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Abstract

The conditions of the burial environment trigger microstructural modifications and

physical-chemical changes in the bone, such as chemical dissolution, increase of crys-

tallinity, chemical exchanges, collagen degradation and changes in porosity, hence to

reproduce these patterns is a challenging task. This work presents a new method to

accelerate the diagenetic processes in the laboratory. Artificial aging is obtained by

immersion at 80�C in “enriched” solutions derived from the leaching of gravesoils,

maintaining the same pH, for 1 month, on modern bones collected from an autopsy.

Two distinct solutions from two graves of the necropolis of Travo (IT) (7th–8th cen-

tury AD) were adopted. The induced damage patterns, on the bone microstructure

and the organo-mineral fraction, have been compared with those observed on buried

skeletal elements from the same graves, by providing a multi-analytical approach

(BSE-SEM, EMPA, FT-IR, MP-AES). Bioapatite parameters, such as crystallinity index

and Ca/P molar ratio, evolved similarly and, in some cases, reached the same values

of buried bones. Conversely, in the absence of microbial activity, the organic fraction

better survived the artificial aging. For the same reason, the porosity due to bioero-

sion was absent in the artificially aged samples, whereas the biological pores and the

post-mortem fractures exhibited the same histomorphology. It is believed that the

opportunity of reproducing the diagenetic changes by replicating the chemical envi-

ronment of the burial site at the laboratory scale is of great interest to forensic sci-

ence and archaeology (e.g., to reconstruct the burial environment).
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1 | INTRODUCTION

Bone is a highly specialized connective tissue, with an organo-mineral

hierarchical organization, undergoing physical, chemical, and biological

post-mortem modifications. After death, mostly owing to the activity of

microorganisms, the organic fraction is degraded by collagen hydrolysis

(Child, 1995; Collins et al., 2002; Hedges, 2002), resulting in the

opening of fibrous collagen proteins, which favors the dissolution of

the inorganic fraction, carbonate-hydroxyapatite (CHA) (Keenan, 2016;

Keenan et al., 2015). The chemical dissolution of the mineral fraction

exposes the organic matrix to the attack of microbes, promoting the

degradation of proteins (Collins et al., 2002). However, bioapatite can

recrystallize in a more thermodynamically stable form over time under a

range of pH conditions (7.8–8) (Berna et al., 2004).
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The extent of bone degradation depends both on intrinsic factors

(composition, species, biological age) and on several extrinsic factors

(type of burial, post-depositional history, burial environment). In par-

ticular, temperature, pH, type of sediment, soil geochemistry, water,

and so forth play a key role in dictating the state of preservation of

skeletal remains in the archaeological and forensic records (Caruso

et al., 2020, and references therein).

Experimental studies have been performed at the laboratory scale

using animal bones to test the influence of the environment on bone

degradation. Behrensmeyer (1978) exposed, for over 12 years, animal

carcasses in buried and sub-aerially conditions to explore their overall

susceptibility to physical and compositional degradation, with respect

to the soil/water environment. The recorded bone weathering rate

provided clues to characterize the archaeological sites, with respect to

the deposition conditions (such as duration of occupation, condition of

burial, and presence of non-cultural bone material). Later, similar experi-

ments using animal carcasses, in a series of controlled buried and

unburied scenarios (i.e., climate-controlled greenhouse environment),

have been conducted to monitor changes in the mineral crystallinity

and the histological integrity of bones, mainly induced by bacterial

bioerosion, over a period ranging from 6 months (Boaks et al., 2014;

Fisk et al., 2019; Krajcarz, 2019; Walden et al., 2018; White &

Booth, 2014) up to 40 years (Fernández-Jalvo et al., 2010; Kontopoulos

et al., 2016; Trueman et al., 2004). In the early post-mortem period

(<1 year), White and Booth (2014) demonstrated that the survival of

bone biomolecules and the histological integrity of bones mainly

depend upon the mechanisms of skeletonization. Also, Fisk et al. (2019)

asserted that the compositional and physical changes in buried skele-

tons may vary according to the maturity of bones. Walden et al. (2018)

claimed that the elemental concentration of bone traced the original

sediment in which skeletons were deposited. Moreover, Boaks et al.

