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ABSTRACT

The present study investigated the correlation between the degradation processes of cultural heritage and the environmental parameters
of the semi-confined site that houses it. The latter is a semi-underground room (nymphaeum) found in the Archaeological Park of Baia
(Italy) dating back to the third century; it is decorated with marine motifs and painted with frescos techniques from the same period.
Relative humidity and temperature were hourly registered, and the collected data were used to derive daily and annual profiles. The
effects of microclimate induced degradation were investigated employing various techniques, such as lon Chromatography for the
chemical characterisation of deposits, and Thermography, for the individuation of biological layers. The data obtained showed that the
underground environment, partially submerged by rising brackish water, was affected by the presence of biodeteriogens, whose
distribution and growth is strongly favoured, above all, by the environmental parameters and by the substrate characteristics. All the
data were then cross-referenced to obtain a complete knowledge of the conservation frameworks of the environments, essential to
identify the most compatible and effective restoration methodologies to be applied in the conservation of the nymphaeum.
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1. INTRODUCTION

Due to a range of anthropogenic and environmental threats,
conservation of outdoor archaeological sites constitutes a
complex challenge [1]. Wind and exposure to sunlight, high
humidity and brackish water infiltrations are among the most
frequent and insidious causes of decay, as these microclimatic
and environmental factors also contribute to the growth of
biodeteriogen microorganisms [2]. Such microbial communities
range from autotrophic (algae, cyanobacteria) to heterotrophic
(fungi, other bacteria) according to the substrate’s chemical
composition and exposure conditions [3]; ultimately proliferating
wherever they can flourish, these organisms may form
conspicuous layers called Biofiln that cover the surfaces [4], often

producing chromatic alterations by interfering with the artificial
pigmentation of painted walls or canvas.

Microbial biocenosis can even be more actively harmful to the
integrity of artefacts. They can in fact feed on organic materials,
such as natural fibers, paint, or wood; alternatively, they can
spread over mosaics and frescos, seeping through stone layers
along the path opened by moisture penetration, provoking severe
damage [5].

Microclimate also contributes to the decay of cultural heritage
in less ambiguous ways: a high rate of humidity and temperature,
particularly common in hypogeal environments, often results in
severe deformation, exfoliation and detachment of plaster or
mural paintings [6], [7]; the presence of brackish water, from
nearby sea or lagoons, triggers the formation of salt deposits and
encrustations, which tampers with stone materials’ features [8].
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Figure 1. Frontal photo of room SB-EO0-RO7, taken from the entrance.
Biodeterioration is evident, particularly on the back wall and on the ceiling.

The Mercury’s Sector of the Archeological Park of Baia’s
Roman Thermae, near Naples (Italy), is among many outdoor
archaeological sites commonly subjected to this type of
alterations. Many of the rooms therein represent typical examples
of semi-confined spaces, only partially exposed to direct sunlight
and dramatically prone to rainwater infiltration. This condition is
further exacerbated in the case of rooms located under the
ground level, as for the various nymphaeums found all around the
northern part of Mercury’s sector (Figure 1, Figure 2).

In view of the peculiar features and the position these rooms
occupy, they were deemed functional part of the thermal
complex; location, architectural structure and hydraulic make-up
were in fact instrumental in the exploitation of volcanic hot and
mineral waters [9]. For such reasons, these spaces were likely half
submerged in the past. Water infiltration in some of these
environments is correlated to the extensively studied geological
phenomenon known as bradyseism. A form of volcanic-related
cyclic subsidence, bradyseism consists in the slow uplifting and
subsequent lowering of the caldera floor [10]; this geological
event represents one of the main sources of degradation for the
Baths of Baia archaeological site, as it stands among the direct
causes of brackish water infiltration in the underground rooms
[11].

A thorough characterization of the conservation state of
architectural surfaces, along with the phenomena of degradation
that affects them, would not be comprehensive without taking
into consideration the environmental context in which they
stand.

