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Abstract 

The House of Gilded Cupids (Regio VI, Insula 16, 7, 38) was unquestionably one of the most important residences of 
Ancient Pompeii, where important archaeological artefacts such as mural paintings, mosaics, sculptures and lalariums 
were rediscovered. This work characterizes two wall mirrors that, together with those recovered from the House of 
Efebo and the Domus of Euplia, represent the only ones found in the archaeological site of Pompeii. The 2015 and 
2016 expeditions of the Analytica Pompeiana Universitatis Vasconicae project performed an in situ multi‑analytical 
study, using only portable non‑destructive analytical techniques. Molecular data provided by Raman spectroscopy 
suggested obsidian was the reflective matrix for both mirrors. Elemental data provided by energy dispersive X‑ray 
fluorescence and laser induced breakdown spectroscopy (LIBS) systems were concordant with Raman spectroscopic 
results, enabling the detection of Ca, K, Al and Na as the main elements included in the Si matrix characteristic of 
obsidian igneous rocks. The LIBS data confirmed the presence of obsidian hydration layers. All techniques were 
used to investigate the degraded white and yellow crusts of the mirrors. Gypsum  (CaSO4·2H2O) and nitrocalcite 
(Ca(NO3)2·4H2O) were identified in the white areas and gypsum and goethite (α‑FeOOH) in the yellow crusts. LIBS 
depth profiling on the white crusts found a layer of nitrocalcite on top of the gypsum layer. Gypsum and goethite 
were proposed to form after partial dissolution of the mortars patches (with high iron contents) used in modern 
restorations around the mirrors, followed by a reprecipitation on the surface of the mirrors. Nitrocalcite was proposed 
to form after the attack of atmospheric  NOx on gypsum crusts. These results represent the first analytical work focused 
on the study of these unique mirrors and provide the knowledge needed for defining more adequate conservation 
treatments.
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and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/
publi cdoma in/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Introduction
The ancient city of Pompeii (Naples, Italy), along 
with Herculaneum, Oplontis, Stabiae and many other 
Roman settlements, was destroyed for the eruption 
of the Mount Vesuvius in 79 AD [1]. Volcanic ashes, 
pumices and debris that poured down during the vol-
canic eruption sealed those cities, favoring their opti-
mal preservation during centuries. Excavation of the 

archaeological site of Pompeii in 1728 gave birth to a 
renewed interest towards the study of the Ancient 
Roman civilization [2], becoming a fundamental stop 
of the Grand Tour (traditional trip undertaken by Euro-
pean intellectuals in search of the roots of Western 
civilization art and culture) [3]. The historical, artistic 
and cultural value of this Roman city was universally 
acknowledged in 1997, when it was endorsed to the 
World Heritage List of the United Nations Educational, 
Scientific and Cultural Organization (UNESCO) [4]. 
Since then, the turnout of tourists has been steadily 
increasing and currently averages 3.2 million visitors 
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a year. Pompeii is the most visited cultural site of Italy 
after the Colosseum of Rome [5].

Even though the excavation of Pompeii offered a full 
and unique picture of the daily life of ancient Roman civi-
lization, the removal of volcanic materials triggered the 
activation of several deterioration processes [6]. Thermal 
and humidity fluctuations, exposure to sunlight, atmos-
pheric pollution and biological colonization, are just a 
few of the many factors causing the irremediable loss of 
unique and priceless artworks [7–9].

Considering the extreme complexity of variables influ-
encing the conservation of these ancient remains, the 
work of conservators is supported by experts from other 
fields, including chemists, physicists, archaeologists and 
geologists. In this sense, the preservation of Pompeii (and 
of Cultural Heritage in general) clearly turns into a trans-
disciplinary commitment in which scientific disciplines 
have a steadily increasing importance [10].