(2014) and Krajcarz (2019) demonstrated that the concentration of

selected chemical elements in bone and the degree of deterioration of

collagen may be used to predict the time since death (i.e., the post-

mortem interval; PMI) in case of human remains with unknown date of

deposition. Recently, Mein and Williams (2023) presented a novel

method for PMI estimation by counting normal versus diagenetic oste-

ocyte lacunae within the microstructure of the bone. The authors

recorded evidence of altered osteocyte lacunae in a short post-mortem

period (<4 weeks) and highlighted the crucial role played by intrinsic

gut microbiota and depositional environment (soil vs. surface

decomposition) on bone bioerosion. Long-term studies of bone degra-

dation indicated that bones in contact with the soil undergo rapid and

extensive mineralogical and chemical alteration, including the growth of

bioapatite crystallites and the precipitation of authigenic minerals, facili-

tated by the decomposition of the organic matrix (Trueman

et al., 2004). Otherwise, the alterations induced by the environmental

agents on the mineral compartment of bone and on collagen proteins

after death are difficult to identify (Fernández-Jalvo et al., 2010). More-

over, the macroscopic appearance and microscopic preservation of

bones may be significantly different, since every skeletal element may

follow a unique diagenetic trajectory, because of their biomechanical

characteristics, age, diseases, and so forth (Kontopoulos et al., 2016).

Laboratory-based degradation experiments under acidic condi-

tions on modern and archeological animal bones (High et al., 2015)

indicated that the loss of bone minerals is accelerated at low pH and

leads to the increased breakdown of the bone collagen; a process has-

tened in archaeological samples. Similar experiments have been rarely

conducted on human cadavers, even if the histological microarchitec-

tures and the distribution of organic and inorganic components differ

in bones from different species, leading to diverse diagenetic trajecto-

ries (Kendall et al., 2018). Delannoy et al. (2016) employed defleshed

bone fragments sampled from autopsied individuals. They tested the

loss of bone mass for 90 days to predict the PMI, according to burial

locations and conditions in which they were placed. Their results

proved that the study of the effects of diagenesis, defined as all

cumulative physical, chemical, and biological processes that alter the

bone tissue in the burial environment (Guarino et al., 2006), may pro-

vide valuable information on the history of bones, in terms of the local

burial environment and anthropogenic practices.

In this scenario, the current study presents the potential of a new

laboratory-based method to artificially induce degradation in human

bones during a short period (1 month), to replicate the bone deterioration

effects observed in the archaeological record and caused by the contact

with the burial soil. Fresh bones were sampled from an autopsied individ-

ual and were aged by immersion in solutions obtained from the leaching

of two distinct soils from burials of the same archaeological site.

Since the “time-factor” is crucial when performing aging experi-

ments (High et al., 2015), the bone degradation kinetics were acceler-

ated by performing the experiments at 80�C, maintaining the same

conditions of pH observed in the original gravesoils.

The proposed methodology was validated by comparing the

artificially induced modifications with those recorded in the archaeological

bones buried in the soil from which the leachates were obtained. A multi-

analytical approach was adopted for histological, mineralogical, and chem-

ical analysis of the bones, the conditioning solutions, and the gravesoils.

This innovative and preliminary approach attempts to overcome

some limitations of the abovementioned experiments, since it (i) is not

too time-consuming, (ii) can be performed at the laboratory scale,

(iii) requires a minimal sample preparation, (iv) is reproducible, and

(v) involves an easy and fast data collection procedure. For these rea-

sons, this approach can be extended to further research cases, in the

light of gaining a better understanding of the role played by the differ-

ent diagenetic processes in the preservation of the bone tissue, thanks

to the possibility of recreating different post-mortem scenarios and

environmental conditions at the laboratory scale.

2 | MATERIAL

2.1 | Buried bones from the necropolis of
Sant'Andrea, Travo (IT)

The studied area is in the territory of Travo (Italy), in the Trebbia Valley,

on the Western Apennines, at 170 m above sea level, on the left bank

of the Trebbia River. Travo is located where the lithotypes of Luretta
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Valley merge, NO-SE orientated to the Apennine mountain chain. This

formation is constituted by two lithostratigraphic units dated from

Upper Pliocene to Middle Eocene. Sedimentary lithotypes characterize

the area made of debris, conglomerates, sandstones, siltstones, argillites,

marls, limestones, and jaspers. Igneous and metamorphic rocks are also

frequently found. Moreover, as superficial deposits, fluvial materials

derived from recent and present-day alluvial deposits can be observed.

