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Vesuvius and local groundwater, rich in ions from the erosion of volcanic rocks. Both sources could
contribute to increase the concentration of halides (fluorides and chlorides) and other salts in these
walls. The distribution of volcanogenic salts and their impact on the conservation of Pompeian mural
paintings have however not yet been fully disclosed. In this work, an analytical methodology useful to
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and CaCl) and related alkali metals (Na and K) by portable Laser Induced Breakdown Spectroscopy (LIBS)
and a subsequent Principal Component Analysis of these data. Such maps, together with the in-situ
identification of sulfate salts by portable Raman spectroscopy, provided information about the migra-

tion and distribution of volcanogenic halides and the influence of ions coming from additional sources
(marine aerosol and modern consolidation mortars). Additionally, the thermodynamic modeling
developed using the experimentally determined ionic content of Pompeian rain- and groundwater
allowed to determine their specific role in the formation of soluble salts in the mural paintings of

Pompeii.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, significant efforts have been undertaken to
improve the preservation of the Archaeological Park of Pompeii.
Thanks to The Great Pompeii Project [1], the requalification of the
site of Pompeii was achieved in December 2015. In parallel, the IBeA
research group of the University of the Basque Country (UPV/EHU)
has been carrying out in-situ analysis campaigns since 2010 within
the APUV project (Analytica Pompeiana Universitatis Vasconicae).

One of the primary goals of this project was to diagnose the
conservation problems related to mural paintings of Pompeii [2—5].
For this purpose, several portable analytical techniques, such as
portable Raman spectroscopy, handheld energy dispersive X-ray
fluorescence spectrometry (HH-EDXRF), portable Infrared Spec-
troscopy in Diffuse Reflectance mode (DRIFTS) and portable Laser
Induced Breakdown Spectroscopy (LIBS), have been employed,
since sampling from this site is highly restricted [2—7].

One of the main preventive conservation issues in Pompeii is
related to the crystallization of soluble salts on mural paintings.
Usually, groundwater is one of the main carriers of ions that can
migrate to mural paintings promoting salts formation [8,9]. In
volcanic areas, the enrichment of groundwater in ions due to
erosion/leaching of volcanic minerals is expected. Additionally, the
leachates of pyroclastic material ejected in 79 AD by Mount Vesu-
vius are a major source of ions (Na™, K*, SO%", CI-, F~) that may
cause new formation of salts on walls and mural paintings [10].

To date, all of the in-situ [4,11] and laboratory [12,13] studies
conducted in mural paintings from Pompeii allowed the identifi-
cation of mainly sulfate and nitrate salts. In a recent work, however,
chlorides and fluorides have been identified in efflorescences [10].
Seawater and the diffuse influence of the marine aerosol can be
considered another ClI™ source. In Pompeii, and due to its closeness
to the bay of Naples, aquifers could be enriched in this halide and
other ions — such as Na™ — coming from seawater [14]. Neverthe-
less, this observation should be experimentally confirmed. On the
other hand, since no other relevant F~ sources can be found in
Pompeii, this halide can be used to track the influence of volcano-
genic ion sources [15,16].

The in-situ identification of both Cl and F in salt crystallizations
or on the pictorial layer of mural paintings represents a challenge.
In general terms, Raman spectroscopy cannot be considered an
adequate technique due to the absent or low Raman scattering of
halide salts [10,17]. Moreover, at present, the accessibility to
portable X-Ray Diffractometers is relatively difficult. In addition,
the content of these halides in the painting substrate could be
below the Limit of Detection (LOD) of this last technique (around 1%
wt.). However, in recent years, LIBS has been successfully employed
for the detection of halogens by means of emission bands, coming
from diatomic molecules formed by the recombination of a halogen
and an alkaline earth element [10,18—20], improving their LOD
compared with the detection of their atomic emission lines.

The main goal of this work is to identify the influence of vol-
canogenic and non-volcanogenic degradation sources causing salt
crystallization on the mural paintings of Pompeii. To this end,
herein are presented, for the first time, qualitative maps of distri-
bution of halogens (CaF and CaCl) and related alkali metals (Na and
K) through the application of LIBS. HH-EDXRF was also used to
support the Cl detection. The obtained experimental evidences
were used to track the migration of the specified halogens and al-
kali metals coming from volcanogenic and non-volcanogenic
sources. Raman spectroscopy was also applied to identify addi-
tional salts in the formed efflorescences.

