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Abstract  
 
This work focuses on the study of alteration and degradation forms affecting underwater 
archaeological marble fragments mainly due to biological activity. The studied artefacts were 
recovered from the submerged archaeological park of Baia (Naples, Italy). It includes ruins of 
the ancient city of Baiae, which, since the 4th century AD, started to be submerged due to the 
bradyseism phenomenon. Diagnostic investigations were carried on 50 marbles specimens, 
collected from covering slabs of different pavements, from a specific area of the site called 
“Villa con ingresso a protiro”. Several techniques, including stereomicroscopy, polarizing 
optical microscopy, scanning electron microscopy and mineralogical analysis, were used to 
study the superficial weathering, as well as the bioerosion phenomena due to the action of 
marine organisms and their interaction with the substrate in relation to textural features. 
Results revealed that the main degradation processes can be attributable to endolithic activity, 
capable of excavating cavities and tunnels causing irreversible damage to the archaeological 
materials. In addition, samples revealed a different degree of bioerosion related to their 
specific intrinsic characteristics. 
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Introduction  
 

In recent decades, following the UNESCO 2001 Convention on the Protection of the 
Underwater Cultural Heritage, there has been an increasing interest in the preservation and 
management of the submerged heritage [1, 2]. As known, in fact, the marine environment 
promotes the development of deterioration phenomena on submerged archaeological structures, 
such as biological colonization by microorganisms, ionic corrosion and oxidation, which, 
sometimes, can cause serious alteration. In particular, the deterioration of natural and artificial 
stone materials is related to several factors associated to their intrinsic characteristics, such as 
texture, composition, technological properties, porosity, hardness and strength, as well as to the 
environmental conditions they are exposed to. Some important advances have been reached in 
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this research field [3-7] and well known is the high reactivity of materials against the chemical 
and mechanical alteration. 

This paper wants to underline the importance of protecting the underwater stone 
heritage, firstly highlighting how to undertake a study aimed to investigate the state of 
conservation of the archaeological underwater items. It focuses on the characterization of 
different decay forms affecting archaeological marbles as a result of the biological activity and 
the textural features of investigated materials. The analysed artefacts were collected from the 
submerged archaeological park of Baia (Naples, Italy) (Fig. 1), which is one of the greatest 
underwater sites in Italy including all the material evidence of human activities during the 
Roman times. The ancient Roman city of Baia testifies the great morphological transformations 
that occurred in the coastal area of Phlegraean Fields throughout the centuries, because of 
natural occurrences. The whole area of the Campanian coast is, in fact, long time dominated by 
the bradyseism phenomenon [8-10]. For this reason, Baia currently lies in submerged 
environment, at about five meters depth below the water surface [11-13]. Although many 
archaeological structures and architectural elements are still preserved, they show evident 
alteration phenomena mainly due to biocolonization as well as to many environmental 
influences [4, 5, 13]. 

 
 

Archaeological setting and sampling 
 

The Archaeological Park of Baia (Fig. 1), located about 15 km west of Naples, is one of 
the most relevant submerged archaeological sites in the Mediterranean basin. It includes ruins 
of the ancient Roman city of Baiae, which, since the 4th century AD, started to be submerged 
due to the bradyseism phenomenon [4,11, 14].  

 

 
 

Fig. 1. a) Location of  Baia in the Campanian region, Italy; b) Plan of the Villa con ingresso a protiro;  
c) and d) Portions of the covering slabs belonging to the Villa. 

 
Many architectural structures are still preserved in the site, such as luxurious maritime 

villas, imperial buildings, private houses, thermae and tabernae [15], which were carefully 
mapped during the numerous underwater archaeological surveys [16, 17]. In 2000, the Italian 
Ministry of Environment created the ‘‘Baia Underwater Park” for the safeguard of the 
archaeological site. The “Villa con ingresso a protiro” is one of the best facilities that testify to 
the greatness of the Roman Empire, whose name was given for the presence of two columns – 
no longer existing – that were placed on two short parting walls built in front of the threshold 
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[13]. At present, the villa is located at a depth of five meters, with rooms extending for 40 
meters. However, it is thought that in ancient times, during its heyday, the whole area was much 
wider. The Villa was chosen as case study for its large variety of architectural types and 
especially for the assortment of marble flooring and wall coverings, in almost all the rooms. 
Fifty marble samples (Table 1), with noteworthy alteration forms on the surface, were taken 
from pavement covering slabs (Fig. 1c, d), mainly in the northern, southern and south-eastern 
areas of the Villa. Sampling was carried out on representative portions of material of variable 
size (averagely ca. 0.7x2x1.5 cm), in relation to the different macroscopic appearances of decay 
forms, without compromising the integrity of artefacts. 
 

