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ABSTRACT: The identification of mineralogical and chemical composition of the fossil bones is essential for reconstructing the depositional
paleo-environment and burial processes, and to highlight the mechanisms triggering the fossilization processes during diagenesis. At La Polle-
drara di Cecanibbio, (the richest Middle Pleistocene paleontological and archaeological deposit in central Italy), a museum exhibits in situ
thousands of fossils deposited into a fluvial and fluvio-palustrine environment during Marine Isotope Stage 9. The aim of this research is to
disentangling between the chemical modifications undergone by the bone tissues of La Polledrara di Cecanibbio mammal remains exposed in
situ to environmental agents on the excavated surface and those undergone by bones kept or displayed in museums. X-ray Diffraction (XRD),
Raman Spectroscopy and SEM-EDS analyses were carried out to establish the chemical composition of fossil bones and the alteration occur-
red over time. To estimate the trend of the environmental parameters inside the museum, the measures of the temperature, the relative
humidity and the dew point were recorded during at least three seasons. Fluoroapatite is the principal mineral phase identified in the fossils,
testifying that the fluoritisation of the hydroxylapatite is the main fossilization process at La Polledrara di Cecanibbio. Barite and gypsum are
also present, in response to ground water qualities and geochemistry of the depositional and burial environment. In addition, efflorescences
of gypsum crystals have been detected on the surface of fossil bones. The research performed at La Polledrara di Cecanibbio suggests that
the crystallization of secondary minerals such as gypsum crystals depends on environmental conditions and the high solubility of this salt
coupled with the facility of expansion upon its re-precipitation inside the bone tissues, constitute the main cause of deterioration. Therefore,
the monitoring and stabilization of the indoor environmental parameters are essential for identifying the degradation potential factors and
process of bone degradation. They represent the best protocol to follow for preserving in situ fossil bones.
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1. INTRODUCTION The bone tissue is constituted by organic and inorganic
components, primarily hydroxylapatite [Caigx(PO4)sx(HPO4)x
(OH),-, following Winand (1961) or Casg..y(HPO4)x(PO4)ex(OH)

2«2y, following Kiihl & Nebergall (1963); where x (0 < x < 2)

The determination of the chemical characteristics of
bone and soft tissues of vertebrate remains retrieved from

archaeological and palaeontological deposits could provide
multiple clues in determining the biological aspect of animal
life, the environments they inhabited, the impact due to
human presence and anthropogenic activities, as well as the
biostratinomic and diagenetic processes leading to their
burial and fossilization (Lee-Thorp, 2002; Trueman & Tuross,
2002; Berna et al., 2004; Trueman et al., 2004; Kohn & Law,
2006; Clementz, 2012; Keenan et al., 2015; Jaouen & Pons,
2017; Silaev et al., 2017; Decrée et al., 2018; Ma et al., 2019;
Diana et al., 2020; Manthi et al., 2020; and references there-
in).

and y depend on different environmental and biological fac-
tors (Rollin-Martinet et al., 2013; Combes et al., 2016)] and,
secondarily, calcium and phosphate salts (e.g., Eliott, 2002).

The bones are continuously altered over time, during
the animal life, but especially after the death and the eventu-
al burial of their skeletal system. Alterations occur at differ-
ent scales: molecular loss, chemical substitution, elemental
enrichment, crystallite reorganization, porosity and micro-
structural changes, which may lead to the destruction of the
entire skeleton (Nielsen-Marsh & Hedges, 2000; Jaouen,
2018).
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Fig. 1 - Localization of the site of La Polledrara di Cecanibbio (Latium, Italy).

It is known that during the fossilization of bone tissues,
the intra-bone porosity changes continuously with the degra-
dation of biological material (Decrée et al., 2017) and several
changes in hydroxylapatite mineral structure, composition,
and lattice configuration may occur (Keenan et al., 2015; Kee-
nan, 2016). These changes often depend on the depositional
context, especially as regards to the characteristics
(hydrological, geochemical, and mineralogical) of sediments
within which the bones are buried, and circulating fluids (Pate
et al.,, 1989; Nielsen-Marsh & Hedges, 2000; Berna et al.,
2004; Trueman et al., 2004; Suarez & Passey, 2014; Suarez &
Kohn, 2019).

Apatite crystals usually change (Berna et al., 2004; True-
man et al., 2004), and in the early stages of the fossilization
process the carbonated hydroxylapatite is generally trans-
formed in carbonated fluorapatite (Trueman et al., 2004;
Thomas et al., 2007, 2011; Pasteris & Ding, 2009).

