when ancient
21 items have been buried under soil for extended timeframes. The daydasyer elemental

22 distribution revealed also how the composition of the archaeological glass saoi@eges from

23 the bulk to the surface, enlightening the leaching behaviour of glass constituent during the
24 alteration process.
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1 Introduction 45 as the composition of glass itself, and the chemical and physical
. ) ) ) .46 properties of the environmeng temperature, pH, and especially the
In glass scholarship, the reactions involved in the mechamﬁry %Amount of water available determine the rate and the kinetics of

glass alteratiorare mainly ascribed to the interaction between gligs S . . .
) . glass deterioration. Archaeological glass is often found in a poor state
surface and aqueous solutions. The phenomenon is nor%ally

d ibed ol nitiallv. th ; ol s hvdrat 8f conservation due to the burial conditions in which the
escrl e. aslo OWS'_ nitia y,. € surtace 9 glass gets hydra eg(fanarchaeological items have been ageing for centuries. The degree of
the alkaline and alkalinearth ions that are in the glass network ar

leached out and substituted with the hvd - ¢ the attack surface alteration can range from unperceivable to so Miga
eached out and substiuted wi € hydrogen tons ot the & acg@gdegraded that the original aspect of the glass is no longer perceptibl

solution. Afterwards, this |0@xchange procgss Ieadg 0 .an mcrqgaée because of its complete traftemation into corrosion products. The
of hydroxyl group concentration in the solution resulting in a pH ?se . . . . .
o ) o : partial or total physicochemical transformation of archaeological
(above 9). From this, it follows that the chenlistability of glass glass can induce a variety of alteration marhat are optically
more susceptible to alkaline attack that promotes the dissolutiog of . o . . "
the al work th h th ;  the SD bondd Despit 6~ observable on its surface, such as iridescence, discoloration, pitting,
e glass network through the rupture of the GD bonds. Despi %7 and crackinf; Often, one or more of these visible manifestations of

numerous published studies have addressed the topic Of5§hedeterioration can simultaneously develop across the surface of a

|nte.rac.t|on between glassy materiahd the.enwronment smce.trgeg glass artefact. In the majdyi of the cases, the investigation of the
beginning of the last centu?&f, the mechanism of glass corr05|o%ds chemical composition of the ancient glass surface and its

stil largely unfamiliar to the chemistry community, and it has(ﬂot morphology, of the degradation pathologies that affect it, and of the

been fully understood yet. In particular, the great number of intrigiic . . o . .
7 ) ; ) corrosion products deposited on it is carried out by conventional
and extrinsic fators involved in the process of glass alteration, such
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techniques such as-pay fluorescence (XRF) spectrosc18py)ptica54 single spot mode or using the line scanning maechere the sample

or scanning electron microscopy (SENI) 55 is moved at a constant speed while shootineing under ablation

and Raman spectrosco’ﬁy Portable XRF spectrometers are typiczfly Both modes can potentially be applied in a raster framework to
used for insitu characterisation of glass museum collection, butSthe generate 2D elemental maps, and in multiple jpeint ablations to
failure of this technique tomonitor Na concentration limits iB8 generate 3D maps. To achieve the goakbéracterising in greater
application for studying corrosion, being Na one of the rB8indetail archaeological altered glass samples, our work defined a novel
elements involved in the leaching process during glass alter&@onmethodology to achieve highuality and higkspeed 2D and 3D
SEM coupled to energy dispersivea¥ (EDX) spectroscopy allow$1o elemental mapping of ancient glass moving from a tested-fimeng
obtain the chemical chacterisation of ancient glass, but d&@ protocol developed by Van Elem et al’’which uses fast aerosol
collection is limited to the first microns of depth. In addition, b&8h transport technology and highepetition rate®, This protocol has
SEM and XRF techniques provide only sgumintitative datd®64 been originally developed and validated for 2D imaging using a
Raman spectroscopy, instead, is a suitable-destructive techniqué5 Y2 RSNY WYdNNA Yyl 3IfFaaQ 61 LIASOS 2
to obtain quaitative information about glass samples. The small I68eran ideal sample in that offers a flat and homogeneous surfdeln