A thermodynamic modeling of the local rain- and groundwater
ionic content was also carried out to evaluate the role of both
sources in the salt crystallization process. Finally, chemometrics
applied to LIBS data was implemented in the methodology to
identify the influence of the main degradation sources causing the
crystallization of salts based on the specific area in the Pompeian
mural paintings.

2. Experimental section
2.1. Mural paintings and samples under study

Selected mural paintings of the House of the Golden Cupids
(Regio VI 16, 7: Rooms G, I and Q) and the House of Ariadne (Regio
VII 4, 31/51: basement and Room 17) have been considered for this
study. All mural paintings are protected by roofs and only the rear
of the east and north walls of Room G, the north wall of Room I
(House of the Golden Cupids) and the south and west walls of Room
17 (House of Ariadne) are non-protected against rainfall (see
Fig. S1). However, considering that the prevalent wind directions in
Pompeii are east-northeast and south-southwest [21], a slight
impact of rainfall on their rear is only expected for the east wall of
Room G in case of south-southwest wind and for the west wall of
Room 17 in case of north-northeast wind (see Fig. S1).

Details of the mapped mural paintings (showing the possible
presence of efflorescences) are reported in the Results section and
in Table S1 and S2 and Fig. S3 to S9. The total number of points
analyzed by portable LIBS, HH-EDXRF and portable Raman was 62
in the House of Ariadne and 163 in the House of the Golden Cupids
(see Tables S1 and S2 and Fig. S3—S9).

To evaluate the direct influence of the pyroclastic deposits on
the mural paintings, apart from the in-situ studies, 4 micro-samples
were extracted from the mural painting of the basement of the
House of Ariadne (Fig. S2 and Table S1) [22]. Sample MO was taken
from the lower part of the mural, which shows pyroclastic residues
not correctly removed during the course of the excavations [22].
Samples M1 and M3 were extracted from areas of the same mural
with an apparent absence of these deposits. Sample M2 was ob-
tained from white drips/crusts observable in the upper part of the
same mural painting (see Fig. S2).
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Additionally, samples of rainwater and groundwater were
collected and analyzed. To collect rainwater, a 250 mL beaker was
placed at the House of the Golden Cupids during several days
throughout an in-situ analysis campaign in order to obtain a
composite sample. The sample of groundwater was collected from a
well that dates back to the 2nd century BC and belongs to an un-
derground basement [23], located under the peristyle of the House
of N. Popidius Priscus (Regio VII, 2, 20). The well is 27.8 m deep and
the water level is around 1.5 m [24]. To the authors’ knowledge, this
is the only ancient well of Pompeii accessible today at the
Archaeological Park, thus it was not possible to obtain additional
samples from other wells. Both samples of water were stored
frozen in 50 mL polypropylene vials before the analysis.

2.2. Instrumentation

For the in-situ LIBS measurements, the EasyLIBS IVEA (model
Easy 2C) device was used. This instrument employs a pulsed
Nd:YAG laser, whose operating wavelength is 1064 nm. The spec-
trum from the induced plasma is acquired by two spectrometers,
covering the ranges from 196 to 419 nm and from 580 to 1000 nm,
respectively. All measurements were acquired with a gate width of
1 ms and a delay time of 3 ps.

For the mural paintings screening, several laser pulses (5—30)
were applied to each point. To improve the signal-to-noise ratio, all
reliable spectra measured of each point have been added using the
AnaLIBS 6.3 software to obtain a representative LIBS spectrum,
which was normalized against the number of valid laser pulses. If
the first and external pulse/pulses offered different information
comparing with the subsequent ones applied on the point (be-
tween 5 and 30), the external pulse/pulses was/were attributed to
dirt/dust and therefore removed from the calculations. The soft-
ware MATLAB 2019a was employed to integrate the signals of in-
terest in the added spectra.