The studied gravesoils are mainly vertisols, produced by weathering of

the clay-rich parent material during the wet and dry seasons.

The necropolis of Sant'Andrea was discovered in 2005, and

117 tombs, mainly earthy pits, for a total surface area of 545 m2, dated

from the 7th to 8th century AD (Conversi & Mezzadri, 2011), have been

excavated. Most of the human inhumations recovered were deposited

in single tombs in supine position and belonged to adult individuals.

Two tombs, numbered 17 and 50 (hereafter reported as T17 and T50,

respectively), which preserved the remains of entire skeletons of male

adult individuals (30–50 years old; Brooks & Suchey, 1990 and

Buikstra & Ubelaker, 1994), were selected. The samples used in this

study were obtained by cutting two transverse sections from one

femur for each individual. Femora were selected for a PhD project

(Caruso, 2017) and then used here for their availability and high conser-

vation in the ground, compared with other skeletal elements.

As reported in Table 1, the buried bones are labeled B as buried

bone, followed by the tomb number (i.e., B17 means buried bone from

T17). Similarly, the gravesoil samples are labeled G as gravesoil, fol-

lowed by the number of the tomb (i.e., G17 means gravesoil of T17).

2.2 | Fresh bones

The fresh human bones were obtained from two skeletal elements

of one single adult male autopsied individual (38 years old) at the

Institute of Legal Medicine of Milan (Italy), according to Police

Mortuary Regulations (DPR 285/90 art. 43). During autopsy, two dif-

ferent anatomical skeletal regions are always sectioned and studied,

namely, skull and rib cage; hence, because of their availability, they

were selected for this study.

One section of the cranium and rib was collected during the

forensic autopsy. Then, each one was split into seven pieces of similar

size (approximately 1 � 1 � 1 cm) using a diamond-coated low-speed

rotary saw and immediately manually defleshed. Another section of

the cranium and rib was initially left untreated to be used as a control.

The fresh bones used as control are labeled: C for cranium and R

for rib (Table 1).

The skeletal elements collected for the aging experiment differed

from the ones of archaeological provenance, because of the availability

of the bone material, as specified above. However, the biological age

was kept the same (see Table 1), to minimize the differences in terms of

collagen content and chemical composition at death. According to

Crowder and Stout (2011), cranial, rib, and femur bones are comparable

for histology, mineral, chemical, and collagen assessment, and these

parameters seem to evolve similarly during the diagenesis irrespective

of the type of bone (Margariti et al., 2019; Rogoz et al., 2012).

3 | METHODS

3.1 | Aging test

The two fragments of fresh cranium and rib were immersed into two

“enriched” solutions with the chemical elements extracted from the

gravesoils of T17 and T50, to simulate the natural decomposition

process.

The “enriched” solutions were obtained as follows: 10 g of grave-

soil for each tomb was treated with 25 mL of demineralized water

(pH 8.36) for 48 h, and then the residue was filtered. These “enriched”
solutions were used for the laboratory-based-degradation experiment,

and their pH, measured after the preparation, was found to be 7.98,

similar to one of the gravesoils. Demineralized water was used in the

experiment to replicate natural atmospheric precipitations. The chemi-

cal changes that occurred before and after the experiment in the

“enriched” solutions were monitored by the Microwave plasma–

atomic emission spectrometry (MP-AES).

In Table 1 the labeling of the “enriched” solution and the aged bone

is summarized. The “enriched” solutions kept as control are labeled S, as

a solution, followed by the number of the tomb from which the

gravesoil comes (i.e., S17 means solution derived from the leaching of

the gravesoil of T17). Instead, the “enriched” solutions left in contact

with the bones for 30 days, generally named aged solutions, are labeled

as follows: XYZ_K where X = S, solution; Y = A, aged; Z = 17 or 50, for

S17 and 50, respectively; _K = C or R for cranium and rib, respectively

(i.e., SA17_C means solution S17 aged with the cranium).