Table 1. List of the examined archaeological marbles taken from the monumental complex of Villa con ingresso a protiro. 
 

Sample Object Photographic 
representation Sample Object Photographic 

representation 

MV1 
Fragment of 

pavement 
covering slabs 

 

MV34 
Fragment of 

pavement 
covering slabs 

 

MV2 
Fragment of 

pavement 
covering slabs 

 

MV35 
Fragment of 

pavement 
covering slabs 

 

MV3 
Fragment of 

pavement 
covering slabs 

 

MV36 
Fragment of 

pavement 
covering slabs 

 

MV4 
Fragment of 

pavement 
covering slabs 

 

MV37 
Fragment of 

pavement 
covering slabs 

 

MV5 
Fragment of 

pavement 
covering slabs 

 

MV38 
Fragment of 

pavement 
covering slabs 

 

MV6 
Fragment of 

pavement 
covering slabs 

 

MV39 
Fragment of 

pavement 
covering slabs 

 

MV7 
Fragment of 

pavement 
covering slabs 

 

MV40 
Fragment of 

pavement 
covering slabs 

 

MV8 
Fragment of 

pavement 
covering slabs 

 

MV41 
Fragment of 

pavement 
covering slabs 

 

MV9 
Fragment of 

pavement 
covering slabs 

 

MV42 
Fragment of 

pavement 
covering slabs  
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MV10 
Fragment of 

pavement 
covering slabs 

 

MV43 
Fragment of 

pavement 
covering slabs 

 

MV11 
Fragment of 

pavement 
covering slabs 

 

MV44 
Fragment of 

pavement 
covering slabs 

 

MV12 
Fragment of 

pavement 
covering slabs 

 

MV45 
Fragment of 

pavement 
covering slabs 

 

MV13 
Fragment of 

pavement 
covering slabs 

 

MV46 
Fragment of 

pavement 
covering slabs 

 

MV14 
Fragment of 

pavement 
covering slabs 

 

MV47 
Fragment of 

pavement 
covering slabs 

 

MV15 
Fragment of 

pavement 
covering slabs 

 

MV48 
Fragment of 

pavement 
covering slabs 

 

MV16 
Fragment of 

pavement 
covering slabs 

 

MV49 
Fragment of 

pavement 
covering slabs 

 

MV17 
Fragment of 

pavement 
covering slabs 

 

MV50 
Fragment of 

pavement 
covering slabs 

 
Note:  2.5 cm 

 
Methods 
 

For a complete characterization of the selected items, different techniques were applied 
in order to: a) define the microscopic features; b) investigate the state of conservation; c) 
recognize the alteration forms due to biological activity. In particular, analytical methods here 
used include: 

• Observations under a stereomicroscope (EMZ-5D, MEIJI EM), performed in order to 
preliminarily identify and quantify the biological communities in relation to the total surface of 
the fragments. Observations were preceded by samples treatment in a formalin solution, 
according to standard procedures [18], to preserve the stability of tissues of the biomass thus 
allowing the identification of the species. All samples underwent to a system of virtual 
crosshatching (Fig. 2) in order to detect the rate of coverage of the different species for unit area 
investigated. The estimation was performed using a scale of abundance (Fig. 2a), in which each 
coverage percentage of a specific species corresponds to a numerical unit. Several studies, in 
fact, show that this method, proposed by J. Braun-Blanquet [19], has good potential even for 
the estimation of submerged species [20]. 
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• Polarising optical microscopy (POM) on thin and stratigraphic sections in order to: i) 
determine the textural characteristics of stone substrates, ii) understand the alteration 
mechanisms, and iii) evaluate the extent of decay. Observations were performed using a Zeiss 
AxioLab microscope equipped with a digital camera to capture images. 

 
Fig. 2. a) Range and index of coverage of species on substrates; 

b) Example of specimen underwent to a system of virtual crosshatching. 
 

• X-ray powder diffraction analysis (XRPD) of stone materials to identify the 
constituent mineralogical phases. Analyses were performed on a D8 Advance Bruker 
diffractometer with CuKα radiation, using the following operative conditions: step-size of 0.02° 
2θ, step time of 2s/step and an analytical range of 3–65°. 