spot size (>1 pmj generatedusing Raman technique enablesa 2 dzNJ 62N = Iy 9f 6 SNByYy SiG Ff ®Q& LI
very punctual analysis, but this represent a limit when analy8ngo the 3%dimension (depth) and applied to real samples of historical
degraded glass that presents a heterogeneous aspect as¢hte 069 interest, obtaining highguality images and the opportunity to
hundreds of microns. Overall, all thedechniques have several0 perform an innovative and comprehensive characterisation of the
limitations when examining corroded glass since the alterationcorrosion layers of archaeological glaBsis study reports the satp
phenomena, which often interest a considerable thickness of7theof analytical approactor using LAICRMS to obtain 2D and 3D
glass surface and led to a heatmansformation of glass surfacg8 elemental imaging of heavily degraded archaeological glass by
requires high but adjustable -{depth and lateral resolutiord retrieving information on the lateral and indepth distribution of
investigation. LACRMS, instead, can overcome some of théSe elements that is pivotal for a more complete investigation of the
shortcomings. While being a wastablished analytical technique @8 corrosion mechanism of ancient glass. Tlobtained results

the characterisation of ancienglasé&”, its use remains mosfif demonstrate how LACRMS can be successfully used to investigate
limited to obtaining the bulk chemical composition of the (unaltei8l) the deterioration features that get formed on archaeological glass:
substrate, whereas published works in which this technique is T8edhis represents a great opportunity to study and better understand
to specifically study the surface degradation are scfte LAICR80 the processes involved in glass caion on the long term. If
MS analysiss based on the direct micro sampling of a solid vol8inecorrectly analysed, the chemical and structural transformation of
and the subsequent elemental analysis of the generated materi8Rviancient glass makes available to the scientific community information
YIaa aLISOGNRYSGONE RSGSOG2NID-83L rélativa ta a vadyeytendeR (BridBp@n (in-terms df widlednfa)that gag y
destructive (or micredestructive) technique, requiring minimal or 8 be hardly gathered inlgernative ways.

sanple preparation, while providing higher sensitivity/lowggr 2 Materials and Methods

detection limits (in the ng'§range) compared to more conventioré%l Optimised LACRMS imaging methods have been used in this work

. . K 22 .. .
techniques used for glass characterisafibfi** In addition, '57 to analyse Roman glass shards that have been recovered from topsoil

enables full quantitative determination of major, minor, at“Ehce88 during fieldwalking surveys in Aquileia (NE lItaly), having surfaced

elements within a single analytical run. All these properties makgéhefrom their buried stratigraphic context after centuries due to
LAICRMS suited to perform—bulk chemical characterization of90 pIoughinﬁO The samples are dated between th& and the ¥

ancient glasswhich provide information about the provenienceé)I century BC and they have a sikeadalime composition typical of
raw materials usedfor glasg m.anufacturlng .(sands_v fluxes, Qﬁ‘d the glass production during those years. These shards show different
chromophores), or about fabrication technologies, which vary ngwtypes of dgradation including pits, cracks, dark deposition, and

according to hlstorlcal period .andlor geographical aea. FO'E.M iridescent patina. The glass fragmeatsalysedwere selected based
example, mgltlelemental mapping O_f polychrome glass- arte(‘%tson both size and sufficiently reguland flat surface toavoid resin
collected usingthe LAICEMS rastering procedureanalysis Caryg mounting or subksampling The samples were cleaned with water as
provide information about the distribution of the differerurolouring97 soon as they are picked up from the stiiring the survey campaign
ager.ns used to produce a part.icular colour and con.sequeé)ély but no organic solvent was used to clean the samples, nor they were
elucidate about the manufacturing of decorated ancient g4)%Sspolished before performing the analysisRe-ablation was not

6 . . . .
artefacts”. Besides, the opportunity to deep sampling the Surfaft?o'nperformed in order to preserve all the valuable information about

an ao”ustable way-enables t_o gather daFa abo_ut the Changesllﬂlth?he glass surface composition, which maintains traces of all the
chemical composition of ancient glass with ardepth resolution