In this context, the IBeA research group from the Uni-
versity of the Basque Country (UPV/EHU) [11] collabo-
rated with the Archaeological Park of Pompeii, within the 
Analitica Pompeiana Universitatis Vasconicae (APUV) 
project [12] by performing research aimed at deepening 
the understanding of Pompeian remains and providing 
important guidelines to plan future conservation works. 
In the past decade, the APUV project has focused efforts 
for the scientific analysis of artworks preserved in some 
of the most important residences of the city, such as the 
House of Marcus Lucretius (IX 3,5/24) [6, 13–16], the 
House of Ariadne (VII 4,31/51) [17, 18] and the House of 
the Gilded Cupids (VI. 16.7, 38) [19].

Among them, the latter stood out by the extraordinary 
richness and variety of archaeological remains found 
therein. The House of the Gilded Cupids takes its name 
from golden plates decorated with cupids figures, which 
adorned one of the main rooms of the residence. Graf-
fiti indicates the owner in Cn. Poppaeus Habitus, related 
to Poppea Sabina, Nero’s second wife [20]. According to 
literature, the residence was built in the third century BC, 
resettled in the first century BC and at the time of the 
Vesuvius eruption (A.D. 79), consisted of a large peristyle 
surrounded by more than 15 rooms decorated with fres-
coes of the I, III and IV style.

The house was reclaimed from volcanic debris thanks 
to the archaeological excavations started in the twentieth 
century AD. In addition to the frescoes mentioned above, 
the work of archaeologists led to the recovery of fur-
ther remains of inestimable value, including a fountain, 
polychrome mosaics, marble sculptures and Roman and 
Egyptians lalariums [21]. The discovery of two mirrors 
attached to the east wall of the peristyle, together with 
those recovered from the House of Efebo (I 7,10–12.19) 
and the Domus of Euplia (I 9, 5–7), are important as they 

are representative of the unique wall mirrors found in 
this archaeological site [20].

In spite of the rarity of these finds, the hypotheses 
proposed regarding their composition and their origin 
have never been supported by analytical studies [22]. It 
is important to note that these mirrors have undergone 
restoration work, which is undocumented, and despite 
this previous intervention these items clearly require fur-
ther conservation. The presence of two different kinds of 
crusts is clearly compromising the reflective property of 
the mirrors.

The IBeA group has undertaken an analytical inves-
tigation using portable instruments avoid destructive 
sampling [23]. Elemental and molecular techniques were 
employed in a complementary manner to (1) study the 
chemical composition of the mirror matrix, (2) identify 
the composition of the degradation threatening their 
conservation and (3) propose hypotheses to explain the 
observed decay mechanisms. This work further high-
lights the indispensable role played by scientific research 
in understanding, safeguarding and enhancing Cultural 
Heritage assets.

Experimental
Raman spectroscopy
The molecular characterization of decay materials was 
accomplished by means of the InnoRamTM-785S Raman 
spectrometer. This system is equipped with a 785 nm red 
laser (maximum power of 300  mW) and operates in a 
range between 175 and 3200 cm−1 with a mean spectral 
resolution of 4.5 cm−1.

Approximately 50 measurements were collected using 
the hand-held microprobe (spotsize approximately 
150 μm) with measurement times varying from 2 to 30 s, 
over a spectral range from 200 to 3000 cm−1 and accu-
mulation number varying from 5 to 20 (depending on the 
region of interest, the presence of fluorescence and the 
signal-to-noise ratio). The laser power was reduced to 
30 mW in order to avoid any thermal photodecomposi-
tion of the materials under analysis. Raman spectra were 
acquired using BWSpec™ 3.26 (B&WTEK Inc., USA) 
software, and processed by Nicolet Omnic 7.2 software 
(Madison, USA). Spectral interpretation was based on 
the comparison of the recorded spectra with those of 
spectral libraries [24, 25].

Hand held energy dispersive X‑ray fluorescence 
(HH‑ED‑XRF)
Energy dispersive X-ray fluorescence data were collected 
using a XMET5100 spectrometer (Oxford Instruments, 
Oxford UK) equipped with a rhodium anode X-ray tube 
(operating at 45  kV). The analyzer has a silicon drift 
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detector that provides an energy resolution of 150  eV 
(calculated for the Mn Kα line) and a spectral resolution 
of 20 eV. The analyses were performed directly by placing 
the sampling interface on the mirror surface. Data acqui-
sition was carried out using a personal digital assistant 
(PDA) integrated into the instrument. To improve the 
limit of detection, measurements were acquired for 100 s 
(real time). Considering that ED-XRF is a non-destructive 
technique, it was selected to carry out the over elemental 
screening of the mirrors (25 and 10 point of analysis were 
selected from Mirror 1 and 2 respectively).