Microclimate is notably one of the major causes of
degradation of outdoor cultural heritage, taking part in both
direct and indirect deterioration as in the case of underground
sites. For the latter and, in general, for the remote sites, there are
many difficulties in microclimate monitoring due to the lack of

Figure 2. Frontal photo of the nearby nymphaeum, with the clear presence of
brackish water on the lining.

electric power or telecommunication infrastructure; at present,
many efforts are made to provide new devices allowing to exceed
these limitations [12].

The Archaeological site of Baia constitute a notably complex
scenario,  featuring  both  weathering and  microbial
biodeterioration as well as other nuisances such as the abundance
of weeds and other plants, and the proximity of the port area and
of the Cumana railway [15].

The hypogeal nature of many of the rooms in Baia’s Thermae
usually ensures a homogeneous internal microclimate,
particularly when it comes to temperature, which results only
weakly affected by daily variations [6].

The presence of water, whether from moisture, thermal
groundwater, or seawater infiltrations, thereby tends to represent
the main source of degradation, especially due to its role in
promoting the growth of microbial communities.

It is therefore of wutmost importance to take the
environmental context into consideration when planning
adequate conservative strategies to preserve cultural heritage.

A thorough examination of the most influential
environmental parameters was carried out, alongside specific
analyses on the various forms of alteration affecting the surfaces,
in order to inquire the impact of microclimate on the
preservation of cultural heritage sites and its strong connection
with the diffusion of infesting microbial communities.

In this paper microclimatic monitoring, chemical analyses and
biodeteriogens identification were carried out. Chemical analyses
were likewise carried out, using a different approach based on
the determination of soluble fraction of the saline efflorescence,
useful information for the assessment of the presence of mobile
species (that is chemical substances that can migrate in or out the
wall, depending on their crystallization or solubilization) and for
the formation process understanding.

2. MATERIALS AND METHODS

2.1 Site description

The hypogeal space known as SB-E0-R07 (Figure 1), the main
subject of the present work, as well as the adjacent nymphaeum
(Figure 2), both located in the northern area of the Mercury’s
sector, constitute a valuable opportunity to describe any potential
correlation among the variety of degradation phenomena
affecting underground environments. Despite the proximity,
these semi-confined spaces present several dissimilarities.
Although probably connected, and only located at the short
distance of two meters from each other, their respective grounds
present different heights due to bradyseism. As a result of this
phenomenon, the second chamber has about 20 cm of brackish
water on the lining. A further difference lies in the presence of
frescos paintings on the north-eastern wall of SB-E0-R07
(Figure 3), whereas the adjacent nymphaecum presents
decorations only on the upper frame. These mural paintings date
back to around the I or II century A.D., a time framing supported
by the massive use of brickwork for the surrounding structures
[13], [14].

2.2 Identification of organisms involved in biodeterioration

Biodiversity of the microflora involved in the phenomena of
biodeterioration has been previously characterized through
Illumina amplicon sequencing, as described in the work by De
Luca ez al. [17]. Meta-barcoding was carried out by choosing the
16S marker for prokaryote taxonomic annotation, and the 188
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Figure 3. Detail of mural painting, partially covered with biofilm. Top is taken
with natural light; bottom is fluorescent after exposition to UV light, obtained
using an portable UV lamp (395 nm, Eletorot).

marker was selected for taxonomic

annotation.

similarly eukaryote

2.3 Environmental parameters collection

The environmental parameters of SB-E0-R07 and of the
adjacent room were investigated to characterize the ties between
microclimate and degradation. Variations of humidity levels and
temperature were measured along the horizontal and the vertical
axis (external-internal and inferior-superior respectively), for the
duration of one year, employing four data logger ORIA® 2 Pack
Wireless Thermometer Hygrometer (temperature range -
20/60 °C, £0.5 °C; humidity range 0-99 % RH, =5 % RH). Data
was collected during two weeks per season (on an houtly base),
to trace a daily, seasonal, and annual profile. Each datalogger was
put in the border area of the room across the horizontal and
vertical axis, to ensure an efficient monitoring of the whole
environment (points D1-D3 and D2-D4 in Figure 4,
respectively).