• Scanning electron microscopy (SEM 360 Cambridge Instruments Stereoscan), 
equipped with an EDAX Philips microanalysis working in energy dispersive spectrometry 
(EDS), to investigate the morphology of the species and the nature of their skeletal components 
and to assess the extent of the decay. Analyses were carried out with an acceleration voltage of 
20 kV under high vacuum conditions (10−5 mbar pressure). 

 
Results 

 
Stereomicroscopy Observations  
Observations of sample surfaces through stereomicroscopy revealed some variability in 

the type and rate of biocolonization between the different examined items. The rate of coverage 
of the different species for unit area in all investigated samples, determined through the method 
proposed by Braun-Blanquet [19], is reported in Table 2. 

Some marble specimens (Table 2) show a slight biological growth characterized by thin 
superficial deposits, while others exhibit a great colonization in which, in addition to superficial 
concretions, bioerosion phenomena can also be observed. The presence of surface deposits is 
due to epilithic encrusting organisms (whose rate of coverage in all samples ranges from 5 to 
over 75%), mainly consisting of serpulids (Fig. 3a) and algae (Fig. 3c), and subordinately 
barnacles (Fig. 3a, b) and bryozoans (Fig. 3c). All these organisms produce carbonate deposits 
associated to their skeletons with variable thicknesses [4, 5, 21-23]. Furthermore, in several 
samples, a loss of material relating to the action of endolithic communities was observed (Fig. 
3d). This phenomenon is mainly produced by organisms which develop and grow-up within the 
stone material [13, 15, 21, 24-26]. However, only a few endolithic organisms were recognized 
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under stereomicroscope, such as some algae and molluscs, causing pitting and macro-boring. 
Even in this case, the coverage rate ranges from ~ 5 to over 75% among the specimens. 
 

Table 2. Estimation of species identified on the 50 examined marble fragments by using the 
 method proposed by Braun-Blanquet (1932) and the related scale shown in Figure 2. 

 
 Superficial biomass 

Sample Alg Bal Br Mol Ser 
Range of coverage 

(%) 
Index Degradation forms 

MV1 xx / x / xxx > 75 5 Superficial deposit 
MV2 xxx / / / xx 50-75 4 Superficial deposit, pitting 
MV3 xx / / / xxx 50-75 4 Superficial deposit 
MV4 x / x / / 25-50 3 Superficial deposit 
MV5 / / / x / < 25 2 Macroboring 
MV6 xx / xx / x 50-75 4 Superficial deposit 
MV7 xx / / / xxx > 75 5 Superficial deposit 
MV8 xx / / / xxx > 75 5 Superficial deposit 
MV9 xx xx / / xxx > 75 5 Superficial deposit, pitting 
MV10 xx / / / / 25-50 3 Superficial deposit, pitting 
MV11 xx / xx / / < 5 1 Superficial deposit, pitting 
MV12 xxx / x / x 50-75 4 Superficial deposit, pitting 
MV13 x / / / xxx 50-75 4 Superficial deposit, pitting 
MV14 / / x / / < 5 1 Superficial deposit, pitting 
MV15 / / xx / xxx > 75 5 Superficial deposit, pitting 
MV16 x / / / / < 5 1 Superficial deposit, pitting 
MV17 xx x xx / xxx > 75 5 Superficial deposit 
MV18 x x xx / xxx > 75 5 Superficial deposit, pitting 
MV19 x  xx / x 25-50 3 Superficial deposit, pitting 
MV20 / x xx / xx 25-50 3 Superficial deposit 
MV21 xxx  x / / 50-75 4 Superficial deposit 
MV22 X / / / / < 5 1 Superficial deposit 
MV23 xxx x xx / xxx > 75 5 Superficial deposit, pitting 
MV24 x / x / xxx 50-75 4 Superficial deposit, pitting 
MV25 x / x / / 25-50 3 Superficial deposit 
MV26 / / / / x < 25 2 Superficial deposit 
MV27 x / x / / < 25 2 Superficial deposit 

MV28 xx / / x / 25-50 3 Superficial deposit, 
macroboring 

MV29 x / / / x < 25 2 Superficial deposit, pitting 
MV30 / / x / x < 25 2 Superficial deposit, pitting 
MV31 / x / / x < 25 2 Superficial deposit, pitting 
MV32 x x x / x 25-50 3 Superficial deposit 
MV33 xxx / / / xx > 75 5 Superficial deposit 
MV34 xxx / / / / 50-75 4 Superficial deposit, pitting 
MV35 / x / / xx 25-50 3 Superficial deposit 
MV36 xx / / / x 25-50 3 Superficial deposit, pitting 
MV37 xx / / / / 25-50 3 Superficial deposit, pitting 
MV38 / xx x / / 25-50 3 Superficial deposit 
MV39 x / / / / < 5 1 Superficial deposit 
MV40 / / / / xx < 5 1 Superficial deposit, pitting 
MV41 xxx / / / xx 50-75 4 Superficial deposit, pitting 