The fossilized bone tissue is often enriched in fluorine
(F), iron (Fe), manganese (Mn), strontium (Sr), barium (Ba)
and rare earth elements (REE) in different quantities, because
of the exchange of Ca”* cations with monovalent to hexava-
lent cations (Keenan et al., 2015, Owens et al., 2019). The
addition of a proton to PO,”and OH ions could made the
apatite lattice suitable to the substitution with COs*. This
process may lead to the substitution of OH by F'and CI ions,
and to the formation of apatite phases enriched in fluoride
and carbonate (Keenan et al., 2015 and references therein).
The presence of these apatite phases in the fossilized bones
provides further indications of fluids movement during dia-
genesis and both the permineralization and impregnation
processes of the skeletal remains (Hubert et al.,, 1996). To
scrutinize about the chemical characterization of fossilized
bone tissues is, therefore, of pivotal importance for decipher-
ing the past diagenetic processes and the alteration processes
currently affecting the structure and chemical composition of
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the skeletal remains. This knowledge may give interesting
hints for detecting the best strategies (including conservation
and restoration protocols) to ensure their preservation over
time (e.g., Mallouchou et al., 2018).

This research aims to disentangling between the chemi-
cal modifications undergone by the bone tissues of the fossil
remains exposed in situ at the Middle Pleistocene site of La
Polledrara di Cecanibbio (Roma) and the alterations generat-
ed in the period during which they remained exposed to the
environmental agents on the depositional surface after being
unearthed.

1.1. The Site: a synthetic overview

The site of La Polledrara di Cecanibbio (hereinafter LPC)
is located about 22 kilometers north-west of Rome in the
western sector of the Roman Basin, an area geologically char-
acterised by a widespread volcanic and moderate tectonic
activity and interested by the effect of Quaternary glacio-
eustatic sea-level fluctuations (see Milli et al., 2011 and refer-
ences therein) (Fig.1). The fossiliferous deposit was discov-
ered in 1984. The excavation activity, developed between
1985 and 2013 with the financial support of the Soprintenden-
za Speciale Archeologia Belle Arti e Paesaggio di Roma (SSABP
-RM), uncovered an area of about 1200 square meters mainly
consisting in a riverbed, cut into a bank of compact volcani-
clastic deposits (Anzidei et al., 2012; Castorina et al., 2015;
Santucci et al., 2016). In 2000, a museum, covering an area of
about 900 sg. m, was built thanks to a grant by Ministero della
cultura with the aim to preserve the deposit and its archaeo-
palaeontological record (Figs. 2-3).

The mammal remains are imbedded in fluvial and fluvio-
palustrine deposits belonging to the informal lithostratigraph-
ic units known in literature as Aurelia Formation (Conato et
al., 1980). Such deposits constitute the filling of an incised
valley formed during the sea-level fall following MIS 10. At
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Fig. 3 - Overview on the museum's showcase of the site, seen by SW (SSABAP-RM archive).



Samples Description Investigated portion Investigation techniques
PdC 1 P. antiquus diaphysis fragment Cortical — exposed surface SEM-EDS
PdC 2 P. antiguus bone fragment Inner portion SEM-EDS
PdC3 B. primigenius horn fragment Cortical — exposed surface SEM-EDS
PdC 4 Unspecified bone fragment. Powder of cortical — exposed surface XRD
PdC 5 Unspecified bone fragment Powder - inner portion XRD
PdC 6 P. antiquus skull fragment Cortical — exposcd surfacce Raman

PdC 7a P. antiquus rib fragment From exposed surface to inner portion SEM-EDS

PdC 7b P. antiquus rib fragment From exposed surface to inner portion Raman
PdC 8 Unspecified bone fragment Inner portion Raman
PdC9 P. antiguus long bone fragment Cortical — exposed surface SEM-EDS
PdC10 Scdimentary nodule Inner SEM-EDS

Marano F. et al.

Tab. 1 - Selected fossil bone samples collected in situ and investigation techniques used.

LPC the fluvial and fluvio-palustrine sediments deposited
during the vertical aggradation phase characterizing the sea-
level rise that marks the transition to MIS 9 (Anzidei et al.,
2012; Santucci et al., 2016; Cerilli & Fiore, 2018). Pereira et
al. (2017) recently refined the “°Ar/*Ar and ESR/U-series age
for la Polledrara fossiliferous layers to 325 + 6 ka confirming
the chronology already suggested by Anzidei et al. (2012).

The fauna, consisting in more than 20,000 skeletal
remains, is dominated by large mammals (Anzidei et al,,
2012), being Bos primigenius and Palaeoloxodon antiquus
the most abundant species, followed by Cervus elaphus. The
presence of Sus scrofa, Stephanorhinus cf. S. hemitoechus,
Bubalus murrensis, Equus ferus, Canis lupus, Vulpes vulpes,
Meles meles, Felis silvestris, Macaca sylvanus, Leporidae gen.
spec.indet., is documented by few remains. The remains of
small mammal and birds are, however, numerous. Both
murids (Apodemus sylvaticus, Iberomys cf. I. breccensis) and
arvicolids (Pliomys cf. P. episcopalis, Arvicola sp.) are pre-
sent, and in the rich avifauna, Anseriformes species prevail
(Monica Gala personal communication). The herpethofauna
is still under study.