2.4 Analysis of saline efflorescence

Analysis of saline efflorescence was carried out to investigate
the predominance and spatial distribution of detected chemical
species. Surface samples were collected at different heights and
at different distances from the room entrance (Figure 5),
following the vertical and horizontal axis, to highlight the
variation in composition of salt species and to verify any
correlations with other degradation phenomena. Samples 11 and
12 were collected from the concrete layers in the lower part of
the wall on the right; sample 2 was collected from the north wall
of the hypogeum, near to the entrance and in an area interested
by rainwater infiltration due to the presence of a hole in the
ground above. Samples 3 and 6 were collected from the south-
east wall, influenced by the thermal water migration from the

Figure 4. Position of the datalogger for the registration of microclimatic
parameters.

bordering nymphaeum and from the room below. Samples 1 and
10 were collected in wall sections previously underground.
Finally, samples 1, 7,9, 14, 15 were collected at points interested
by a significative presence of biodeteriogens. Before chemical
analyses, samples were gently dried, using a drier with silica gel,
until a constant weight was reached; an aliquot of each sample
was then treated with ultrapure water and sonicated to allow
extraction of soluble constituents. Solutions were later filtered
using membranes with pores’ size of 0.2 mm. Pre-treated
samples were finally analyzed wusing the ion exchange
chromatography system Dionex IC-1100 with a double line for
anions and cations determination (Cl~, F~, Br~, NO;~, NO3 -,
PO, SO27, HCOO™, CH3COO~, C:04 72, Nat, K*, NH4*,
Ca?* and Mg?*); compliance method and accuracy were discussed
in [16].

2.5 Active Thermography

The thermographic investigations were conducted by dividing
the frontal wall into six sections, each individually subjected to
heating cycles by air convector, until a temperature increase of
about 6 °C was reached. Before and after heating, thermal images
of each section were recorded with a 10 Hz frame rate using the
LWIR microbolometric camera AVIO TVS500 (spectral range
8-14 um, FPA 320 X 240 pixels and NETD ~ 50 mK at 25 °C),
equipped with a 11 mm focal lens (FOV 39°x29°). The
commercial software IRT Analyzer (GRAYESS) was used for
real-time temperature monitoring and management of basic
parameters. From the acquired frames, by analyzing the temporal
trend of the temperature of each pixel, the Thermal Recovery

Figure 5. Map of picking spots of salts present in room SB-E0-R07.
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Maps (TRMs) of the investigated wall sections were calculated
using a home-made MATLAB (R2019b, Math-Works) code. The
measurements were made in situ in reflection mode before and
after the restoration work was carried out on the wall. Average
values for the emissivity of 0.88 in the pre-restoration phase and
0.91 in the post-restoration phase were estimated for the intact
area of the wall using an opaque black reference disc and
considered in the analysis cartied out.

3. RESULTS AND DISCUSSION

3.1 Environmental parameters trends

Data in Figure 6 to Figure 9 showing microclimate
parameters’ fluctuation in room SB-E0-RO7 portray thermal and
humidity daily trends as broadly stable. Temperature profile
indicate only a 2 °C daily excursion in both the perpendicular and
parallel sections of the room, consistently with what’s expected
in underground spaces [6]. Slightly clearer variations are instead
observable in the measurements of humidity rate which, while
only varying by about 3 % on the horizontal axis, especially in
the cold months, show a more significant shift of 6 % along the
vertical axis in all seasons. Observing the hygrometric variations
(Figure 6 to Figure 8), decreases in overall values around 2 pm
are apparent, with a slow degradation towards the minimum
starting at about 12 am. These data are fully reflected by thermal
measurements (Figure 7 to Figure 9); in fact, at the same time the
humidity rate drops, peak temperature is reached.