Ao i ) o %2 effects determined by the environment triggering natural glass
about 150 r;] ) lTh'_S tlype o;.lnfo.rm?tlon 'S_ valuable Inonly t5?03_ alteration. Data on possible contamination of the surface due to the
address archaeological and historical questions, but also to p_{BX'd?nteraction between the glass surface and the burial environment

insights to be us.ed for consgrvaﬂon and restoration purposgi.ogh%vould be also retained as they can provide further relevant
LAICPMS analysis of a solid sample can be performed us"l%éh?nformation. The choice not to perform prablation and the
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connected advantages and limitations are specifically discugs#2l quadrupole (segential) mass analyseforced to select a small group
the following sections of this paper. The-I@RMS instrument used3 of analytes/isotopes to be monitored within a total sweep time
in this research consists of an Analyte Excite ArF excimer 198! neguivalent to the WOT. The elements of interest were selected based
laser (Teledyne CETAC Photon Machines) coupled to arRQWP on preliminary line scanning of the surface nearby the ROkdas
quadrupole ICRMS (Thermo Scientific). The laser ablatdevice i946 the same preliminary data, the individual dwell time of selected
equipped with a HelEx Il twaeolume ablation cell mounted on 47 isotopeswere adjusted to be inversely proportional to their expected
high-precision xytranslating stage The samples were placed od& signal intensity (concentration). Six elemefgstopeswere routinely
standard LA holder and fixed-place with doublesided tape. A rapid9 recorded per image, dependin on the specific glass sample
aerosol transfer line (ARIS, Teledyne CETAMN®®gies) and heliuf0 composition, choosing amontNa, 2’Al, 2°Si, *K, **ca, **Mn, *'Fe,

as carrier gas were used to transport the ablated materials fronstheand *Co.The LACPMS operating parameters arsummarisedin
surface of the sample to the I&WS. Theuse of ARIS enablé® Table 1.

achieving a faster washout time (WOT), typically in the range 6820able 1 Operating parameters of the -I@eRMS 2Dand 3D imaging of
ms, specifically designefbr highspeed imaging. Being appliedXb Weathered ancient glasses

weathered glass analysis, the WOT was calculagiag the certified ~ L@Ser
reference material (CRMNIST 612 as reference, since the glassl_aser ype AT oxcimer 193 o
sampleshad a heterogeneous and unknown surface composition . gas flow cell 0.25 L mitt
resulting into larger but unsystematic WOT (see section 3.1.). Theie gas flow cup 0.25 L miff
maps were obtained using a monodirectiorstan mode with a  Transfer line ARIS
20X20 prﬁ square spot size, a laser fluence of 4 Yerand fixed ~ Fluence 4.0 J crif
dosage of 7. Thredimensional elemental maps were ohted by ~ SPotsize 20 um square
repeated ablation of tB same region of interest (RGd) the same Wasr_m“t time 29 ms

. . . . . Ablation mode Fixed dosagér)
operating conditions. EacHata file for 3D image generatiorwas Repetition rate 280 Hz

acquired and saved individually as a .csv file, to be then stacked i§canning mode Monodiretional raster
the processing phase. This enabled to monitor consistently both thgcpms

elemental composition of a single ablated layer or the 3D volume
distribution of elements. The LKCRMS operatingparameters were ~ RF power 1550 W

adapted according to the approackported by Van Elteren et &, ~ Cooling gas flow 14 L minf
o . ) . . Auxiliary gas flow 0.8 L mitf
which isa setup for highspeed imaging without artefacts. Once .

" Ar makeup gas flow 0.8 L mit*
calculated the WOT and preselected the dosage and the spot SIZ§ nitored isotopes(a max of 6 per run) 23Na
the laser repetition rate (Hz) as fixed to 1000Xdosage/washout 27Al
time, while the resulting scan speed equaled [(spot size)/(washout 29Si
time/1000)]. A repetition rate of 280 Hz corresponding to 800 ¥ s 39K
of scanning speed, considerably faster than that set up in the ggﬁi
previous study of LACRMS glass imagiﬁ% was adopted. In 57Fe
addition, the selection of a higher dosage enabled the generation of 59Co
each pixel based on the multiptepartially overlapping; laser pulses  Total sweep time (duty cycle) 20 ms(60%)