MV42 xx / / x x 25-50 3 Superficial deposit, pitting, 
macroboring 

MV43 xx / x / / 25-50 3 Superficial deposit, pitting 
MV44 x / / / / < 1 + Superficial deposit 
MV45 xxx / / / x 25-50 3 Superficial deposit, pitting 
MV46 / / / xx / 25-50 3 Macroboring 
MV47 x x / /  < 25 2 Superficial deposit, pitting 
MV48 x /  / xx 25-50 3 Superficial deposit 
MV49 / / x / xx 25-50 3 Superficial deposit 
MV50 xx / x / x 25-50 3 Superficial deposit 
Notes: Alg. Algae; Bal. barnacles; Br. bryozoa; Mol. molluscs; Ser. sepulids; xxx. very abundant; xx. abundant; x. 
scarce; /. not present 
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Fig. 3. Stereomicroscope photographs showing the surface colonization:  

a) Calcareous skeletons of marine worms and barnacles;  
b) Ventral view of a conical calcareous shell of barnacles and marine worms;  

c) Encrusting red and green algae and bryozoa;  
d) Bioerosion phenomenon related to endolithic sponges. 

 
 Mineralogical-petrographic analysis 

Petrographic analysis of thin and stratigraphic sections trough polarizing optical 
microscopy allowed to investigate structural and textural features of archaeological samples as 
well as to correlate the intrinsic characteristics of materials with the different degree of 
alteration observed. Marble items cover a broad range of microfabrics (Fig. 4, Table 3) and also 
their state of conservation is rather variable among the examined artefacts. Samples range from 
coarse-grained (Fig. 4a, f; Table 3) to fine-grained (Fig. 4g, i; Table 3), with textures varying 
from heteroblastic to homeoblastic, depending on the sample. The maximum grain size (MGS) 
is comprised between 0.2 and 6.0 mm; the crystals show sutured, embayed and curved 
boundaries which indicate different and not always equilibrated metamorphic conditions [27]. 
Boundaries with triple junctions at 120° and traces of cleavage can be also observed. 

 
Table 3. Main minero-petrographic features of the examined samples. 

 

Group Samples Crystals grain size 
(mm) 

Main mineralogical 
composition 

Fine-grained 

MV1, MV3, MV4, MV6, MV7, 
MV8, MV17,  MV20, MV21, 
MV22, MV25, MV26, MV27, 
MV32, MV33, MV35, MV38, 
MV39, MV48, MV49, MV50 

ranging from         
0.2 to 0.9 mm 

Coarse-grained 

MV2, MV5, MV9, MV10, MV11, 
MV12, MV13, MV14, MV15, 
MV16, MV18, MV19,MV23, 
MV24, MV28, MV29, MV30, 
MV31, MV34, MV36, MV37, 
MV40, MV41, MV42,MV43, 
MV44, MV45, MV46, MV47 

ranging from         
1.7 to 6.0 mm 

Calcite, with the 
exception of MV13, 

MV36, MV40, MV42 
which are dolomite 

marble 
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Regarding the degradation forms, petrographic observations allowed to point out some 
differences in relation to the grain size of samples. Specifically, the coarse-grained marbles 
show pronounced bioerosion phenomena consisting of pitting and macro-boring (Fig. 4a, f). 
Conversely, the fine-grained marbles are less sensitive to biological activity of endolithic 
species and are mainly interested by the development of layers (with variable thickness) on the 
surface (Fig. 4g, i). 

All archaeological artefacts also underwent to XRD analysis in order to determine their 
mineralogical composition and understand at which extent the decay can vary according to this. 
Obtained spectra reveal that samples mainly consist of calcite with subordinate amounts of 
dolomite, micas and quartz, except for four samples (MV13, MV36, MV40, MV42) which have 
a pure dolomitic composition. Table 3 lists the mineralogical phases occurring in each sample 
and the relative abundances estimated on the basis of intensity of reflection peaks. 
 

 
Fig. 4. Representative photomicrographs in cross polars light of different marble samples analyzed: a) coarse-grained 

marble (sample MV19) with microcracks (b) along grains and irregular and heterogeneous superficial layer (c); d) 
coarse-grained marble (sample MV24) with boring phenomena (e) and irregular superficial layer (f); g) fine-grained 

marble (sample MV48) with absence of perforation (h) but only a superficial and regular layer (i). 
 