This is likely explained by the exposition to sunlight of room
SB-E0-RO7, which is usually highest between 1 pm and 3 pm,
leading to an increase in temperatures and a lowering in humidity,
particularly in the areas close to the entrance. After 2 pm, a slow
increase in the hygrometric rates is evident and a decrease of the
overall temperatures follows, corresponding with the evening
time slots. The general stability of indoor temperature and the
regulatly high relative humidity are surely caused by the influence
of thermal water present in the nearby nymphaeum and under
room SB-E0-R07, complimented by the hypogeal nature of the
whole structure.

3.2 Biodiversity of deteriogens

An intense humidity of up to 97 %, along with mild
temperatures only slightly going over 20 °C during summer,
promote the proliferation of biodeteriogens on the fresco
paintings. The biofilms they form feature different shades of
green, as discussed in De Luca ez a/. [17]: each different colors of
patina indicates a specific type of microbial community, mostly
represented by Cyanobacteria and algae [18].

Cyanobacteria were the dominant phylum in almost all
samples, shortly followed by  Actinobacteriota and
Alphaproteobacteria. The cyanobacteria are fine known settlers
of ancient and modern stone monuments, where they constitute
a very active and almost omnipresent fraction of the microflora
[19].

Previous analyses conducted by De Luca ez / [17] indicate
that the two nymphaea host profoundly different microbial
communities, with approximately only the 8 % of shared taxa.
Such an unconformity is likely due to the very different
microclimatic environments the two rooms represent. The
greater microbial richness of SB-E0-R07, for instance, might be
explained by the absence of brackish water, along with the more
conspicuous presence of soil near the entrance. Sampling and
biomolecular analyses in SB-E0-R07 showed, among others,
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Figure 6. Seasonal trend of hourly relative humidity for the vertical axis.
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Figure 8. Seasonal trend of hourly relative humidity for the horizontal axis.
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Figure 9. Seasonal trend of hourly temperature for the horizontal axis.

bacterial taxa commonly found in open-air soils such as
Rhizobiales, Burkhorderiales and Frankiales. Similarly, analyses
on the samples collected from the adjacent nymphaeum
highlighted the presence of several marine eukaryotic taxa (i.e.
diatoms, dinoflagellates, bivalves). The samples collected on the
north-eastern wall of the SB-E0-R07 nymphaeum (Figure 10)
tend to vary on a smaller scale: as highlighted in the work by De
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Figure 10. North-eastern wall of SB-E0-RO7, showing the three sampling
spots: 2C, 4C and 5C.

Luca ez al. [17], Actinobacteriota are prevalent on the exfoliated
section, mainly composed of limestone (5C), as opposed to the
plasters (2C, 4C); on the other hand, while Cyanobacteria are
similarly represented in all samples, Chlorophyta (green algae)
seems to only be prevalent among eukaryotes in samples 5C and
2C, both found in the upper regions of the wall.

3.3 lonic composition of saline efflorescence

The peculiar environmental features and location of the
nymphaea, and the resulting infiltration of brackish water from
the sea, also led to the formation of encrustations produced by
wide range of saline compounds.

In Figure 11 and Figure 12, ionic composition (expressed as
percentage) of sample 3 and 6, previously collected from the
lower part of the wall adjacent to the nymphaeum, are reported.
Sample 3 shows a high level of calcium (Ca?*), attributable to the
substrate chemical composition (mostly calcium carbonate).

Additionally, sodium (Na*) and sulphates (SO4%) exhibit a
comparably high concentration in the analyzed sample.
Substantial presence of the latter species can be related to the
permeation of thermal water from the adjacent nymphaeum
(chemical composition of the water is showed in Figure 13). As
confirmed by the massive presence of chloride (Cl), thermal
water is unquestionably of marine nature.

To better understand the considerable presence of sulphates
(SO4%) and to assess thermal water’s contribution to salts
deposition, a mass balance was carried out.