In this work, the detection of CaF and CaCl molecular emissions
was possible since Ca is a major element in the mortar matrix.
However, considering the strong interference caused by the CaO
emission, for the integration of the CaF and CaCl molecular systems,
a reference spectrum of a pressed pellet of CaO has been measured
in the same experimental conditions and adjusted to all added
spectra in order to subtract the contribution of the CaO orange
system. Afterwards, the CaF orange system was integrated between
600.5 and 603.4 nm and the CaCl orange system was integrated
between 592.4 and 594.4 nm. The atomic emission lines of Na I
(589.13 nm) and K I (766.52 nm) were also integrated after the
subtraction of the baseline between 587.3 and 590.5, and 756.1 and
773.3 nm, respectively.

MATLAB 2019a was also used to perform Principal Component
Analysis (PCA) and to calculate the Pearson correlation coefficients
using the obtained LIBS datasets.

To draw the qualitative distribution images of each element
under study in each mural painting, Adobe Photoshop 6.0 was used.
To this aim, the intensities (net areas) of all analytical signals in
every point were sorted and a color scale was established to
represent the relative variations within each wall. To improve the
visualization of the distribution images, the color outline of the
analyzed points was increased. Moreover, when two points under
study were closely located, the outline was interpolated through
linear or bilinear interpolation to present the average signals dis-
tribution integrated in the areas under study:

Additional information related to the rest of the instrumenta-
tion (a HH-EDXRF spectrometer, a portable Raman spectrometer,
SEM-EDS, OCT and an ion chromatograph) and software employed
to perform the thermodynamic modeling are presented in Sup-
plementary Material.
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3. Results and Discussion

3.1. Halogens and alkali metals detection by portable LIBS on
Pompeian mural paintings

Since 5 to 30 laser pulses were performed on each point of the
Pompeian mural paintings, a fresco mock-up was prepared to
evaluate the penetration depth replicating the number of pulses in
the same measuring conditions. Afterwards, the craters dimensions
were studied by Optical Coherence Tomography (see Supplemen-
tary Material) [25,26], varying between 70 and 300 pum (see
Fig. S10). Hence, the results here presented refer only to the
pictorial layer of the stratigraphy (usually less than 100 um in
Pompeii) [27] and superficial intonaco.

In the LIBS measurements acquired on the Pompeian mural
paintings, it was possible to detect the molecular emission bands of
CaF and Cadl, but not the atomic emission lines of the halogens. As
an example of CaF molecular emission detection, the spectrum
obtained through the analysis of the point 32 in the lower part of
the mural painting of the basement of the House of Ariadne is
presented in Fig. S11. Fig. S12 illustrates how a proper spectral
treatment revealed low CaF signals. Finally, CaCl molecular emis-
sion bands have also been in situ identified in efflorescences via
LIBS (see Fig. S13).

Apart from CaF and CaCl, the presence of Na and K in the mural
paintings under study was also remarkable. According to previous
works, Na and K are present in the leachates of halide salts in py-
roclastic materials [10] and restoration mortars, too.

3.2. Halogens and alkali metals distribution on the mural painting
of the basement of the House of Ariadne

The mural painting of the basement of the House of Ariadne (see
Fig. S2 and S3) is partially covered by pyroclastic residues. The
identification of F, a halide of volcanic origin, in MO sample con-
firms this assumption (see Fig. S14). This halide has been used in
this work as marker to track the presence of volcanic residues [10]
or volcanogenic salts crystallizations. Thus, in this case, the highest
intensities of CaF were expected to be found in the lower left part
(see Fig. 1A, where the most relevant analysis points, which will be
discussed in this section, have been distinguished with an ellipse).
However, although many of the analyzed points showed a clear
presence of CaF, others did not yield any molecular emission. This
could be due to an inhomogeneous distribution of the pyroclastic
deposit remains/salts on the wall or to the presence of a bio-
colonization [22], especially evident in points ARI_B:23, 24.

In the white drips/crusts on the garland decoration (upper part),
related to solubilization/recrystallization cycles of the wall painting
binder [5], remarkable CaF intensities were recorded. SEM-EDS
analyses on sample M2, extracted from this area, offered the
highest F content (close to 4% wt.). Therefore, during the re-
crystallization of calcite as crusts, a possible enrichment of F
coming from the leaching of the pyroclastic materials or from
groundwater may occur.