Although the lack of pollen and plant fossil remains
prevents any compelling reconstruction of the vegetation
cover, a few hints are provided by the ecological structure of
the fauna and dental microwear and isotope analysis. The
landscape at LPC was probably characterized by a dense
arboreal cover interspersed with open spaces in conditions
of moderately humid and temperate/warm-temperate cli-
mate (Filippi et al., 2001; Palombo et al., 2005).

The temporary attendance at the site of hominin
groups is documented by the presence of hundreds of arte-
facts on flint pebbles and flakes (denticulates, notches, side-
and end-scrapers, multiple use tools), by some tools made
on elephant bones, and by several bones intentionally frac-
tured for marrow extraction (Anzidei & Cerilli, 2001). LPC
likely represented an attractive area as a source of food and
raw material, for the hunter-gatherer groups that frequent-
ed the surrounding territory (Anzidei et al., 2015). The pres-
ence of muddy, palustrine zones near to the river banks
occasionally acted as traps for elephants as documented by
the presence of two skeletons with zeugopodia and autopo-
dia still in anatomical connection and in life position. A third
skeleton, lying with limb bones in anatomical connection

gently bent on its left side on the riverbank, is surrounded on
both sides by hundreds of lithic implements, produced in situ
and used for cutting soft tissue (Santucci et al., 2016). Availa-
ble evidence indicates that at LPC human group scavenged an
elephant carcass, which died from natural causes, probably
after sliding on the mud-covered bank at the edge of a palus-
trine zone, and having been trapped in the muddy sediments
of a puddle. The butchery activity on elephant carcass is also
documented by the presence of cut marks on a bone frag-
ments (Palombo & Cerilli, in press and references therein).

The single human remain found to date is a deciduous
second upper molar of a child, 5-10 years old (Anzidei et al.,
2012). The tooth has been tentatively ascribed to Homo hei-
delbergensis, a species recorded in Italy, among others, at
the Middle Pleistocene site of Ceprano (Frosinone) (Manzi et
al., 2010; Manzi, 2016; Biddittu et al., 2020; Buzi et al., 2021
and references therein) and to which some scholars ascribed
the rich population from the well-known Spanish site of Sima
de los Huesos (Atapuerca, Northen Spain), regarded by oth-
ers as belonging to the Neanderthal lineage (e.g Stringer,
2012; Buck & Stringer, 2014; Manzi, 2016; Hanagraef et al.,
2018; Roksandic et al., 2018, 2019).

2. MATERIAL AND METHODS

2.1. Material

The material selected, treated and prepared for the
multidisciplinary analysis consists of eleven samples of one
sedimentary nodule and 10 bone fragments collected from
the surface of the riverbed (Tab. 1). The samples were select-
ed taking into account the time of the exposure: i.e. all sam-
ples belong to fossil bones or fragments exposed for more
than 10 years at the site. The exposed surface of the bones,
and both the cortical and the inner portion of the samples
were analyzed by means of the following techniques.

2.1. Methods

2.2.1. Indoor environmental parameters

The knowledge of the indoor environmental parame-
ters is of fundamental importance for understanding the
ongoing alteration processes affecting the fossil bones and
preserving them over time.
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Fig. 4 - a) Plan of the excavation with the localization of monitored areas; double square represents the museum walls. b) A panoramic view of the
northern sector of the exposed paleosurface; the red arrows indicate the monitored areas A and B. c) Monitored area B: view of the exposed and sam-

pled bones. d) Monitored area A: view of the exposed and sampled bones.

We have hourly recorded the main environmental
parameters [Temperature (°C), Relative Humidity (%) and
Dew Point (°C)] between February and April 2015 for a peri-
od of 60 days, and for 25 days in September 2015.This ena-
bles us to estimate the trend of the environmental parame-
ters inside the museum during two seasons (late winter /
early spring and the late summer). The measures have been
taken with three data loggers (Lascar electronics, EL-USB-
1HDT-250, Thermosense, UK) positioned in three different
zones (A-B-C) of the paleo-riverbed. The selected areas are
located along the northern wall (A and B), and in a central
part (area C) of the museum (square M14) (Fig. 4). Infor-
mation about the humidity and temperature trends through-
out time has been inferred by means of the average daily
collected data.

2.2.2. X-ray Diffraction analysis (XRD)

The XRD allows defining the main mineral phases com-
posing the fossil bones. The analysis was carried out on a
sample obtained 1 cm below the exposed surface and pre-
pared by grinding the bone in a mortar to obtain a fine pow-
der. Two samples (PdC 4 and PdC 5) were Powered-XRD
analysed in the aim of defining the main mineralogical phas-
es of the fossil bones. PdC4 and PdC5 consist respectively of
a thin exfoliated portion and a bone carrot extracted by
means of a cup with a diameter of 2.5 cm, both obtained
from large mammal (bovid or elephant) bone fragments. In
PdC5 only the innermost portion was preserved because the
coring damaged the cortical portion that was not analysed.