that improve the signato-noise ratio and the image qualigs

especially when @maller spot size is used and multi elements are
determined Such a fast laser frequency required fast aerosol
transport (achieved using the ARIS), but also accurate
synchronisation with the ICPMS acquisition method. The use of a
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This setup considered high dosage, highetition lasing mode
and fast WOT as the optimal operational conditions to obtain fast
mapping and avoid aliasing and other image artefacts. The data
elaboration steps (includingackground subtraction, drift correction,
image reconstruction and quantitative calibration) were performed
using the software HDIP (Teledyne Photon Machines, Bozeman, MT, & b)
USA).The elemental maps generatetly HDIPbased on raw signal o ) _ )
intensity data (expressed in counts per secondgdre firstly54 MS imaging approach points out the diftnces and advantages in
converted into mass concentration maps by applying a calibrgﬁonthe laser systems

. . 6 Fig. 1 (a) Driling mode with circular spot size procedure ds€t)
curve obtained from the analysis of a set of standard Refergj;ce ; ) ) . !
. . . continuous scanning mode with square spot size procedure used in the
Materials. Eight reference materials were used for -IGPMSS8

) ) ) ) ) present work.

calibration: (i) Corning Museum of Glass synthetic glass staggard

material A, B, C, and D, replicating the composition of ancient @@S%ptimisation, in particular agar as the scanning mode analysis is
(i) Society of Glass Technology glassdaas 7, 10, and 11; and %Q concerned. The choice of using a square laser spot and a +mono
NIST SRM glass 612. The latter was used also for Sign%zdrgﬁectional, continuous scanning modginstead of using a drilling
correction throughout the elaboration. Linear scans on eéschmode procedure with a circular laser spogives a more complete
reference glass were carried out before (and after in ¢hse ofNISéI’4 regional coverage (Fige 1) providing a more representative
SRM 612) the acquisition of damap After quantitative conversi0615 chemical characterisation of the whole ROI. The heterogeneous
of the maps, elemental concentrationsdetermined Werege aspect of corroded samples at the miesoale (see the alteration pits
transformed irio the corresponding oxide concentratisraccording37 in Figure4), smaller than the spot size used in the previous work
o the conventional approaéﬁ For each ablated Iaygé (diameter of 80 um)wshows that it is crucial to cover completely the
independently, the oxide concentration maps wenermalised by69 area of analysis and reap a quantitative data that is representative of
making the 98 percentiles of all the determined oxides SUD2(  the entire surface. In addition, the spatially continue ablation of all
100%.The purpose of the normalisation was to obtajnnsistentlyyl the ROI minimises the probability to fall into elementadtionation
viewable and comparablenaps layerby-layer. We have adopte;lz issues due to the proximity of the crater walls, as in the case of
standard calibration and normalisation parameters considering7§1e,:igure 1(a).

components of glass samples as oxides and thus obtainipg @ The use here of a smaller laser beam spot size (20 pm) proved to
consistent scale for all the ablated layers. However, since corr-%je%e pivotal for clearly defining some morphological details of glass
glass is not only composed of oxides, thisthed should not b% alteration present on the sfiace¢ or below it¢ improving the image
understood as an unambiguous chemical and mineralogj,calesoluﬁon_ By operating in a rastering mode, it is also possible to
interpretation of the components that are normally present A continuously ablate material up to greater depths into the sample (a
archaeological glass. 79 few microns) without encountering edge effects and signal decrease.
3 Results and Discussion 80 In additon, it has been demonstrated that overlapping laser pulses
81 (dosage > 1) are preferable to obtain high quality images in multi
2 elemental imagin@g. Recent developments in the optimisation of-LA
ICRPMS imaging setup have established that high repetition taser

== non-ablated area
+ ablated area

3.1 Improved impurity imaging on ancient glass by 18PMS
According to one D the pioneer works about 2D l-_IA:PMS8
elemental imaging, a correct selection of optimal acquisiti%%

conditions (such alserbeam size, scanning speed, repetition erAé aeausy ) by R_ ,}— t .{a . ,ﬂl fl AK 2 dZP ﬁl; A YA T N‘B .
and washout/dwell time) is pivotal to obtain fast higélsolution85 ICPMS analysis allowing A § K SEOST t Sy TheA3S i

analysis with miimal image degradation in terms of blur, alias%%, sy_stem equipped W'tr_] the ARIS enal:_)les achieving very |0\{\I WOT. In
smear, and noise. Maintaining a consistent synchronisation be eﬁhls study, the WOT is calculated daily based on the ablation of the