In particular, the contribution of sea-salt (expressed as mg of
sea salt per gram of sample) was determined by means of the
relation [21]:

sea salt (mg/g) = [Cl-] + 1.47 x [Na+].

For samples 3 and 06, the input from sea-salt is in the range 1-
6 mg/g: these values express an unevenness that is explained by
the presence of other sources in addition to the permeation of
water. It should be noted that points 3 and 6 were previously
interred, so the chemical composition of surface samples may be
affected by the chemical species typically found in the soil.

Among the considered samples, 13, 11 and 4 show the highest
sea-salt contribution, with values of 325, 39 and 20 mg/g
respectively; these samples are all collected from the lower
section of the walls and present clear signs of moisture (see
Figure 4).

The following relation was used to evaluate the amount of sea
salt sulphate (ss-SO4%), namely the sulphate of marine origin:

ss-S0.2 (mg/g) = [SO2] — [Na*] x 0.2516.

The non-sea salt sulphate (nss-SO4%), namely the sulphate
attributable to other sources, was determined through the
relation:

n8s-SO4* (mg/g) = [SO4* e — $5-SO4.

The values of nss-SO4% in the considered samples ate
generally very low, even negative in some cases (samples 1, 9, 13,
14, 15), indicating a loss of sulphates to respect the balance of a
seawater sample.

On the contrary, samples 4 and 13 showed very high values
(151 and 80 mg/g, respectively), proving that the presence of
sulphate is clearly due to other sources. Sulphuric-acid-induced
sulphation acting on calcium carbonate substrates might explain
the high amount of non-sea-salt sulphates registered in the
samples; this phenomenon, caused in large part by pollution in
the form of high SO; atmospheric concentration [22], leads to
the formation of calcium sulphate, a partially soluble compound

c,0.?
S0, 19%
NOy
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cl
11% k* 8%
Mgt
H,C00 2%

7%
ca*
26%

Figure 11. lonic composition for sample 3, collected from the lower part of
the wall adjacent to the nymphaeum.
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Figure 12. lonic composition of sample 6, collected from the lower part of
the wall adjacent to the nymphaeum.
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Figure 13. lonic composition of the thermal water present in the down are of
the nymphaeum.
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Table 1. lonic composition (expressed as percentage) of deposits collected from walls’ surface.

Sample ID Na* % K* % Mg* % Ca®* % CHsCOO" % Cr% NOs % S04* % C04> %
1 45.989 6.608 0.426 5.731 28.117 4.069 0.941 7.271 0.848
4.097 2.898 1.372 25.966 4.484 0.287 0.084 59.299 1.512

3 24.204 7.663 2.041 26.392 7.081 10.590 1.405 19.143 1.481
4 3.351 0.358 0.160 20.673 0.000 4.177 0.173 71.109 0.000
6 32.255 6.602 0.865 10.387 4.633 16.228 0.496 26.069 2.464
7 32.186 10.177 2.176 29.552 15.707 0.223 0.679 8.470 0.830
8 16.406 4.570 3.737 13.821 25.353 2.091 0.284 33.214 0.523
9 19.646 4.942 1.128 38.161 31.841 0.872 1.316 2.094 0.000
10 24.471 24.222 0.507 4.250 29.059 1.530 0.502 15.458 0.000
11 23.366 0.000 0.000 0.388 0.000 0.020 0.020 76.206 0.000
12 23.884 7.734 0.270 6.510 1.805 7.001 0.122 52.675 0.000
13 88.837 1.699 0.330 2.342 3.169 0.428 0.240 2.954 0.000
14 43.917 7.670 1.394 23.614 16.404 0.482 0.601 5.918 0.000
15 36.539 8.204 2.070 38.977 11.431 0.361 0.653 1.764 0.000
16 36.133 0.000 0.528 6.250 45.995 0.747 0.453 9.895 0.000

whose behavior stands among the most common causes of stone
deterioration [23].