The analysis was conducted at X-ray Powered diffrac-
tion laboratory of Dipartimento di Scienze della Terra, SAPI-
ENZA Universita di Roma by means of the automatic diffrac-
tometer SIEMENS/Bruker D-5000 XRD at 40 kV and 30 mA
with an acquisition step of 2.0 seconds each 0.2 degrees. The
interpretation and the identification of the mineral phases
were based on the database of XPower12 Ver.01.02.

2.2.3. Raman Spectroscopy analysis

Raman spectroscopy analysis (SERS: Confocal and sur-
face-enhanced Raman spectroscopy, and TERS: Tip-enhanced
Raman spectroscopy) consists of powerful techniques for
molecular characterization, and it is a very promising method
for studying complex biological systems (Ferraro et al., 2003;
Zong et al., 2018; Kumar et al., 2019). Qualitative and quanti-
tative analyses constitute two of the most important aspects
of SERS application in analytical science (Zong et al, 2018),
and represent a compelling integration to other analytical
methodologies.

The measurements were carried out with a Horiba™
LabRAM HR Evolution confocal Raman microscope in back
scattering geometry. Samples were excited by the 632.8 nm
radiation of a He-Ne laser with 30 mW output power (15 mW
on the sample). The detected peaks have been compared
with RRUFF™ Project database (rruff.info) and elaborated
with ORIGIN software by OriginLab©. The technique does not
require a specific preparation of the samples.

The Raman Spettroscopy was applied on samples PdC 6,
7b and 8 in order to integrate the XRD dates by determining
the mineralogical composition over a micrometric scale, and
ascertaining the ionic substitutions in the original bone min-
eral structure during the burial. PdC6 is a P. antiquus maxil-
lary fragment. PdC7b is a transverse section of a P. antiquus
rib, obtained cutting the bone with a saw. PdC7b was ana-
lysed by means of a spectroscopic map carried out from the
exposed surface towards the lymphatic canal of the osteon.
PdC8 is an exfoliated portion sampled from a long bone frag-
ment of an unidentified large mammal.

2.2.4. SEM-EDS analysis

Scanning Electron Microscopy with Energy Dispersive X-
ray Spectrometry (SEM/EDS) is an elemental microanalysis
technique widely applied in physical and biological sciences,
engineering, technology, and forensic investigations
(Goldstein et al., 2018).



Temperature (°C) Relative Humidity (%) Dew Point (°C)

Min Mean Max Min Mean Max Min  Mean

Area A

feb 8.5 11.0 13.5 80.0 96.0 101.5 6.9 10.3
mar 75 117 16.0 90.5 100.4 104.5 6.3 11.8
apr 9.0 13.1 170 915 1000 1040 84 13.1
sept 17.5 21.2 26.0 845 958 100.0 16.8 204
Area B

feb 8.5 10.6 12.5 80.5 95.6 101.0 6.5 9.9
mar 7.0 11.4 155 90.0 100.0 1040 5.6 11.4
apr 8.5 12.7 16.0 915 99.9 103.5 7.7 12.7
sept 17.5 20.7 255 86 97.7 101.0 17.2 203
AreaC

feb 9.0 11.4 140 775 922 97.0 7.1 10.2
mar 8.0 12.3 16.5 89.0 96.3 100.5 6.5 11.7
apr 9.5 13.7 17.5 90.0 096.1 100.0 8.4 13.1
sept 18.5 21.8 26.5 825 89.1 93.0 16.3 19.9

Max

13.0
16.3
17.0
24.7

12.4
15.8
16.2
24.4

133
16.3
17.0
24.5

Tab. 2 - Environmental parameters monitored at the site during the
months of February, March, April and September 2015 in the areas A, B
and C. Min, Mean and Max values of the Temperature (T °C), Relative

Humidity (RH %) and Dew Point (DP °C) are reported.

At LPC, SEM- EDS analysis was carried out on samples
PdC 1, PdC 2, PdC 3 PdC 7a, PdC 9 and PdC10 for providing
the elemental composition of a selected area of the bone
sample and obtaining, thanks to high resolution images,
information about the structure of bone tissue and the gen-
eral physical characteristics. The samples were collected
from two long bone fragments (PdC 1, PdC 9), rib fragment
(PdC 7a), and an unspecified fragment (PdC 2) of P. antiquus,
from a horn-core fragment of B. primigenius (PdC 3), and
from a sedimentary nodule (PdC10) (Tab 1). The samples
were obtained by extracting small fragments of the bone
cortical portion by means of a small chisel and a hammer,
except for PdC 7a from which a thin cross-section was ob-
tained. The analyses were conducted mainly on the exposed
surface of the bone, except for PdC2 and PdC7a where the
inner portion was analyzed.