LA and ICIRIS parameters, in particular, is essential to avoide%ecert'f'ed rgference matgnaICRM NIST 61_2’ |n§tead of the
occurrence of aliasing and interference patterns. In prevﬁﬁgusarchaeologlcal sample object of the study. This choiee based on

applicatons of LACRMS for studying glass corrosion phenomegrQa, altered archaeological glassample heterogeneity as its surface

3D elemental maps of weathered glass were obtained by emplgjax}ingmorphology makes the robust WOT evaluation virtually impossible,

a drilling procedure based on 50 laser pulses per grid point at aZJiJlsg'ven that it requires a stable and repeatable signal, which is

rate of 1 HZ’. The authors asserted that the tested procedlireits impossible to obtain by ablating a contiguous area on the real

element fractionation and rablation of earlier deposited maten%dl (Eorroded Asamgnle. A feasible SOIU“?” may be to 9uant|fy the W,OT ‘?“ R
AFFSNBYU al YL SQa |NBFXZ 06dzi 0KS

on the ablation crater walls or surface. These are the commgdr’nlf

encountered problems that occur in deep craters due to 9tiiﬁe robust, in any case, considering that th?_ scan would rewe
reduction of ablated mass per pulse and/or ineffectivensport of97 heterogeneous areas of the sample. In addition, the latter strategy

aerosolized particles at increasing depth, both resulting in decg)sl ofesults in multiple regiorspecific WOTS that implicate a challenging

signal intensities with time, and possibly elemental fratctiona"t"loﬂ99 assessment of which is the best to usaeWOT valueesultingform

detailed comparison between the previous and our proposedmakoo NIST SRM 6132s more representative of the instrumental
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Fig. 2 Example of single shot peak profiles for WOT calculation based on NIST 612 and real sample: mean of 10 contsetiemdda deviation (SD). -
results in WOTSs are 14.5+0.5 ms for NIST and 20+11 ms for sample.

configuration/status than of the specific sample to be analysed3dut
this approach can be trusted to obtain high qualityages withoug3 3.2 Procedure application on archaeological degraded glass