Morphological analysis by SEM 
Bioerosion phenomena described by Golubic et al [28] show the boring behaviour of 

endolithic species, emphasizing that different organisms penetrating into the same substrate 
under identical environmental conditions, produce distinctive boring patterns. Moreover, 
several authors have mentioned to a correlation between perforations and biological 
colonization [29-35]. 

In the present study, the identification of the biomass as well as the detailed observation 
of alteration forms and the estimate of the damage on the archaeological samples, were carried 
out through a scanning electron microscope. In particular, high-resolution scans of the borings 
within the samples allowed the systematic identification of the species through the recognition 
of their footprints or skeletal components. 
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Bioerosion phenomena have been identified in different intensity, size and shape among 
the fifty marble fragments. The distribution of the damage is quite irregular since tunnels and 
cavities at times appear isolated, while in other cases seem to cluster next to each other, with 
diameters exceeding 500 µm. 

The most frequent bioerosion structures are those related to the activity of endolithic 
sponges (Fig. 5a, 5b) and bivalve molluscs (as regards the marine fauna), while less invasive are 
those related to algal colonisation (marine flora). All these organisms were recognized through 
the identification of skeletal and inorganic structures, calcareous or siliceous, or by studying 
their footprints left inside the stones. 
 

 
 

Fig. 5. SEM images of skeletal components and bioerosion phenomena on marble fragments:  
a) Sponge cavities; b) Sponge spicules and footprints; c) Micro-perforations;  
d) Bryozoa scheletal components; e) Algae flattened thalli; f) Marine worms. 

 
In detail, as regards the perforating activity of endolithic marine fauna, the detected 

borings show singular shapes corresponding, from a taxonomic viewpoint, to the families 
Clionaidae (sponges) (Fig. 5a, b), Gastrochaenidae and Mytilidae (bivalve molluscs). Instead, 
concerning the endolithic flora, branched micro-galleries (Fig. 5c), with length between 0.5 and 
7 µm, were found inside the fragments but the biological structures required to identify the taxa 
were not detected inside the micro-borings. Therefore, this type of degradation can only be 
generically attributed to microflora [25]. 

Observations highlight that SEM analysis allows to infer the correct taxonomy of the 
organisms causing bioerosion phenomena on the stone materials, contrarily to stereomicroscopy 
which permits only to investigate the superficial damage without detecting the taxa which grow 
within the artefacts. 

Regarding the action of encrusting species, the phenomenon seems to be quite complex. 
In this case, dealing with superficial colonization, the same organisms previously recognised by 
stereomicroscope were also detected through SEM. However, their morphological features were 
observed in more detail. All the marine organisms with a calcareous skeletal component (Fig. 
5d, e, f) tend to cover the colonized surface with carbonate layers whose thickness is highly 
variable depending on the species (usually from 50µm to 3 mm). These layers blight the 
archaeological artefact, losing its legibility and functionality. Therefore, the result is a strong 
aesthetic damage. Paradoxically, some authors (e.g. [4-5]) demonstrated the protective action of 
these carbonate layers on the surface, a phenomenon well known as bio-protective effect, 
schematized in Figure 6. When some species reach the life cycle, what remains on the 
archaeological surface is their inorganic component which is mainly of carbonate nature. These 
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new thicknesses, called “sacrifice layers”, become the new areas colonisable by marine 
organisms. The protective effects of these carbonate layers will strictly depend on the different 
biological communities that will act on them over time. 

 

 
Fig. 6. Schematization of the “sacrifice layers” developing on archaeological items. 

 
A detailed study of interaction patina-substrate on all examined marble fragments was 

also carried out on thin sections. Specific details on the morphology of the species and on their 
overlap on the substrate are shown in Figure 7.  

 

 
 

Fig. 7. SEM images of the encrusting deposits on the substrate: a) Irregular and heterogeneous carbonatic layer; b) 
Interaction patina-substrate; c), d, e) and f) Detailed transversal sections showing flared epithelial cells and cell fusions 

of red algae, gastropods shells, bryozoans and micro- and macro-boring phenomena. 
 