Moreover, samples M1 and M3, taken from a pictorial layer of
mural (see Fig. S2 and Table S1) and free of macroscopic pyroclastic
deposits, presented 1—-2% wt. of F, demonstrating the migration of
this halogen to the surface of the painting and its possible crys-
tallization. In addition, points ARI_B:1, 5, 18—21 are also related to
the pictorial layer and yielded noticeable CaF intensities (see
Fig. 1A).

Besides that, Na and K were highly accumulated in those areas
showing more intense CaF emission, with the exceptions of
ARI_B:25, 26 (see Fig. 1B and C), in which the Na signal was strik-
ingly more intense than that attributed to K, pointing to a
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Fig. 1. Qualitative LIBS distribution images of A) CaF, B) Na, C) K in the basement of the House of Ariadne. Red areas correspond to the points with higher relative net intensities,
while green areas correspond to lower relative net intensities. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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recrystallized crust rich in sodium sulfates.
CaCl molecular bands were not detected by LIBS nor by HH-
EDXRF spectrometry in this mural painting.

3.3. Halogens and alkali metals distribution on the mural paintings
of the House of the Golden Cupids

In this section, the results of Room G and Room Q of the House of
the Golden Cupids are hereunder presented.

Room G was especially rich in efflorescences on the lower parts
of the wall, as Room 17 of the House of Ariadne (points ARI_17:1-17,
see Fig. S4), which has been subjected to restoration processes in
the last decade. The murals of both houses showed a similar trend:
CaF mainly accumulated in the lower areas related to efflorescences
and CaCl concentrated in the upper parts (see Fig. 2B). This obser-
vation is corroborated by the HH-EDXRF results (see the example of
Room 17 of the House of Ariadne in Fig. S15).

Special attention should be paid to the Cl accumulation in the
predella of the south wall of the House of the Golden Cupids (see
Fig. 2B and Table S3 to compare the integrated values in the predella
and in the central panel), which was painted with cinnabar and
now nearly completely blackened (the same applies for ARI_17B-7
in Room 17, as shown in Fig. S15). Some studies related to cinnabar
in wall and easel paintings point out that chlorides may play a
crucial role in this pigment degradation process [28].

In Fig. S16 and S17, the qualitative distribution maps of Na and K
in Room G of the House of the Golden Cupids are displayed. In the
predella of the south wall, no remarkable signals of these elements
were found.

Signals from both alkali metals are also less intense in the
central panel of the eastern wall of the House of the Golden Cupids
than in the lower parts of the northern and southern walls (see
Fig. S16 and S17), where efflorescences are concentrated and the
highest CaF intensities were detected.

Regarding the Raman spectra of the efflorescences of Room G,

Analytica Chimica Acta 1168 (2021) 338565

gypsum (CaSO4-2H20) was detected in the three walls, whilst
thenardite (Na;SO4) was identified in the southern wall (bands at
452, 466, 621, 634, 647, 994, 1103, 1132 and 1153 cm’l), and aph-
thitalite ((K,Na)3(SO4);) bands at 452, 621, 993, 1083 and
1204 cm™!) in the northern wall.

In addition, the walls from Room Q of the House of the Golden
Cupids constitute a very interesting case study, since this room has
been subjected to past interventions [4], introducing restoration
mortars (see the northern wall on the left of the open door and the
southern wall on the right in Fig. 3A and S18). Hence, measure-
ments were conducted close to the new materials, where efflo-
rescences are concentrated.

No signals ascribable to the presence of Cl were detected. The
normalized intensities of CaF, Na and K in the sum spectrum of each
measured area are shown in Fig. 3B and the integrated values of
CaF, Na and K are presented in Table S4.

Some efflorescences (GC_Q:37, 39—41, 44—46, 48) presented
high to medium Na and K intensities and low to zero CaF intensities
(see Table S4). The corresponding Raman spectra showed the
presence of aphthitalite and gypsum. The occurrence of aphthitalite
could explain the detection of both intense Na and K signals. On the
other hand, additional efflorescences (GC_Q:42, 43, 47) showed
high to medium CaF intensities and a rather weak contribution of
Na and K. This suggests the occurrence of two different ion sources
to the salt crystallizations, which will be thoroughly discussed in
section 3.5.