artefacts from real samples (as visible in the following Figuresg3, 4rpe anaiytical method described in the previous section has been
and 5). To better explain the motivations that led us to makegtgnisapp”ed for the characterisation of Roman glass samples that
choice, Figure4§ represents a synthesis of WOT measurements §asg@inited different types of alteration: cracking, pitting, and the
on monitoring“Ca on NIST 612 and archaeological glass SaMBlg formation of iridescent patina. Figure 3 shows thaements
using a 20 um square spot size. Comparing the repeatability of3gedisyrihytion in a cracked glass sample. This unique type of glass
width, the necessity of using NIST 612 to achieve a systema§igallyjeration is quite rare and there is little evidence in literatue
reliable estimate of the WOT is evident. 40 published information about similar grooves formation on
Once the WOT was evaluated, the dwell time (ms) ogénised for41 archaeological glag% A recently publishe(;hrticle34 has proposed a
each element individually and for each sample specifically, t9,0b8}q5retical explanation of the UM NR 2@S$40Q T2 NV
inversely proportional to the expected spatial average of siggal, ,haqation on tektite glass, which is, like all glass, subjected to
intensity (i.e. elemental concentration, based on a preliminary qickyeathering. Its authors stated in the paper that the formation and
measurement) and constrained to a totalelll time equal to thg hohagation of cracks is controlleq internal tensile stresses and by
WOT (20 ms). In Van Elteren et al. wirlall of the elements WeI£s the corrosion rate. Based on this assumption, the authors suggested
instead acquired at a fixed dwell time of 1 ms without considefingya; extensive studies should be performed to understand the
their different concentration in the glass matrix. It should be nofgd jnenomenon of crack development considering all potential factors
that fast scanning speed anvdashout time in the ms range limit the, i olved, such as the ppmidity, porosity, and permeability of the
number of elements that can beetermined by using sequentigly y| Here, the used beam spot size ofi@ allows to pinpoint sharp
detectorsmass analysesuch as the quadrupole NiSin this work siX;  oundaries between the composition of the glass matrix and that of
elements were monitored within a single run. The published S%é_Athe cracks, as clearly shown by the comparison of Na and Al
ICRMS mayping for studying the weathering phenomena usingza gistribution (Fgure 3d). The cracks, which extend throughout the
drilling procedure reports that 1€otopes(including major, minog,  gniire sample, seem to be filled by mineralised material acting as a
and trace elements) were acquired. Still, only Si, Mg, and Mn ¥ere.onent The presence of Si, Ca, and high levels of Al and K into the
discussed as representative for three corresponding typesamtlings  cracks (Figure 3c) suggests that this filler might be related ecsthl
mechanism, showing that fewer but carefully selected elemgptsin which the sample aged buried ¢ for centuries. Calcium appears
could still provide all significant information. Investing in map qug.gtyto accumulate mainly along the edges of glass fragments and its
(absence of artefacts, resolution, size and spatial representatig@ Of,ncentration on the glassy parts of tsampleis unexpectedly low
the ROI) appears to be a richer strategyr fthe study of thejy considering that the archaeological sampleeigpected to have a
alteration mechanisms of archaeological glass using 2D angh 3Qgnificant level of CaO as stabiliser, being a skzlime Roman
elementalimaging. 62 glass. The formation of cracks could be the consequence of a low Ca
63 concentration in the glass matrix, being such element the main factor
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that determines the degree fodegradation of glass in soil buB@ investigated glass corrosion using a model extracted from historical
conditions®. The low level of Ca in the glass network causes4heylass under simutad burial conditions. This latter study described
leaching of Na and the formation of a surface altered layer thab isthe appearance of cracks on the surface of the glass as one of the
continuously exposed to drying and wetting cycles due to the a88orfirst steps of the alteration that affects typical Roman glass. Such
of seasonality md soil condition (pH, salt concentration, &@8W cracks grow later in pits that became interconnected during
permeability). During such cycles, the glass shrinks and ex@hdadvancedcorrosion stages. The concentration of elements in the top
provoking mechanical stress at the interface between the pri€helayer of the glass appears completely different from thasethe
glass and the altered layer, resulting finally in the formatiodOof glassbulk. In particular, the amount of Al on the surface is eight
cracks. Ta blue colour of this glass fragment is determined by4the times higher compared to what is found from the second addat
colouring agenCozﬂ which is exclusively present in the glassy ptttslayer onward, and, on the contrary, the concentration of Si in the
of the sample (Figure 3c), resembling the distribution of Na.4Bhesurface is considerably lower than that monitored in the glass bulk
concentration of Co is uniform over the entirerface of the samplé4 (Figure 4). These superficielement concentrationsin the sample
even though it is possible to observe whitish zones in the ablBedsurfacesuggest that soil and moist material ditlgcin contact with
area (indicated in Figure 3b with a red dot). 46 the surface of the sample for centuries have strongly contaminated
47 it. Generally, when LAIG®S is used tanalysethe ancient glas®ulk

3D elemental distribution were obtained using the sa . L .
. . . composition pre-ablation is performed to remove potential surface
operational conditions used for acquiring the 2D maps, through4§he

laver bylaver ablation of the same ROl eadhta fie was th contaminations prior to the analy$®°. In here, instead, the
.ay.e. ylayer ablation Of the sa e. , cadala filewas e. 0 objective was tocharacterisea specificglass alteration at the very
individually saved and elaborated using HDIP and MatLab. Fl%ires‘brface level. Thus, pblation of the specimen was avoided to
shows the irdepth elementdistribution in an archaeological Rom B ' '