Laser induced breackdown spectroscopy (LIBS)
Additional elemental studies were performed using 
the EasyLIBS IVEA (model Easy 2C) LIBS system. This 
instrument employs a pulsed Nd:YAG laser, with the pos-
sibility of operating in a dual pulse mode, emitting at a 
wavelength of 1064  nm. The laser energy per pulse on 
the sample is higher than 25 mJ with a repetition rate of 
1 Hz and the duration of laser pulse is 4–5 ns. Measure-
ments were performed with the double pulse mode. An 
optimized delay time of 50 μs to the laser pulse and a gate 
width of 5 ms were employed. All spectra were accumu-
lated over 1–3 laser-shots. The Easy 2C model consists of 
an optic probe that allows focusing the laser connected 
to a computer and to three spectrometers, covering the 
ultraviolet (UV, 196–419  nm), of the visible (VIS, 420–
579  nm) and near infrared (NIR, 580–1000  nm) spec-
tral ranges respectively. The software used for automatic 
acquisition, control, visualization and processing of the 
spectra was the AnaLIBS version 6.3. The analyses were 
performed directly placing the sampling interface on the 
mirrors. Taking into account the signal-to-noise ratio 
(SNR) of the collected LIBS spectra only peaks whose 
intensity was greater than a threshold of 0.5σ of the total 
spectrum (under 150–200 counts) were considered for 
line determination. Data interpretation was carried out 
using the NIST database [26]. Considering that LIBS is 
a micro-destructive technique, its use was limited to the 
study of the most interesting spots of interest (12 in total 
including both, superficial and in-depth analysis).

Results
Mirrors composition
The mirrors located on the west wall of the peristyle are 
two of the most interesting archaeological items recov-
ered from the House of the Gilded Cupids. According to 
literature, during the Roman Empire mirrors were man-
ufactured either by floating a molten metal alloy (com-
monly formed of lead, antimony and tin) onto a thin layer 
of handcrafted transparent glass, or by applying a smooth 
surface of vitreous materials of volcanic origin (e.g., 

obsidian) [27]. Molecular and elemental analysis were 
performed to identify the composition of these artefacts 
by means of portable Raman, ED-XRF and LIBS systems 
(the region of interest are marked on images in Fig. 1).

In-situ molecular analysis was carried out by collect-
ing Raman spectra from several non-degraded regions 
of the mirrors. As can be seen in Fig. 2, the spectra col-
lected from the two artefacts are concordant and show an 
intense broad band centred at 1347  cm−1 together with 
three weak vibrational signals at 589, 795 and 1097 cm−1.

According to literature, the broad band centred at 
1350  cm−1 is a typical luminescence effect provided by 
glassy compounds when excited with a laser emitting 
at 785 nm [28, 29], while the weak band at 589 cm−1 is 
produced by the stretching-bending vibration across the 
Si–O–Si bridging oxygen of silicate glasses [30]. How-
ever, the Raman signals detected at 795 and 1097  cm−1 
were fundamental for establishing the possible source 
of the glass material. Indeed, the published works deal-
ing with the characterization of volcanic glasses proved 
that Raman spectra containing a band around 800 cm−1 
and a massif between 950 and 1150 cm−1 are character-
istic features of obsidians [31]. In this work, the stretch-
ing vibrations of isolated  SiO4

2− tetrahedral are assigned 
to the band at 795  cm−1 while the broad signal centred 
at 1097 cm−1 has the contribution of three bands related 
with vibrations of silica groups containing 0, 1 and 2 non-
bridging oxygens.

In order to confirm the Raman data interpretation, the 
same regions of interest were studied using both LIBS 
and ED-XRF systems.