The bone samples were fixed on stabs of 1 cm diame-
ter and coated with a thin layer of graphite or gold and ana-
lyzed in a vacuum chamber. The acquisitions were conducted
in low vacuum with different parameters of pressure, magni-
fication and work distance, depending on the samples. The
samples were analyzed at the Laboratory of Electron Micros-
copy and Micro-analyses of the Dipartimento di Scienze della
Terra, SAPIENZA Universita di Roma, by means of a scanning
electron microscope Thermo Fisher Scientific™ FEI Quanta™
400.

3. RESULTS

3.1. Indoor environmental parameters

The values of temperature (°C) and relative humidity
(%) measured during the end of winter to the beginning of
spring and the late summer highlight a similar trend of the
average temperature in the three monitored areas (A, B, C),
though the daily values change considerably from an area to
another. The highest and lowest temperatures were record-

Marano F. et al.

ed in the area C (located in central part of the museum) and
B (located near the northern wall of the museum) respec-
tively. In the area A (located close to the windows is exposed
to the sun in the first part of the day) the values of tempera-
ture are halfway. As expected, the temperatures recorded
during the day and the night differ considerably.

In the area A, the average temperature varies from 11°
C in February to 21.2°C in September, with a minimum and
maximum value of 8.5°C and 13.5°C in February and 17.5°C
and 26°C in September. In the area B, the average tempera-
ture varies from 10.6°C in February to 20.7°C in September,
with @ minimum and maximum value of 8.5°C and 12.5°C in
February and 17.5°C and 25.5°C in September. In the area C,
the average temperature varies from 11.4°C in February to
21.8°C in September, with @ minimum and maximum value
of between 9°C and 14°C in February and 18.5°C and 26.5°C
in September.

Conversely, the average daily relative humidity does
not substantially differ in the areas A and B, while the area C
is drier.

In the area A, the average relative humidity varies from
96% in February to 95.8%° in September, with a minimum
and maximum value of 80% and 100% in February and of
84.5% and 100% in September. In the area B, the average
relative humidity varies from 95.6% in February to 97.7% in
September, with a minimum and maximum value of 80.5%
and 100% in February and 86% and 100% in September. In
the area C, the average relative humidity varies from 92.2%
in February to 89.1% in September, with a minimum and
maximum value of 77.5% and 97% in February and 82.5%
and 93% in September (Tab 2).

The higher relative humidity in the area A and B likely
depends on their temperature variations, which often inter-
cept the dew point line. As a result, the air approaches the
saturation point and the water availability increase. In the
area C, where the temperatures are always higher than the
dew point, the availability of water is virtually nothing (Fig.
5).

3.2. Mineralogical and chemical composition

3.2.1. XRD analysis

The XRD analysis enables us to identify the main miner-
al phases characterizing the samples PdC4 and PdC5. In
PdC4, three mineral phases have been identified: Fluoroap-
atite (Cajo(PO4)6F2 according to Leroy and Bres, 2001), Gyp-
sum-Calcium (CaSO4) and a sorosilicate mainly composed of
Ba, which respectively correspond to three peaks of decreas-
ing intensity in the spectrum (Fig. 6a). The XRD spectrum of
the samples PdC5 is characterized by two main mineral phas-
es identified as Fluorapatite and Barite (BaSO4) (Fig. 6b).

3.2.2. Raman Spectroscopy

As regards Raman Spectroscopy, two different acquisi-
tion point (Ptl and Pt2) were detected on sample PdC8
showing a main frequency of the PO,*site at 960 cm™as
typical of apatite group Cas(POy4)3[F, OH, Cl]. The Raman
spectrum of the Pt2 shows another spectral structure corre-
sponding to 600 cm”referred to magnesio-ferrite mineral.
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Fig. 5 - Trend of daily temperature (T °C), relative humidity (RH %) and dew point (DP °C) - maximum (yellow line), medium (red line), and minimum
(blue line), monitored in areas A, B and C during the months of February, March, April and September 2015.

Moreover, the peaks of 960 cm™are lightly blue-shifted
reaching a frequency of 964,0 +- 0,2 cm™and the FWHM (Full
Width at Half Maximum Height) at 10,5 +-0,2 cm™. According
to RRUFF™ Project database (rruff.info) it is reliable to attrib-
ute the peaks to the fluoroapatite, confirming as detected by
XRD. The colored thermal scale obtained by spectroscopic
map carried out on the sample PdC7b shows a uniform in-
tensity signal of the peak at 960 cm-1 in correspondence of

osteon.