. ) greserve the chemical infornian coming from the top layer, which
glass sample where the corrosion phenomenon is represented hy_th . . .
can be considered as the interface between the glassy material and

presence of scattered pits. The ablation was performed ten tlmq°54or{he surrounding environmeit. Inevitably, this implies the need for

h me ar f thi mple, resulting in ten m rredj . . . . .
the same area of this sample, resulting In ten maps co edwtOSS special care in the interpretation of the top layer and the potential

different layers and showing the overall distribution of the monitoggd contamination derived from burial conditions should be carefully
I f h f h Ik of th le. Th . . . . . .
elements from the surface to the bulk of the sample € "B3%aken into account (Figure 4). With similar concerns in mind,

display that Ca, Mn, and Al are accumulated into the pi 8 apreliminary cleaning of the specimen should be done in a very

henomenon likely due to deposition of soil mineralanversely, .
P y P y § cautious way, not to affect the surface of the artefact, and manual

is mostl ncentr in the gl r f th mple.. In_. . . .
s mostly concentrated the glassy areas of the sa p%o polishing ould be avoided. These operations could, as a matter of

articular, starting from the second layer ablated from the surface, . . .
b 9 y fact, result in uneven topographical features to which laser

he Sim in veral cracks that are not visibl h . ” .

t eSd atpst:o dt outi::ienea; ¢ ;'Iacmstt r?t::;‘ Otl Sbe;Ot e_lr_]é?é(ecljrradlatlon conditions (e.g., focus) can be very limitedly adapted
eyfa ue 9 € depos o. or so a}e c,) © g.ass suriace. ) ? within a single ablation run (layer map) and could further complicate
evidence is congruent with a deterioration of vitreous materlaéin a situation made potentially complex also from the original

ial iti f Pal ® alh :
burial conditions as reported by a study of Palomar ey 065 morphology and surface structure of the sampled object. An accurate

Al @asa0)  wit Siassio)  wi%

0
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(c)

Fig. 3 (a) Roman archaeological glass fragment found in Aquileia area (NE lItaly); (b) a roptieal ohages of ta ablated area; (c) elemental maps of Na, A
K, Ca, and Co concentrations, conventionally expressed as normalized level of their respective oxides in % by weiglaly (i$tabetion of Na and Al in tl
same area of analysitateral resolution @ um. The 2D elemental maps of the cracked sample show a decrease of the intensity at the top right fo
monitored elements due to the focus loss in this area. Concentrations are conventionally reported as oxides normalisefbtocd@€istent visualigeon
purposes between layers, but should not be understood as the actual mineralogical/chemical composition of the san#¢efsale andViethods section).
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selection of ROIs is therefore key to a successful analysis. The9napk glass network. As for the previously described glass analysis
of the layers from the second to the tenth illustrate, ieat, the20 (Figure 3), also in this case the sharp concentration gradients
concentration of the elements on the glassy material and2litsbetween the glassy surface @rhe pits composition was seen using
structural diversity. The 3Blementdistributionindicates an increa? a small spot size (20 um), as shown in Figure 4.

of Si, Al, and Na concentration in the first few nanometres unde23heAnother visible effect of degradation, which is most commonly found
surface area. This distributiocould be the result of a process2df on glass recovered from archaeological excavation sites, where it has
OFLGA2yaqQ fSFOKAY3 RdzNRAY3I K S25Abgen iading Uindei sbil, B Siseshd. TH is cadsed B diangesd i 2 y
when the glass object was buried on &ilrhe lower concentratia26  the composition of the surface of weathered glass due to the
of Si inside the pits is, instead, linked to the process of Hfeirinteraction of the object with soil elements in direct contact, often
formation. Duing the alteration process in alkaline conditions, 2Be resulting in the disintegration and flaking of the glass surface.
dissolution of the glass network is the predominant deteriorafién Generally, archaeoldcal glass is characterised by a metallic aspect
mechanism, when isolated fissures appear on the surface of the3flasgsulting from the formation of a muHayer patina (with empty
(like those visible on the Si maps in Figure 4) due to the disgot31 spaces between one layer and the other filled with air) which
SiO-Si bonds. Subsequently, the prolonged exposure of the 8fasdetermines a rainbowike effect due to the reflection of light. This
surface to the soil causes an increase of the attacking solutioB3pHype of ghss alteration has been investigated in this wolserving
involving the formation of basic species (@Hhat progressively4 the 3D multielemental distribution into remarkably iridescent
breakthe SiO-Si bonds. This causes the wideniof the fissures an85 Roman glass sample.

ultimately, the formation of pits as the result of the local dissolution

Fig. 42D element distribution of the xploded 3D mapof Si, Na, Ca, Al, and Mn distributions, conventionally expressed as normalized level of their respective
oxides in %f massin an archaeological glass sample showing pitting corrosateral resolution 20 um
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