ED-XRF analysis were performed to obtain a represent-
ative matrix measurement, as the X-ray beam spot size 
was 9  mm. Complementary information was collected 
from light elements (e.g., Al, Mg, Na) from LIBS, which 
provided information about the composition of vitreous 
materials to enable their identification.

As can be seen in Fig.  3, LIBS analysis from the non-
degraded areas identified 15 different elements (H, Li, C, 
O, Na, Mg, Al, Si, K, Ca, Ti, Cr, Fe, Sr and Ba). Among 
them, Si (main peak at 251.6  nm), Na (main peak at 
588.9  nm), Al (characteristic peaks at 309.3, 394.4 and 
396.2  nm) Ca (main peaks at 393.6 and 396.9  nm), Mg 
(main peak at 281.0  nm) and K (main peaks at 766.5 
and 770.4 nm) were detected as major elements of both 
mirrors.

Taking the presence of Si as granted in both man-made 
and natural volcanic glasses, the presence of significant 
amounts of calcium, potassium, aluminium and sodium 
provide additional evidence to support Raman spectro-
scopic results, that obsidian igneous rock was used as the 
mirror matrix. These are the main elements of obsidian 
glass [32, 33] and are responsible for their characteristic 
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brown-black colour. The elemental composition of obsid-
ians is the result of specific geological processes and 
can be chemically classified as peralkaline, subalkaline, 
metaluminous and peraluminous, according to their 

aluminium, calcium, sodium and potassium oxides con-
tent, respectively [32].

Among the many elements detected by LIBS was 
the presence of an intense hydrogen emission line 
(656.3 nm), the LIBS system used in this work does not 
work under vacuum conditions. Therefore the origin of 
this hydrogen signal could be due to the contribution of 
any compound containing water or hydroxyls in the ana-
lysed region or due to atmospheric humidity as there is 
an open path between the detector and the sample under 
analysis. The presence of H on the obsidian surface could 
be attributed to hydration. Obsidian is a metastable igne-
ous rock containing a low percentage of water (below 1.5 
wt%) [34]. After cooling and solidification, obsidian can 
absorb water, forming hydrated glasses phases such as 
pitchstone  (H2O content around 7%) [35] and above all 
perlite  (H2O content up to 2–6%) [36].

To establish if the surfaces of the two mirrors were 
hydrated, several LIBS were collected on the area free 
of any degradation product. LIBS is a micro-destruc-
tive technique as each laser shot generates a crater 
with an approximate diameter of 200  μm and a depth 
of about 5  μm (the size of the crater may vary accord-
ing to the characteristics of the material under analy-
sis). The hydration of the obsidian surface can reach a 

Fig. 1 On the right, photographs view of the two wall mirrors studied in this work. The regions of interest selected for ED‑XRF, LIBS and Raman 
analysis are showed in green, red and yellow colour respectively. In the case of Raman analysis, only the most representative spots are displayed. On 
the left, close up showing the degradation areas observed on Mirror 1: a white crusts and b yellow crusts

Fig. 2 Raman spectra collected from the black matrix of Mirrors 1 
and 2 using the portable innoRam™ 785S spectrometer
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depth of 10–20 μm depending on the age of the obsidian 
[36]. Thus, successive laser shots in the same area could 
remove all of the hydrated layer reaching the inner part of 
the matrix where water is not present. If the intensity of 
the signal is plotted as a function of the number of shots, 
the initial shots would have hydrogen from the hydrated 
obsidian and the atmospheric water while the shots (after 
removing the hydrated layer) will have only the contribu-
tion from the atmospheric water.

Figure 4 illustrates this trend where numerous meas-
urements from the same spot were collected from a 
non-degraded obsidian surface. The highest hydrogen 
signals are collected on the initial pulse, decreasing 
until a steady state is reached after the first 8–10 meas-
urements, indicating that the hydration layer has been 
completely ablated. The only hydrogen signal remaining 
water when the inner part of the obsidian is analysed 
can be attributed to the atmosphere.