3.2.3. SEM-EDS analysis

The results obtained by SEM EDS analysis highlight a
permineralization of sulfates crystals impregnating the bone
tissue and sometimes incrusting the bone surface. In the
sample PdC1, the external surface of the analyzed fossil
bones rough, compact and, locally slightly fractured. The
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Fig. 6 - a) X-Ray Powered diffraction spectrum of the sample PdC4, two main peaks have been recognized: Fluoroapatite (red), and Gypsum (blue); b) X-
Ray Powered diffraction spectrum of the sample PdC5 where two main peaks have been recognized: Barite (green) and Fluoroapatite (red).
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Fig. 7 - a) Gypsum efflorescence on P. antiquus diaphysis exposed in situ where the sample PdC1 was collected from; b) SEM image at 1500 magnifica-
tion of sample PdC1, the squares A, B and C represent the point where the elemental analyses with EDS has been conducted; c) the EDS spot at the
point A, corresponding to the bone surface, is characterized by typical peaks of the Apatite with elemental composition in Calcium (C) and Phosphorus
(P); d) the EDS spot at the points B and C, corresponding to whitish efflorescence visible on the exposed bone, where the main elemental peaks are

Sulphur (S) and Calcium (Ca).

elemental peaks detected by EDS, revealed a main composi-
tion in phosphorus (P) and calcium (Ca), as it typically occurs
in bone apatite (Fig. 7). Other accessory peaks such as silicon
(Si), aluminum (Al), magnesium (Mg), and fluorine (F) have
also been detected. In sample PdC3 and PdC9, the surface of
the bone is characterized by the presence of crystals com-
posed mainly by sulphur (S) and calcium (Ca) in addition to
the P and Ca peaks (Fig. 8).

In the sections (samples PdC2 and PdC7a), observed
transversally from the cortical surface of the bone toward
the inner portion, a compact structure of the bone with
some fractures has been observed and the osteons and lym-
phatic canals have been recognized. In PdC2, some canals
are not empty but filled with several prismatic and sometime
tabular crystals (Fig. 9). In PdC7a, most of the Haversian
canal situated in the portion of the sample corresponding to
the bone part lying on the riverbed, and the main bone frac-
tures are filled with tabular crystals (Fig. 10a). In both sam-
ples the crystals grow usually in a definite and oriented di-
rection and are composed by barium (Ba) and sulphur (S)
(Figs. 9d and 10d-e).

In all EDS spots, the Ba shows three peaks (o, B and y)
indicating the presence of its complete phase (Figs 9e and
10f). The association of the elements we have found sugge-

sts the presence of barium sulphate or barite (BaSO4).

In the sedimentary nodule PdC10, the internal part is
characterized by euhedral tabular and elongated crystals of
Barite (Fig. 11).

4. DISCUSSION

4.1. Indoor environmental parameters

The alteration processes affecting the fossil bones at
LPC (especially the dissolution and re-precipitation of sul-
phates) mainly depend on the notable seasonal changes and
intense thermal daily excursion of the indoor environmental
parameters (temperature and humidity).

The humidity at the site is mainly related to the water
that during the rainy period, due to capillarity action in the
porous volcanic sediments, makes the paleo-riverbed moist.
On the one hand, the enriched water availability on both
sediment and bone surfaces activates the crystallization-
dissolution cycles of salts, gypsum in particular. On the other
hand, during drought period, the increasing in dryness could
cause mechanical damages, sometimes confused with modi-
fications caused by diagenetic process. Salts precipitation
happened due to thermo-hygrometric factors provokes,
indeed, to fossil bones a number of damages (even on a very
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Fig. 8 - a) Bos primigenius horn exposed in situ where the sample
PdC3 was collected from, the fossil is characterized by salts efflo-
rescence causing exfoliation and disintegration; b) SEM image at the
2800 magnification of the sample PdC3, the crystal clusters are char-
acterized by rose-like shape as typical of gypsum crystals; c) the EDS
elemental spot showing the composition of the crystals in Ca and S
ascribed to Calcium Sulphate (gypsum).

small scale) such as fractures, crumbling of the exposed
surface, erosion and disintegration (Benavente et al., 2011).

Therefore, it is probable that the gypsum detected in
the bones at LPC is due to its facility of precipitation in the
fractures of diagenetic origin and induced by cracks derived
from dissolution-recrystallization cycles. It could be also
hypothesized that the precipitation of barium salt (barite)
inside the bone fractures and cavities (though occurring at a
different time and with a different pace) may be triggered by
the alternating environmental conditions at the site.

The environmental conditions recorded at LPC also
cause the growth of photosynthetic biofilm both on sedi-
ments and the fossil bone surface, especially where there is
water availability, producing at first aesthetic detrimental
effects. Marano et al. (2016) documented the presence of a
number of associated microorganisms such as algae, fungi
and mosses. In particular the authors focused the attention
on cyanobacteria belonging to the genus Leptolyngbya,
which colonizes and grows on the exposed surface of the
fossil bones at LPC. The endolitic power of the representa-
tives this genus have been documented as regards to the
deterioration of marble, fagade, limestone monuments and
Roman catacombs (Tomaselli et al., 2000; Miller et al., 2009;
Bruno & Valle, 2017; Gallego-Cartagena et al., 2020), and can
be also hypothesized for the fossils of LPC. The chemical
composition, the roughness of the surface, the porosity and
the texture of the substrata are discriminating factors that
control the bioreceptivity of the material (Korkang & Savran,
2015). The elements composing the bone substrata are
mainly P and Ca, but also other elements, such as Potassium,
Sulphur, Iron and Magnesium have been detected by EDS
analysis. These are the essential trophic elements for the
growth of cyanobacteria and algae. Moreover the presence
of gypsum as component of saline efflorescence could in-
crease the trophic system and can be used by cyanobacteria
as sulfate source (Vijayakumar, 2014), increasing the damage
risk for La Polledrara bones.