The superficial deposits reveal thicknesses ranging between 0.05 and 3 mm as well as 

very heterogeneous and irregular trends. Intense bioerosion phenomena, micro-cracks and 
penetrations into the substrate, due to biological activity, were also detected. In particular, red 
algae covering wide surfaces with their compact and flattened structures are shown in Figure 7, 
along with gastropods shells, bryozoans and micro- and macro-borings related to some sponges, 
algae and molluscs. 
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Discussion 
 

The data obtained by all analytical investigations display that some marble specimens 
(Table 2) show a slight biological growth characterized by thin superficial deposits, while 
others exhibit a great colonization in which, in addition to superficial concretions, bioerosion 
phenomena can also be observed. This is due to the fact that, although the main cause of 
degradation in underwater environment is biodeterioration, it develops differently according not 
only to a variety of environmental conditions in seawater (such as silting, sun exposure, 
seasonality, wave motion, etc.), whose actions could inhibit biological growth on materials or, 
conversely, encourage it, but also to the intrinsic textural features of the archaeological 
materials. Specifically, petrographic analysis of thin and stratigraphic sections through 
polarizing optical microscopy revealed that the degradation forms in marbles vary in relation to 
the grain size of samples. In particular, fine-grained marbles are less sensitive to biological 
activity of endolithic species (Fig. 4g, h, i) than coarse-grained marbles which, conversely, 
show pronounced bioerosion phenomena with irreversible loss of material (Fig. 4a, b, c, d, e, f). 
This is probably due to the greater compactness of the fine material and to the higher difficulty 
of species to penetrate into the grain boundaries. In more detail, it was shown that the main 
causes of decay in marbles coming from underwater environment are typically related to the 
action of endolithic sponges, algae and molluscs that produce pitting and macro-boring 
phenomena. Among the fifty examined marble samples, a strong damage accompanied by 
disaggregation and loss of material, was estimated for about the 65% of the total. The remaining 
35% shows only an aesthetic damage, which interests exclusively the surface and is mainly 
caused by encrusting biomass (marine worms, barnacles, algae, bryozoans). 

While texture and, particularly, grain size strongly influence the biocolonization 
developing on marbles, results obtained by XRD analysis revealed that the mineralogical 
composition of such stone materials does not affect the type of degradation forms developing on 
the surface. Calcite and dolomite marbles show, in fact, similar behaviour in terms of biological 
decay. 

As a last consideration, the possibility to study the effects of biodegradation on materials 
with different textural features has allowed us to assess the importance of ordinary maintenance 
of the archaeological items. In particular, it is recommended to perform a proper cleaning of the 
materials, followed by a restoration work by using methods and products suitable to the specific 
underwater environment. In addition, when artefacts are subject to considerable loss of material 
due to biological activity (as in the case of marbles), it is recommended to use replacement 
materials that are less sensitive to bioerosion phenomena of endolithic species and, specifically, 
it is suggested using fine grained marbles. 
 
Conclusions 
 

The case study reported in this paper is highly representative of the importance of the 
use of the Earth Sciences’ techniques in the study of archaeological samples coming from 
underwater environment since they are able to provide advanced scientific results, giving a 
major contribution to the preservation of Cultural Heritage. 

In particular, different and complementary investigations have been performed to 
characterize the degradation forms of 50 marble fragments collected from the submerged 
archaeological site of Baia in order to define their state of decay mostly due to biological 
activity. 

Observations through stereomicroscope and scanning electron microscope revealed, in 
some samples, an intense bioerosion phenomenon, mainly attributable to endolithic forms, 
capable of excavating cavities and tunnels causing irreversible damage to the archaeological 
materials. In addition, very thick encrustations due to epilithic species have been detected. The 
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latter colonize the material surface, spoiling and leading to an aesthetic damage. Furthermore, 
on the basis of minero-petrographic investigations, it was possible to assess how the decay can 
widely vary within the same type of material depending on its proper textural features. 
Specifically, the results obtained suggest that the damage of a stone material due to biological 
colonization is inversely correlated to its compactness. 

  
References 
 
[1] H. D. Smith, A. D. Couper, The management of the underwater cultural heritage, Journal 

of Cultural Heritage, 4, 2003, pp. 25-33. 
[2] S. Dromgoole, Underwater Cultural Heritage and International Law, Cambridge 

University Press, The Edinburgh Building, England, 2013, pp. 400. 
[3] G.M. Crisci, M.F. La Russa, M. Macchione, M. Malagodi, A.M. Palermo, S.A. Ruffolo, 

Study of archaeological underwater finds: deterioration and conservation, Applied 
Physics A, 100(3), 2010, pp. 855-863. 