Obsidian hydration is a very slow but inexorable 
natural process. The measurement of the hydrated 
layer thickness has been used since 1960 as a geo-
chemical method for determining the age of obsidian 

archaeological artefacts [37–39]. Friedman et  al. [36] 
determined that the hydration rates of obsidian depend 
primarily on temperature. In their study, the hydration 
rate of obsidian samples exposed to different climatic 
conditions was measured and compared. Their results 
proved that the thickness of a hydration layer on obsid-
ian samples exposed to temperate climates (that is, the 
temperature conditions that can be found in Pompeii) 
grew at a rate of 4.5–6.5 µm every 1000 years. Consid-
ering that Pompeian artefacts are at least 2000  years 
old, the superficial hydration layer thickness of obsid-
ian mirrors is likely to be approximately 10–20 μm. In 
addition to explaining the origin of the detected hydro-
gen, it provides further evidence of the use of obsidian 
for the manufacture of the two mirrors.

Although volcanic materials from Vesuvius were fre-
quently used in Pompeii (e.g., as aggregate in mortars 
to improve their mechanical properties [17]), previous 
studies prove that obsidian can be only formed by the 
rapid cooling of rhyolitic lava streams, whose typical 
 SiO2 concentration exceeds 70 wt% [40]. In 2008, Cioni 
et  al. [41] presented an interesting study in which the 
physical and compositional parameters of Vesuvius 
volcanic materials from recent and ancient times (up 
to 10,000  years ago) were investigated. The authors 
reported that Vesuvius lava contains between 47 and 67 
wt%  SiO2, which is below the limit for obsidian forma-
tion whereby the  SiO2 concentration typically exceeds 
70 wt% [40]. Although volcanic materials from Vesu-
vius were frequently used in Pompeii it can be assumed 
that the analysed mirrors were not made of local mate-
rials. This finding opens up new interesting questions 
regarding the obsidian provenance.

Comparative analytical studies can provide important 
insight regarding the provenance of ancient materi-
als and artifacts [42, 43]. For example, a review sum-
marized the petrographic and geochemical features 
of several Roman volcanic millstones [44]. This study 
identified the four main volcanic rock source areas 
exploited by the Romans to manufacture millstones and 
contributed to better defining trade networks and cul-
tural links in different periods of the Roman Empire.

A similar approach could be used to locate the geologi-
cal origin of the raw material used to produce the Pom-
peian mirrors.

The work of Cann and Renfrew [45] indicates that, in 
the broad geographic area that includes Europe, West 
Asia and Africa, only 21 main sources of obsidian can be 
found. A thorough study of Pompeian mirrors could be 
used to provide the obsidian provenance.

Bellot-Gurlet et al. [31], successfully used Raman spec-
troscopy to identify spectral differences among samples 
collected from the four most important obsidian sources 

Fig. 3 LIBS spectra collected from the silicate‑based matrix of Mirror 
1. The major presence of Si, Mg, Al, Ca, Na and K as major elements 
can be clearly observed
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in the western Mediterranean (Lipari, Palmarola, Pantel-
leria and Sardinia). According to the presented results, 
reliable provenance studies could be carried out through 
the deconvolution of the vibrational band between 950 
and 1150 cm−1.

The intensity of the Raman bands in the spectra col-
lected from the obsidian mirror matrix are reduced in 
comparison with those reported by Bellot-Gurlet et  al. 
[31], which complicates determining the obsidian prov-
enance. This is attributed to the different excitation lines 
used, with this study using 785 nm compared to 532 nm 
used to investigate the Mediterranean obsidian [31]. 
Carter et  al. [46] demonstrated that the Raman profile 
collected from obsidian is dependent upon the wave-
length of the excitation line, with the presence of rare 
earth elements contributing to a luminescence which is 
observed in addition to the Raman signal. Other works 
have been also proved that the vibrational profile of 
obsidian Raman spectra also depends on the degree of 
weathering of surface under analysis [47].

Despite the added complication of the different spec-
tral intensities, it is important to highlight in the Raman 
spectra collected from both mirrors the presence of a 
band centred at 1097 cm−1 which fit with the vibrational 
band profile collected from Pantelleria (Italy) obsidian 
samples [31]. Thus, the Raman characterization of these 
two Pompeian mirrors could help on shed light on the 
provenance of raw materials.