4.2. Mineralogical and chemical composition

The identification of mineralogical and chemical com-
position of fossil bones has a pivotal importance for proper
understanding of the biostratinomic processes and the dia-
genetic mechanisms leading to the preservation of verte-
brate remains in their deposition context, (Trueman et al.,
2004; MclLaughlin & Lendev, 2011; Piga et al., 2011 and ref-
erence therein; Thomas et al., 2011). Similarly, it is crucial to
ascertain to which extend environmental physical and biotic
factor may affect the status of fossil bones if they are dis-
played in situ, on the surface of the sediment they were
retrieved from. Knowing past and ongoing processes of bone
modifications enable planning the correct procedures to
avoid and limit any potential deterioration process. The de-
terioration processes may be caused by several factors, most
related to the environmental parameters, such as tempera-
ture and humidity, and their instability. Available evidence
confirms, indeed, that water and light are among the main
factors causing deterioration of palaeontological and archae-
ological material exposed to environmental agents (Caneva
& Ceschin, 2007).
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Fig. 9 -SEM-EDS images of Barium Sulphate crystals found during the observation of the cortical portion of the fossils (PdC2), X corresponds to detected
points: a, b and c) SEM images at 1600 magnification showing fractures and channels filled with Barite euhedral tabular crystals; d) SEM image at 3000
magnification with Barite crystals growing in a channel; e) EDS spot conducted on crystals showing all peak of Ba and S.
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Fig. 10 -SEM-EDS images of the thin transversal section (PdC7a) obtained from an elephant rib. The section is oriented: the upper part corresponds to
the exposed surface while the lower portion lay on the paleo riverbed. a) the section at 50 magnifications shows the internal structure with the osteons
and Haversian canals, a series of main fractures are visible running from the top to the bottom of the sample and transversally specially in uppermost
portion, micro fractures are also present on entire surface of the sample; b, c) some of the biggest fractures and some osteons at the bottom of the
sample appear filled with crystal that give a white fluorescence; d) the big fracture crossing the whole section where euhedral crystals are growing
upward; f) EDS spot detected on crystals filling the fractures and Haversian channels showing all peaks of Ba and S.
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Fig. 11 - SEM images at 800 magnification of the inner portion of

sedimentary nodule (PdC10) characterized by elongated, tabular and
oriented crystals. Ba and S characterize their elemental composition.

Several authors consider the process of fluoritisation of
the Hydroxylapatite (i.e. the replacement of OH- ions by F-
ion), directly related to the neighboring environment charac-
teristics (Leroy & Bress, 2001; Thomas et al., 2007, 2011) and
the most frequent process of substitution undergone by the
biogenic apatite (Piga et al., 2009, 2011).

Arnoldus & Anzidei (1993) and Arnoldus et al. (2001),
detecting the presence of the gypsum (CaSO,) and barite
(BaS0O,) only in sediments, hypothesized that the process of
fossilization of the LPC bones may have triggered by their
indirect contact with ashes and fluorine-containing water.

The presence at LPC of fluorine in the fossil bones and
in a number of the abundant centimetric nodules present in
sediments filling the paleo-riverbed (particularly near the
river bottom) is in agreement with the high content of Ba
detected as trace element in the uppermost sediments of the
local stratigraphic section (Castorina et al., 2015). A high con-
centration of Ba forming barium sulfate minerals has been
reported in some fluorine deposits cropping out in Northern
Latium, but its origin and genesis are still a matter of debate
(Matteucci, 1976; Di Sabatino et al.,, 1979; De Rita et al.,
2012). Several deposits of barite and other sulfates such as
Celestine (SrSO,) have been recognized and described in terri-
tories surrounding the LPC area (Barbieri & Masi, 1978).
Mastrangelo (1976), for instance, described some fluoride
deposits enriched in barite minerals at Valle Santa, a locality
few kilometers north to LPC. The same deposits are correlat-
ed by Arnoldus & Anzidei (1993) with the fluoride whitish
layers outcropping near La Polledrara fossiliferous deposit.

Trueman et al. (2004) detected the presence of barite
as the second most abundant authigenic mineral, formed in
situ in response to the geochemical process in several recent
bones exposed during a time of 26 years in the tropical savan-
nah environment of Amboseli National Park. The presence of
barite crystals concentrated in the most external osteon cavi-
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ties suggests a fast precipitation of the mineral in response to
the circulation features of the ground water and the elements
dissolved in it. Scrutinizing processes leading to the presence
of Ba may provide some clues about the hydrochemistry
characteristics of a terrestrial environment during the animal
life (Briigmann et al., 2012; Hanor, 2000). Merk et al. (2017),
for instance, aiming at scrutinizing the biomineralization pro-
cesses in the plant kingdom, experimented how the BaSO,
organizes the crystals in a wood structure. The authors ob-
tained an oriented growth of BaSO, crystals confined in the
complex and highly directional cell architecture of wood,
highlighting a prevalent and fast crystallization of BaSO, at
different hierarchical levels in the cavities.