[4] P. Aloise, M. Ricca, M.F. La Russa, S.A. Ruffolo, C.M. Belfiore, G. Padeletti, G.M. Crisci, 
Diagnostic analysis of stone materials from under water excavations: the case study of the 
Roman archaeological site of Baia (Naples, Italy). Applied Physics A: Materials Science 
and Processing, 114(3), 2013, pp. 655-662. 

[5] M.F. La Russa, S.A. Ruffolo, S. Ricci, B. Davidde, D. Barca, M. Ricca, V. Capristo, A  
Multidisciplinary approach for the study of underwater  artefacts: the case of 
TritoneBarbato marble statue (Grotta Azzurra, Island of Capri, Naples). Periodico di 
Mineralogia, 82(1), 2013, pp. 101-111. 

[6] S.A. Ruffolo, A. Macchia, M.F. La Russa; L. Mazza, C. Urzì, F. De Leo, M. Barberio, G.M. 
Crisci, Marine antifouling for underwater archaeological sites: TiO2and Ag-Doped TiO2. 
International Journal of Photoenergy, 2013, 2013, art. ID. 251647. 

[7] M. Ricca, M.F. La Russa, S.A. Ruffolo, B. Davidde, D. Barca, G.M.Crisci, Mosaic marble 
tesserae from the underwater archaeological site of Baia (Naples, Italy): determination of 
the provenance. European Journal of Mineralogy, 26, 2014, pp. 323-331. 

[8] C. Morhange,  N. Marriner,  J. Laborel,  M. Todesco, C. Oberlin, Rapid sea-level movement 
sand non eruptive crustal deformations in the Phlegrean Fields caldera, Italy, Geology, 
34, 2006, pp. 93-96. 

[9] R.J. Bodnar, C. Cannatelli, B. De Vivo, A. Lima, H.E. Belkin, A Milia, Quantitative model 
for magma degassing and ground deformation (bradyseism) at Campi Flegrei, Italy: 
Implications for future eruptions, Geology, 35, 2007, pp. 791-794. 

[10] C. Troise, G. De Natale, F. Obrizzo, P. De Martino, U. Tammaro, E. Boschi, Renewed 
ground uplift at Campi Flegrei caldera (Italy): new insight on magmatic processes and 
forecast, Geophysical Research Letters, 34(3), 2007, L03301. 

[11] V. Paoletti, M. Secomandi, M. Piromallo, F. Giordano, M Fedi, A. Rampolla,Magnetic 
survey at the submerged archaeological site of Baia, Naples, Southern Italy, 
Archaeological Prospection, 12, 2005, pp. 51-59. 

[12] L. Bergamin, E. Romano, M.G. Finoia, F. Venti, J. Bianchi, A. Colasanti, A. Ausili, 
Benthic foraminifera from the coastal zone of Baia (Naples, Italy): Assemblage 
distribution and modification as tools for environmental characterisation, Marine 
Pollution Bulletin, 59, 2009, pp. 234-244. 

[13] S. Ricci, B. Davidde, M. Bartolini, G.F. Priori, Bioerosion of lapideous artefacts found in 
the archaeological site of Baia (Naples). Archaeologia Maritima Mediterranea, An 
International Journal on Underwater Archaeology, 6, 2009, pp. 167-186. 

[14] D. Galasso, L’area vulcanica dei campi flegrei, Editore Ist. Poligrafico dello Stato,  
Collana Itinerari di Architettura, 2009, pp. 120. 



CONTRIBUTION OF EARTH SCIENCES TO PRESERVATION OF UNDERWATER ARCHAEOLOGICAL STONE  
 

 
http://www.ijcs.uaic.ro 347 

[15] B. Davidde, Underwater archaeological parks: a new perspective and a challenge for 
conservation-the Italian panorama, The International Journal of Nautical 
Archaeology, 31, 2002, pp. 83-88. 

[16] G. Di Fraia, Nuove evidenze topografiche e monumentali di Baia sommersa, Archaeologia 
Subacquea. Studi, Ricerche, Documenti, 1, 1993, pp. 21-48. 

[17] E. Scognamiglio, Nuovi dati su Baia sommersa, Archeologia Subacquea. Studi, 
Ricerche, Documenti, 3, 2002, pp. 47-55. 

[18] * * *, Beni Culturali - Materiali lapidei naturali ed artificiali - Allestimento di 
preparati biologici per l'osservazione al microscopio ottico (Cultural Heritage, Natural 
and Artificial Stones: Preparation of Biological Speciments for the Observation by Light 
Microscopy), UNI 10923, Milano, 2002. 