Degradation forms
Extensive degradation was observed on both mirrors. As 
shown in Fig. 5, the images collected from Mirror 1 con-
firmed the presence of mineral grains and layers on the 
surface and in the cracks of the obsidian. Characteriza-
tion to identify pathways and guide conservators through 
the planning of an optimal intervention was a necessity.

According to information provided by the Archaeologi-
cal Park of Pompeii, during the past century the House of 
the Gilded Cupids has undergone to several conservation 
works, the most recent in 2012. Despite a lack of detailed 
documentation, the mirrors were clearly subjected to 
specific conservation treatments. The main evidence is 
provided by the mortar patches in the mirrors used to 
join the obsidian fragments. Two types of filling materi-
als were observed based on their different colours, white 
and grey, respectively. This detail reinforces the hypoth-
esis that these mirrors were subjected to at least two 
interventions.

Mirror 1 exhibits the most intense degradation prob-
lems, mainly consisting of white crusts damaging the 
black and shiny appearance of the volcanic glass. The 
structure and the shape of these white crusts suggested 
that are the result of two different degradation processes.

As can be seen in Fig. 1a, white incrustations overlap-
ping the surface of Mirror 1 were detected in close prox-
imity to the materials used to fill the obsidian gaps. In the 
lower part of the mirror, a yellow crust was also detected 
(Fig. 1b). LIBS and ED-XRF measurements were collected 
from the white crusts as well as from the conservation 
mortars. The elemental analysis of the degradation iden-
tified Ca and S, the most abundant elements, suggesting 
the presence of sulphate-based compounds. In the XRF 
spectra of Fig. 6, the Fe concentration in the yellow crusts 
is higher than in the white ones, which indicates the addi-
tional presence of iron-based compounds.

Raman spectroscopy of these same crusts clearly iden-
tified the presence of gypsum  (CaSO4·2H2O main Raman 
peaks at 414, 1008 and 1134 cm−1) in both white and grey 
mortars (Additional file 1: Table S1). The additional pres-
ence of nitrocalcite (Ca(NO3)2·4H2O main Raman peak 
at 1050  cm−1) in the white crusts was often detected 
together with calcium sulphate (see Fig. 7a).

Fig. 4 a LIBS spectra in the NIR wavelength region (600–1000 nm) 
collected from the silicate‑based matrix of Mirror 1, analysing several 
times on the same spot. b Graph showing how the intensity of the 
main hydrogen emission line decreases as a function of the number 
of laser shots
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Smaller white crusts were also found on the surface of 
Mirror 2 but in this case, the molecular analysis high-
lighted the presence of gypsum alone (see Fig. 8).

The identification of nitrocalcite was based on the 
position and the Full Wide at Half Maximum (FWHM) 
value of the Raman band at 1050  cm−1 (produced by 
the symmetric stretch of  NO3 [48]). Niter  (KNO3) and 
nitrocalcite both have a Raman band in the same posi-
tion, however they can be differentiated based on 
their FWHM values, FWHM = 8  cm−1 for  KNO3 and 
FWHM = 22  cm−1 for Ca(NO3)2·4H2O respectively [49, 
50]. In the case of the spectra represented in Fig. 7a, the 
mean FWHM value is approximately 20  cm−1 clearly 
indicating the presence of nitrocalcite, although the pres-
ence of niter cannot be ruled out because its Raman band 
could be overlapped by the nitrocalcite band (secondary 
bands could help to disclose this issue, but they are not 
visible in the collected spectra).

Taking into account that the filling product used during 
past conservation works contained gypsum, the develop-
ment of white crusts in the close proximity to the mortars 
patches was probably due to a lixiviation/recrystallization 
process. Lixiviation processes generally occur in the pres-
ence of high humidity levels, the atmospheric water is 
one of the most important factors that has contributed to 
the degradation process. Research has proved that the pH 
value of the rainwater in the Vesuvius region is strongly 
influenced by the dissolution of aerosols originating from 

maritime, continental and anthropogenic sources [51]. 
The abundant atmospheric acid pollutants  (CO2,  NOx, 
 SOx) can react with the mortars, causing partial dissolu-
tion of carbonate and sulphate based compounds (mainly 
of calcium). This dissolution process generates a water 
solution rich in  Ca2+,  HCO3

− and  SO4
2− ions with a 

more alkaline pH than the acid rain due to neutralization 
reactions that occurs. When this water evaporates, the 
gypsum reaches a saturation point and the salt precipi-
tates on the obsidian surface or within its cracks.