At LPC, the presence of Ba forming barite crystals in the
bone tissue cavities provides some hints about biostratinomic
processes and the hydrochemistry characterizing the environ-
ment during the burial and fossilization phases. The presence
of barium sulfate crystals, oriented in the osteonic (haversian)
canal and in the main fractures, which were produced by
weathering and transport before the burial, indicates that the
circulation of ground waters enriched in high contents of ions
Ba' and SO,”and F favored both the precipitation of barite
mineral in the cavities of bone tissue and fractures and the
hydroxlyapatite fluoritization process skeletal remains after
their deposition and burial process.

Arnoldus & Anzidei (2001) reported the presence of
some large imprints of radial gypsum crystals in La Polledrara
fossiliferous sediments. They were likely originated by the
chemical interaction between the bone calcium and the sul-
phur contained in the circulating fluids or gasses. A large
amount of carbonates and sulfates, accompanied by other
elements, is present both in the deep hydrothermal reservoir
and in the shallower water reservoir of the Sabatini Volcanic
District (Cinti et al.,, 2017, 2019, and reference therein).
Therefore, it is rationale to suppose that both the calcium
present in the bones and mainly the Ca+ ions typically circu-
lating in groundwater of the Sabatini Volcanic District sup-
plied the Ca* needed for the gypsum precipitation. Some
gypsum crystals have also been detected on the surface of
the fossil bones at LPC. Their “rose-like” shape indicates a
very fast precipitation, comparable with that of the whitish
efflorescence that affects archaeological building stones.

The gypsum efflorescence have been acknowledged to
be the principal salt sulphate causing deterioration on cultur-
al heritage (mortar, paintings, facades, hypogea environment,
and building stones in general) (Rodriguez-Navarro &
Doehne, 1999; Bugini et al., 2000; Albertano et al., 2003;
Rijniers et al., 2005; Cardell et al., 2008; Benavente et al.,
2011; Lopez-Arce et al., 2011; Barca et al., 2014 and refer-
ences therein; Zammit et al., 2011) and triggering the devel-
oping of microorganisms (Marano et al, 2016; Lepinay et al.,
2018, and reference therein; Marano unpublished data).

The high solubility of this salt and the facility of expan-
sion upon its re-precipitation inside the bone structures con-
stitute the main cause of deterioration. Since the crystalliza-
tion of secondary minerals such as gypsum crystals is strictly
related to environmental condition and in particular to the
humidity and water availability, a monitoring of the environ-
mental conditions is of crucial important for the preservation
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of fossil bones whatever they are kept or displayed.
5. CONCLUSION

The identification of befitting conservation strategies is
of crucial relevance especially in the case of skeletal remains
preserved in situ and possibly exposed to the aggression of
biotic and abiotic agents, such as humidity, temperature,
sunshine, possible aggression of biological agents, particular-
ly the growth of biofilms. The musealized portion of the La
Polledrara di Cecanibbio fossiliferous deposit, one of the
richest in P. antiquus remains and the most fascinating in
Italy, offered a pivotal case study for deconstructing pattern
and processes of fossil bones deterioration and inferring
compelling protection actions.

Results obtained by this study highlight the particular
importance the determination of the indoor environmental
parameters has for properly understanding the alteration
processes in progress and disentangling the past processes
related to biostratinomy and diagenesis.

Fluoritization was the main process occurring during
the diagenetic modification of the bone remains at LPC that
favored the fossilization. The presence of oriented Barite
crystals, detected in the main fracture and in the osteonal
cavities by means of high-resolution SEM images, indicates
that a precipitation of sulfate salts occurred, and perhaps it
is still in progress, due to the enriched fluids that grow up for
capillarity during the rainy period, which favored the availa-
bility of water on the surface in some areas of the museum
for most of the year. As a result, fossils continue to be wet
for long time, and the precipitation and dissolution cycles of
salts cause mechanical damages, chemical aggression and
facilitate biological attacks. The exfoliation, erosion, powder-
ing, dissolution and endolithic attack of the bone surface,
could threaten the notable scientific value of the site, ham-
pering the development of researches. An optimal preserva-
tion of the bone surface is, for instance, the primary require-
ment for detecting evidence of human butchery activity on
fossil bones, particularly cut marks, but also for deepened
anatomo-physiological studies. Accordingly, the potential
archaeological and scientific value of the palaeontological
record decreases as the deterioration process increases.

All in all, this research highlights the main process
affecting fossil bones after they have been uncovered, and
stresses how the stabilization of the indoor environmental
parameters could be regards as best protocol to reduce the
damage risk of exposed bones.
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