[19] J. Braun-Blanquet, Plant Sociology (Transl. G. D. Fuller and H. S. Conrad). McGraw-Hill, 
New York, 1932, pp. 539. 

[20] D.A. Wikum, G.F. Shanholtzer, Application of the Braun-Blanquet Cover-Abundance 
Scale for Vegetation Analysis in Land Development Studies, Environmental 
Management, 2(4), 1978, pp. 323-329. 

[21] M. Zatoń, O.Vinn, A.M.F. Tomescu, Invasion of freshwater and variable marginal marine 
habitats by microconchid tubeworms – an evolutionary perspective, Geobios, 45, 2012, 
pp. 603-610. 

[22] S. Ricci, La colonizzazione biologica di strutture archeologiche sommerse. I casi di Torre 
Astura e Baia, Archaeologia Maritima Mediterranea, 1, 2004, pp. 127-135. 

[23] S. Ricci, G. Priori, Aspetti del degrado biologico di pavimentazioni musive sommerse, 
Pavimentazioni Storiche. Scienza e Beni Culturali. Arcadia Ricerche srl, Marghera 
Venezia, 2006, pp. 655-659. 

[24] S. Ricci, B. Davidde, Some aspects of the bioerosion of stone artifact found underwater: 
significant case studies, Conservation and Management of Archaeological Sites, 14(1-
2), 2012, pp. 28-34. 

[25] S. Ricci, A.M. Pietrini, M. Bartolini, C. Sacco Perasso, Role of the microboring marine 
organisms in the deterioration of archaeological submerged lapideous artifacts (Baia, 
Naples, Italy), International Biodeterioration & Biodegradation, 82, 2013, pp. 199-
206. 

[26] L.M. Cáceres, F. Muñiz, J. Rodríguez-Vidal, J.M. Vargas, T. Donaire, Marine bioerosion 
in rocks of the prehistoric tholos of La Pastora (Valencina de la Concepción, Seville, 
Spain): archaeological and palaeoenvironmental implications, Journal of 
Archaeological Science, 41, 2014, pp. 435-446. 

[27] L. Moens, P. Roos, J. De Rudder, P. De Paepe, J. Van Hende, M. Waelkens, A multi-
method approach to the identification of white marbles used in antique artifacts, In 
Classical Marble: Geochemistry, Technology, Trade, edited by N. Herz and M. 
Waelkens, Kluwer, Dordrecht, Netherlands, 1988, pp. 243-250. 

[28] S. Golubic, R.D. Perkins, K.J. Lukas, Boring microorganisms and microborings in 
carbonate substrates, In Study of Trace Fossils (Edited by R. Frey), Springler-Verlag, 
New York, 1975, pp. 229-259. 

[29] M. Del Monte, Trajan’s column: lichens don’t live here anymore, Endeavour, 15, 1991, 
pp. 86-93. 

[30] W.E. Krumbein, C. Urzì, Biologically induced decay phenomena of antique marble, some 
general considerations, The Conservation of Monuments in the Mediterranean Basin, 
Proceedings 2nd International Symposium (Edited by D. Decrouez, J. Chamy and  F. 
Zezza), Museed’Art et d’HistoireNaturelle, Geneve, 1992, pp. 305-325. 

[31] H.A. Viles, Ecological perspectives on rock surface weathering: Towards a conceptual 
model, Geomorphology, 13, 1995, pp. 21-35. 

[32] K. Sterflinger, Fungi as geologic agents, Geomicrobiology Journal, 17, 2000, pp. 97-124. 



M.F. LA RUSSA et al.  
 

 
INT J CONSERV SCI 6, 3, JUL-SEPT 2015: 335-348 348 

[33] F. Bungartz, L.A.J. Garvie, T.H. Nash, Anatomy of the endolithic Sonoran Desert lichen 
VerrucariarubrocinctaBreuss: Implications for biodeterioration and biomineralization, 
Lichenologist, 36, 2004, pp. 55-73. 

[34] P. Gaylarde,  G. Englert,  O. Ortega-Morales,  C. Gaylarde, Lichen-like colonies of pure 
Trentepohlia on limestone monuments, International Biodeterioration and 
Biodegradation, 58, 2006, pp. 119-123. 

[35] V. Lombardozzi, T. Castrignanò, M. D’Antonio, A. Casanova Municchia, G. Caneva, An 
interactive database for an ecological analysis of stone biopitting, International 
Biodeterioration and Biodegradation, 73, 2012, pp. 8-15. 

  
 

Received: February, 21, 2015 
Accepted: July, 24, 2015 
 
 