The presence of other ionic organic compounds as oxalate
(C204%) and acetate (CH3COO") (as reported in Figure 11 and 12)
may be attributed to the peculiar environmental conditions of
room SB-EO0-RO7. Specifically, these species ate product from
biodeteriogen microorganisms and, when highly concentrated,
they are heavily involved in the corrosion of stone artefacts [24].

Similar phenomena determine a consequent variation of ions
percentage in the composition of salts, even when collected from
areas adjacent to the site [25], [26].

As listed in Table 1, there is a great heterogeneity in the
chemical composition of the other deposits collected from walls
surface. Anyway, some similarities can be highlighted among
results in the other samples and data can be correlated with the
other observations made; in particular: samples 11 and 12 are
characterized by great amounts of sulphate mostly due to the
substrate (presence of cement mortars); samples 1, 7, 9, 14, 15
are characterized by the presence of significative amounts of
organic ions well related to the presence of biodeteriogens
(mainly Cyanobacteria); samples 7, 9, 14, 15 are also characterized
by great amounts of sodium and calcium related to the influence
of water penetration and to the substrate composition.

3.4 Active Thermography analysis: TRMs comparison

Active thermographic analysis was performed to investigate
the distribution of the biological patina (biofilm) on the surface
of the wall and to compatre its state before and after the substrate
was restored. The wall area was divided into six sections and the
thermographic measurement protocol described in 2.5 was
applied to each of them. From the thermal data acquired, the
TRMs were calculated following a similar approach to that used
in previous works [27], [28].

As a first step, the induced temperature variation AT,
obtained by heating the surface, was calculated for each pixel of
the recorded thermal frames; this was carried out by subtracting
the temperature registered after thermal stimulation T'(x,y, 0)
from the temperature acquired before stimulation T (x,y,t > 0)

AT(x,y,t >0) =T(x,y,t > 0) = T(x,y,0). M

Subsequently, the TRMs were obtained by analyzing the
temporal trend of each pixel (xp,yp) and estimating the time
they take to recover 50 % of their respective AT (x,y,t > 0).

The 50 % threshold represents the value that, according to our
results, allows for the greatest variation in estimated recovery
times for map pixels. However, choosing other threshold values
in the range 40 % - 55 % the results of the analysis are not
substantially affected.

As an example of the analysis performed, Figure 14 shows
one of the six sections of the wall investigated. The figure shows
the two photos of the section taken before (a) and after (b) the
restoration work and the corresponding TRMs obtained from
the measurements made before (c) and after (d) the intervention.
In the TRMs, the grey pixels represent those having a recovery
time between 5-30 s and the red ones those above the 30 s
threshold, approximately two/three greater times compared to
most of the gray ones. From a thermal point of view, the
presence of biological patinas (essentially made of water and
organic matter) on the wall surface induces an average increase
in its specific heat. This increase slows down the heat dissipation
process in the areas affected by the patinas, thus resulting in
higher thermal recovery times. Accordingly, the red areas present
in the maps can be considered those most affected by the
presence of local water content due to the biofilm transpiration
activity. Therefore, the thermal analyses conducted in the pre-
restoration phase made it possible to detect the distribution of
the biofilm on the investigated wall and highlighted the area most
of least affected.

Comparing the TRMs obtained before and after the
intervention, in all the six inspected section of the wall a
reduction in the size and recovery times of the red areas was
observed, and many red pixels in the pre-intervention maps
appear gray in the post-intervention ones. The 'downgrading' of
the observed color enabled the identification of the areas of the
wall surface where the restoration work was partially or totally
successful. It is worth noting that the area of the wall affected by
the well visible green biological patina at the top left of
Figure 14a induced a recovery time of about 25 s before the
restoration work (visible in light gray in Figure 14c) and of about
15 s after the restoration (visible in darker gray in Figure 14d); in
both cases, values never exceed the threshold of 30 s set by us
and therefore, according to our analysis, the areas affected by
green patinas are not directly associated with the higher water
content in the wall.