3.4. Evaluation of the role of local rainwater and groundwater in
the salt crystallization process

As can be observed in Table S5, the concentrations of Na*, K*, F~
and CI™ in local rainwater are lower than the values in groundwater.
However, F~ concentration exceeds the average 50 pug L~! reported
for rainwater of industrial urban areas [16], thus being related to
current volcanic activity.

Fig. 2. Qualitative LIBS distribution image of A) CaF and B) CaCl of Room G of the House of the Golden Cupids. Vertical wide lines mark the separation of the north, eastern and south
walls. Red areas correspond to the points with higher relative net intensities, while green areas correspond to lower relative net intensities. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. A) Analyzed efflorescences in Room Q of the House of the Golden Cupids (points GC_Q:37—48). B) CaF, Na and K LIBS relative intensities to the maximum of emission for each
element in the marked efflorescences. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

As regards to groundwater, the concentration of K™ is twice the
one of Na™, as was the case of the leachates of pyroclastic deposits
analyzed in a previous study [10]. Moreover, Na* and Cl~ concen-
trations are not so high compared with the more elevated values
registered in Phlegraean Fields groundwater [29], which suffers
from the infiltration of seawater. Concretely, the concentrations of
Na' and Cl~ in these aquifers are 9 and 56 times higher than the
ones of the Pompeian groundwater. Therefore, although the latter
can still be considered an important source of Na™ and Cl-, salt-
water intrusions do not seem to play as predominant a role as in
other Campanian aquifers.

The concentration of F~, an ion of volcanic origin, in Pompeian
groundwater (3.0 + 0.2 mg L) is in accordance with the average
expected for shallow wells (down to 15 m depth) in the Phlegraean
Fields (3 + 2 mg L") [29]. The concentration of this ion in leachates
from non-pristine pyroclastic materials [10] is close to the
groundwater value, thus the contribution of both sources to the
crystallization of F~ salts should be considered.

Taking into account the ion concentrations of both water sam-
ples, aqueous geochemical calculations were conducted using the
PHREEQC software. The range of pH studied was between 5 and 10,
to compare the typical more acidic pH of rainwater [30] with that
expected for subterranean water. The thermodynamic modeling
was conducted at 10 and 25 °C, the former to simulate the average
winter climatic conditions in Campania [31]. In the case of rain-
water, the models did not predict the precipitation of any salt
through the mentioned pH range, confirming the low contribution
of ions from this source to the sample paintings studied. However,
in the case of groundwater, the precipitation of fluorite (CaF,) is
expected at 10 °C, being its saturation index lower when acidity is
increased (0.08—0.09 between pH = 5 and pH = 10). Fluorite pre-
cipitation was also modeled in the case of the leachates coming
from pyroclastic materials of Pompeii [10].

3.5. Identification of the main degradation sources causing the
crystallization of salts on Pompeian mural paintings

To discriminate the different ion sources that contribute to
halide salts and alkali metals-bearing salt crystallizations in the
considered mural paintings, a classification according to the rela-
tive LIBS intensities of halogens and alkali metals is proposed in
Table 1, based on the results of the previous section together with a
publication concerning the analysis of pyroclastic materials [10].

To confirm or reject if LIBS data could be used to determine the
influence of these sources, the net areas of Na, K, CaF and CaCl

obtained in all measured points of each mural painting by portable
LIBS were subjected to PCA. Table 2 shows the ranges of variation
for the variables used in each one of the PCA carried out in this
study. As can be seen in this table, there are differences between the
scale of the CaCl values and those of the rest of variables. More
specifically, the maximum values of CaCl are one or two orders of
magnitude lower than that of the rest of the variables.

Since the range of variation of the CaCl signals is much smaller
than the range of variation of the rest of the variables, a previous Z-
score normalization of the dataset was necessary prior to PCA
determination. The PCA was conducted by diagonalizing the
covariance matrix.

The score and loading plots obtained from the LIBS dataset of
the House of Ariadne are shown in Fig. 4 and the Pearson correla-
tion coefficients are presented in Table S6. Three different groups
are clearly distinguished: elevated CaCl intensities (yellow group in
Fig. 4, see the location of points ARI_17B:1-9 in Fig. S4 and S15),
high Na and K intensities (blue points ARI_17:1—4 in Fig. 4, see the
location of the points in Fig. S4) and variable CaF, Na and K
contribution together with CaCl absence (red and blue points in
Fig. 4, see location in Fig. S3 and S4).