In the lower part of Mirror 1, a yellow crust was also 
observed (see Fig. 1b). The XRF spectra in Fig. 6b indi-
cate this incrustation has a higher Fe concentration com-
pared to the white deposits, suggesting that the peculiar 
colour is probably due to crystallization of ferrous com-
pounds. This hypothesis was confirmed by Raman analy-
sis that identified a mixture of goethite and gypsum (see 
Fig. 7b). The additional presence of goethite (α-FeOOH, 
characteristic peaks at 299 and 388 cm−1 assigned to the 
Fe–OH symmetric bending and the Fe–O–Fe/–OH sym-
metric stretching respectively [52]) is proposed to be due 
to the lixiviation of iron from the filling mortars. The 
intense Fe signals detected by XRF and LIBS (see Fig. 9) 
data from the materials used in past conservation works 
strengthens this hypothesis.

The formation of gypsum in the crusts, mainly due to 
the dissolution/reprecipitation cycle, promoted layer 
formation on the mirror surfaces and the cracks of the 
obsidian, as can be observed in Fig. 5. Considering that 
the archaeological site of Pompeii is located in a highly 
polluted area [53], atmospheric sulphur  SOx may also 
have contributed, together with the process mentioned 
above, in the development of those crusts.

The elemental compositions of the white crusts on Mir-
ror 1 were investigated using the depth profiling capabili-
ties of the LIBS system. The samples were depth profiled 
by collecting multiple measurements from the same spot.

Figure 10a presents data from a series of 14 LIBS pulses 
(shots) collected from the same area of the white crust 
analysed by Raman spectroscopy, see Fig.  7, in which 
gypsum and nitrocalcite were found. The LIBS spectra 
shows the presence of nitrogen, calcium, oxygen and 
sulphur providing evidence to support the Raman spec-
troscopic findings. An emission band attributed to potas-
sium is clearly evident, suggesting potassium nitrate 
 (KNO3) is also in the white crust.

Figure 10b, c are a plot of the intensity of the two emis-
sion lines of nitrogen (at 867.7 and 821.6 nm versus pulse 
number). Both plots illustrate a decrease in the nitrogen 
intensities with increase pulse numbers reaching a con-
stant (within the limits of an uncertainty around ± 5%) 
value reached after shot 6. The LIBS system has an open-
air path between the detector and the point of analysis. 

Fig. 5 Optical images of Mirror 1 showing degradation. The white 
crusts extend over the black surface of the obsidian (a) and along the 
cracks in the obsidian matrix (b)
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Thus, the LIBS spectrum registers the elements present 
in the sample and in the atmosphere, a constant nitrogen 
response in samples without nitrogen is the signal from 
the atmospheric nitrogen. This constant value (in this 
case from 6th to 14th shots) is present as a background 
in all measurements. The response of shots 1–5 indicates 
that nitrogen, from nitrocalcite, is clearly present in the 

outer most layer of the analysed area in the white crust, 
disappearing after the 6th shot.

Figure  10a reveals the presence of a sulphur emission 
line. The LIBS spectrum has no sulphur signal from shots 
1–3, but in the spectra 5–7 it is present while in spec-
tra 8–14 it is again absent. Assuming that gypsum is the 
sulphur source, we must conclude that gypsum is within 
the layer of nitrocalcite. The LIBS spectra after shot 8 are 
attributable to the elements present in obsidian, not in 
the white crust.