This result highlights an important aspect, namely that the
more visibly conspicuous patinas, such as the bottle green
(mostly associated with cyanobacteria) and the dark green ones,
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Figure 14. One of the six sections of the SB-E0-R07 room investigated with
thermographic analysis: photos of the section before (a) and after (b) a
restoration work and corresponding TRMs calculated before (c) and after (d)
the intervention.

are not necessarily the most involved in high degrees of water
retention. It is in fact likely that the transpiration activity may
fluctuate not only between the differently diverse biological
patinas present on the wall but also due to their different state of
growth. These results represent an argument against a strong
direct association between the presence of visibly colored patinas
and potential water-induced substrate exfoliation. Although it
has been proven that the presence of biofilms on the wall
increases general water retention [29] (Figure 14c-d), a varying
gradient of water absorption and transport might be easily
explained by the differential presence of hydrophobic exudates
(EPS) [30], which is in turn dependent on the diversity of the
communities involved more than on their abundance. The
thermographic analysis thereby not only confirms the wider
difference in water retention caused by the disappearance of
most of the microbial communities, but it also offers a
complementary insight on the ambivalent nature of physio-
chemical alteration caused by biodeteriogens.

It’s important to underline that this analysis mostly focused
on the part of the wall that was still intact, setting the emissivity
values relating to this surface in our calculations (reported in the
section 2.5). Hence, the recovery times measured for the
damaged area at the bottom left in Figure 14a (where a plaster
used in a previous restoration is also visible) aren’t comparable
with those measured on the intact parts of our interest.

4. CONCLUSIONS

The examination of microclimatic parameters and of the
chemical composition of saline efflorescence is instrumental for
the characterization of deterioration in hypogeal and coastal
environments like the roman nymphaea of Baia. High levels of
humidity heavily tamper with the integrity of stone surfaces, as
confirmed by thermography, while detachments of the
preparatory layers of paint and plasters are notably caused by the
variations of the physical state of salts. The reduction in cohesion
of the original materials provokes, in time, the gradual loss of
frescos and decorations, as experimented in-room SB-E0-RO7.
Salts are also involved in the whitening of the surfaces, further
altering the aesthetic impact of the mural paintings.

Thermo-hygrometric conditions, and especially the presence
of underground thermal water, on the other side, contributes

directly to the manifestation of a broad range of biofilm-forming
microorganisms, whose impact for the conservation of stone
materials is worryingly well-known. As discussed by De Luca ez
al. [17], the distribution pattern of the nymphaeum’s microflora
is not only associated with moisture spots, but it is also
dependent on the chemical composition of the substrate. The
presence of sea ecukaryotes, such as marine diatoms and
dinoflagellates, seems to be linked to the marine nature of
thermal springs, and to the general presence of sea salt in waters
therein.

Identification of ionic and biological species, alongside a
thorough characterization of the impact of microclimatic and
geological influences, offers optimal insight to choose the most
context-adequate strategy for conservation. Such an approach
also helps to ensure the planning of efficient and durable
restorative interventions for the frescoed walls of room SB-E0-
RO7 [31]. Periodic cleaning of stone artefacts from the diversity
of saline and non-saline pollutants, together with the exposure of
biofilms to UV-C radiation [32] or the application of essential
oils [33] might prove ideal to reduce the biodeterioration
phenomena and to secure the preservation of the underground
roman nymphaea.

Identifying and quantifying the connection between
environmental phenomena, such as high levels of humidity or
saline water infiltration, and the microbial colonization of stone
materials exposed to such conditions, surely fits the kind of novel
multidisciplinary approach that is required for a comprehensive
characterization of degradation. The employment of state-of-
the-art  digital technologies for the measurement of
environmental parameters [12] and for the characterization of
pollution and deposits [34], [35] will be among the next necessary
steps to develop a fully functional workflow, to standardize the
analysis of cultural heritage deterioration and make it common
practice.
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