The HH-EDXRF measurements confirmed the use of cinnabar as
pigment in the upper west wall of Room 17, corresponding to the
yellow group in Fig. 4. Marine aerosol is likely the Cl~ source, since
the low Na intensities could be explained due to the formation of
mercury-chlorine compounds (Cl correlated to Hg), typical degra-
dation products of red cinnabar pigment.

Concerning the lower part of the southern wall of the same
room, whose points are related to high Na and K (ARI_17:1—4,
Fig. 4), both a restoration mortar and the marine aerosol may be
contributing factors impacting this area.

Finally, the correlation of CaF with both alkali metals in the
basement and the south wall of Room 17 of the House of Ariadne

Table 1
Classification of ion impact sources according to the intensity of halogens and alkali
metals expected by LIBS.

Ion source Expected LIBS intensities

Na K CaF CaCl

Marine aerosol High Medium Very low Very high

Groundwater Medium-low High High Medium-high
Rainwater Low Low Low-medium Low-medium
Restoration mortars  High High Low Low

Volcanic contribution Medium High High Medium
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Table 2
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Ranges of variation (minimum and maximum) for each one of the variables used in the PCA analysis.

Variable House of Ariadne House of the Golden Cupids (before House of the Golden Cupids (after
outliers removal) outliers removal)
Min. (a.u.) Max. (a.u.) Min. (a.u.) Max. (a.u.) Min. (a.u.) Max. (a.u.)
CaF 0 1420 0 1390 0 980
CaCl 0 24 0 32 0 32
Na 2 340 18 972 18 410
K 2 1224 20 4640 20 4640
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Fig. 4. Principal Component Analysis for the LIBS dataset (CaF, CaCl, Na and K) of the House of Ariadne: A) score and B) loading plots for PC1 and PC2 (ARI-B: basement, ARI-17:

south wall, Room 17; ARI-17B: west wall, Room 17).

(see Table S6) would be in accordance with the presence of pyro-
clastic deposits (especially evident in the basement, see points
ARI_B:27-32 in Fig. S3 and Fig. 1), their leaching and/or the infil-
tration of groundwater. The interaction with further ion sources
that do not enrich the surface in F~, but in other ions such as SO7
and alkali metals, can cause the incomplete correlation between
the mentioned variables (CaF, Na and K). In addition, CaCl has not
been detected in this basement (points in red in Fig. 4), suggesting
that the penetration of marine aerosol is very restricted in this
underground room and it should not be considered as a major ion
source.

In Fig. 5, two PCA studies of the LIBS dataset of the House of the
Golden Cupids are shown. Pearson correlation coefficients are also
presented in Tables S7 and S8. In the first PCA (Fig. 5A and B), only
one group was discernible (elevated Na and K intensities). The
points pertaining to this group correspond to efflorescences formed
in the vicinity of restoration plasters, very likely acting as sacrificial
mortars: GC-Q (yellow points in Fig. 5A, see their location in Fig. 3),
GC-G (red points in Fig. 5A, see location of GC-G: 63, 65, 67, 72, 75
and 81 in Fig. S6 and S8) and GC_I-40 (blue point in Fig. 5A, see
location in Fig. S9).

To overcome the strong influence of modern restoration mor-
tars, a new PCA was conducted (see Fig. 5C and D) excluding the
aforementioned points. In this case, two new groups can be
observed: elevated CaCl and variable Na, K and CaF contribution,
respectively.

A large number of points of Room G and certain points of Room I
(red and blue points in Fig. 5C, see location in Fig. S5 to S9) are
affected by a relevant Cl contribution, probably coming from the
marine aerosol. More specifically, points GC_G:82—85, 89 were
acquired on the red-cinnabar predella of Room G (see Fig. S5 and
S8), now completely blackened. The low Na contribution, contrary
to that expected for marine aerosol, is readily explained thanks to
the identification of calomel (Hg,Cly) by Raman.

Whereas conversely, the rest of the points of Rooms G, Q and |
(red, blue and yellow points in Fig. 5C, see location in Fig. 3 and S5
to S9) shows a correlation between Na, K and CaF, already visually
observed in Fig. 2, S6 and S17.