The LIBS data provide information about the strati-
graphic distribution of degradation on the obsidian sur-
face, suggesting the presence of an inner layer of gypsum 
covered by an outer layer of nitrocalcite. The possible 
explanation for the formation of the upper layer of nitro-
calcite is a chemical interaction of nitric acid aerosols 

Fig. 6 ED‑XRF spectrum collected from the restoration mortar (a) 
as well as from white (b) and yellow (c) crusts detected on Mirror 1. 
The results clearly highlight the presence of S, Ca, Fe and Sr elements. 
Signals marked with an asterisk belong to Compton and Rayleigh 
scatter

Fig. 7 Raman spectra collected from the crusts detected on Mirror 
1. White crusts (a) are composed of calcium sulphate, which often 
display the additional presence of nitrocalcite. The yellow crust (b) is 
composed of a mixture of calcium sulphate and goethite

Fig. 8 Raman spectra of gypsum collected from the crusts detected 
on Mirror 2
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with gypsum. In a first step, the water of the aerosols and 
the dissociated nitric acid cause a partial dissolution of 
gypsum surface layer. Afterwards, when water evapo-
rates, the saturation of calcium nitrate is reached, start-
ing the precipitation of the Ca(NO3)2·4H2O salt above 
the gypsum layer.

Conclusions
The research summarized in this work clearly under-
lines the advantages provided by the combined use of 
elemental and molecular portable analytical techniques 
in Cultural Heritage for characterization and pres-
ervation studies. The complementary use of Raman 
spectroscopy, ED-XRF and LIBS techniques provided 
information about the composition of the analysed 
artefacts, allowing the identification of obsidian as the 
reflective material used for both Mirrors. Analysis of 
the Raman spectra suggested the island of Pantelleria as 
a possible source of the obsidian used to manufacture 
the mirrors. To confirm the provenance, destructive 

n CaSO4 · 2H2O(s) + HNO3 → (n− 1) CaSO4 · 2H2O(s)

+ Ca
2+

+ SO
2−

4
+ H

+
+ NO

−

3
+ H2O

isotopic analysis must be performed [42, 43], of sam-
ples less than 200 mg if high sensitive ICP/MS or SIMS 
are to be used. The Archaeological Park of Pompeii is 
currently considering prioritizing the preservation of 
the mirrors integrity, sampling from these artefacts is 
at the moment forbidden. However, it is hoped that the 
results and prospects of future studies stemming from 
this research will persuade the institution to undertake 
studies of provenance, from which numerous historical 
and commercial inferences could be derived, sacrificing 
a very small amount of material.

The multi-analytical study also identified the major 
degradation products and we put forward a hypoth-
esis that led to their formation. By combining the 

Fig. 9 Comparison between LIBS spectra collected from restoration 
mortar and yellow crust respectively. The major presence of Fe in 
the filling material applied in past conservation works is clearly 
observable

Fig. 10 a LIBS spectra in the NIR wavelength region (600–1000 nm) 
collected from a white crust on Mirror 1, analysing 14 times on the 
same spot, showing the detail of the sulphur emission band. b, c 
Graphs (after excluding outliers) showing how the intensity of the 
two main nitrogen emission lines at 867.7 and 821.6 nm decreases as 
a function of the number of laser shots till a nearly constant value
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elemental results with the molecular data provided 
by Raman spectroscopy, three different degradation 
processes were distinguished. It was proved that the 
gypsum crusts over both mirrors precipitated after a 
partial dissolution of the mortars used in past restora-
tion works, which have been probably weakened by the 
impact of atmospheric agents. Obsidian hydration was 
not influenced by anthropogenic factors, but represents 
a natural consequence of the exposure of this vitreous 
material to humidity. Finally, the deposition of nitroc-
alcite layers (together with potassium nitrate) over the 
gypsum crusts is indicative of the aggressive attack of 
the modern atmosphere around Pompeii, where nitric 
acid aerosols are playing an important role in the con-
servation of archaeological remains.

In addition to providing important data about com-
position and conservation problems of unique artefacts, 
the results of this research will be extremely beneficial 
for conservators, helping them to define future conserva-
tion works. In conclusion, this manuscript represents a 
clear example of the advantages provided by the crossing 
of boundaries between Cultural Heritage and analytical 
research fields.
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