Even if Na—K salts were identified in Room I (GC_I:36, 41, 42),
where syngenite (K,Ca(S0O4);-H,0), mirabilite (Na;SO4-10H,0) and
aphthitalite were detected by Raman (see Fig. S19), F -bearing
species (e.g. CaF,) remained unnoticed. LIBS chemometric data
treatment facilitates the determination of occurrences of this halide
next to alkali metals sulfates on efflorescences and on the surface of
mural paintings. These evidences confirm that groundwater and
pyroclastic materials are relevant degradation sources.

According to Table 1, Na and K should be inversely correlated to
infer the influence of Vesuvian groundwater. Nevertheless, none of
the mentioned ion sources acts separately. Hence, the joint
contribution of groundwater and pyroclastic materials is evidenced
by high CaF intensities, whereas the medium-high intensities of Na
and K in volcanic emissions mask the medium-low Na values ex-
pected for groundwater.

4. Conclusions

In-situ qualitative screening by LIBS has proven to be a suitable
strategy for the detection and evaluation of the distribution of
halogens (CaF and CaCl) and alkali metals (K and Na) on the mural
paintings of the Archaeological Park of Pompeii. The qualitative
distribution maps could help to identify high impact areas when
making decisions regarding their conservation. These data will be
extremely relevant to assist conservation protocols of the mural
paintings of this archaeological site, as well as others that suffer the
impact of ion sources. Moreover, the approach here developed
about the in-situ LIBS detection and mapping of halides could be
conveniently extended to other scientific disciplines such as
building materials science, geochemistry, and so on.
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In this work, the tracking of fluorine distribution to detect the
impact of volcanogenic ion sources has been demonstrated to be
essential. In fact, this is the first time that this last halide has been
detected in situ on archaeological mural paintings.

Fluorine has mainly accumulated in the lower part of the
studied sample paintings, in areas especially related to efflores-
cences. Concretely, in the basement of the House of Ariadne, this
halide is detected both in areas with superficial deposits of pyro-
clastic materials and in apparently cleaned areas. In this last case,
fluorine could be present as non-visible micrometric size pyro-
clastic deposits or either as salts formed by pyroclastic materials
leaching or groundwater capillary infiltrations.

Of special interest is the presence of whitish crusts on the mural
paintings, since the evaluation of the fluorine presence can mark
the influence of volcanogenic sources. Additionally, if those patinas
undergo solubilization processes, soluble ions (F~ among others)
could be mobilized to other areas, promoting the crystallization of
new F-salts and therefore a subsequent deterioration process.

In the present work, it has also been demonstrated that the
groundwater of Pompeii is enriched in Na*, K*, F, CI-, SOF" and
NOs3. According to thermodynamic modeling, the precipitation of
CaF; can occur. However, to explain the formation of specific sul-
fates such as aphthitalite, experimentally detected, much higher
concentrations of SOF, Na® and K than those provided by
groundwater or pyroclastic materials are needed [10]. Its identifi-
cation in the areas close to the restoration mortar in Room Q of the
House of the Golden Cupids confirms that these restoration mate-
rials could act as reservoir of SOF ", Na* and K*, necessary to explain

its precipitation. However, the direct impact of the pyroclastic
density currents of the 79 AD eruption should not be discarded as a
source of sulfates in Room G or Room I, where the role of the
restoration mortars is not clear.

The two PCA models conducted with the LIBS data matrices of
the mural paintings of both houses offered identical conclusions.
Therefore, this coincident PCA result is proposed as a reference to
determine the influence of the main impact sources causing salt
crystallization in roof-protected — and not directly impacted by
rainfall — Pompeian mural paintings.

In the future, additional PCA should be conducted with LIBS data
obtained from rainfall-exposed mural paintings to ascertain the
impact of this ion source after years of exposure. Additional rain-
water samples should be collected at least four times over the span
of a year in order to detect seasonal high ion concentrations that
may turn rainwater into a sporadic efflorescences source. Finally, to
evaluate the inclusion of F originating from the water used to
prepare the mortars, additional analyses on arriccio and intonaco of
mural paintings should be conducted. Moreover, a possible F
contribution coming from the original composition of the pigments
should also be explored.
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