After the preparation of the “enriched solutions,” two pieces of

fresh cranium and rib were immersed in 4 mL of each solution in

sealed PFA containers and then placed in an oven at 80�C (High

et al., 2015) for 1 month. This should accelerate the deterioration pro-

cess, since the heating should increase the reaction/degradation rates

concerning those expected at room temperature. The samples were

extracted at 15 and 30 days, and the mineralogical and chemical com-

position of bones was determined by employing electron microprobe

analysis (EMPA) and Fourier transform infrared spectroscopy (FT-IR).

These so-called aged bones are labeled as follows (Table 1):

XYZ_K, where X = C or R for a fragment of cranial and rib bone,

respectively; Y = A, aged; Z = 17 or 50, for S17 or S50, respectively;

_K = 15 or 30, for the days left from the beginning of the test

(i.e., CA17_15 means cranium aged, immersed in S17 for 15 days).

3.2 | Gravesoils analysis

3.2.1 | Physical analysis

Particle size analysis of gravesoil was performed using 100 g of the

fine earth fraction obtained by one or more subsequent quartering.

The obtained fraction was weighed and then pre-treated with hydro-

gen peroxide (H2O2, 130 v/v) to destroy the organic matter, which, by

favoring aggregate formation, could interfere with the analysis. Two

distinct methodologies were employed to characterize different
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TABLE 1 Information on experimental conditions is provided for every sample, labeled with different ID codes.

Bone
sample ID Description Age/provenance

Biological
age at
death/sex pH

Temperature
(°C)

Time

elapsed
of aging
test (days) Gravesoil

Control samples

C Cranium fresh (control) Present/Autopsy 38/male ‐ Room 0 ‐

R Rib fresh (control) ‐ Room 0 ‐

Aged samples

CA17_15 Cranium aged left in S17 for 15 days Present/Autopsy 38/male 8 80 15 Tomb 17

CA17_30 Cranium aged left in S17 for 30 days 8 80 30 Tomb 17

CA50_15 Cranium aged left in S50 for 15 days 8 80 15 Tomb 50

CA50_30 Cranium aged left in S50 for 30 days 8 80 30 Tomb 50

RA17_15 Rib aged left in S17 for 15 days 8 80 15 Tomb 17

RA17_30 Rib aged left in S17 for 30 days 8 80 30 Tomb 17

RA50_15 Rib aged left in S50 for 15 days 8 80 15 Tomb 50

RA50_30 Rib aged left in S50 for 30 days 8 80 30 Tomb 50

Archaeological samples

B17 Buried bone from T17 7th–8th century AD/

Necropolis of Travo

30–50/male 8 ‐ ‐ Tomb 17

B50 Buried bone from T50 8 ‐ ‐ Tomb 50

Gravesoil ID Description Age/Provenance pH Gravesoil

G17 Gravesoil of Tomb 17 7th–8th century AD/

Necropolis of Travo

7.38 ‐ ‐ Tomb 17

G50 Gravesoil of Tomb 50 7th‐8th century AD/

Necropolis of Travo

8 ‐ ‐ Tomb 50

Solution ID Description pH Temperature
(°C)

Time
elapsed
of aging
test (days)

Gravesoil

S17 Solution that derived from the

leaching of the gravesoil of T17

(control)

8 Room 0 Tomb 17

S50 Solution that derived from the

leaching of the gravesoil of T50

(control)

8 Room 0 Tomb 50

SA17_C Solution aged that derived from the

leaching of the gravesoil of T17 and

left for 30 days in contact with

cranium

8 80 30 Tomb 17

SA17_R Solution aged that derived from the

leaching of the gravesoil of T17 and

left for 30 days in contact with rib

8 80 30 Tomb 17

SA50_C Solution aged that derived from the

leaching of the gravesoil of T50 and

left for 30 days in contact with

cranium

8 80 30 Tomb 50

SA50_R Solution aged that derived from the

leaching of the gravesoil of T50 and

left for 30 days in contact with rib

8 80 30 Tomb 50

SG17 Solution of the gravesoil of T17 8 ‐ ‐ Tomb 17

SG50 Solution of the gravesoil of T50 8 ‐ ‐ Tomb 50

4 of 17 VALENTINA ET AL.
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granulometric fractions: the sand fraction (particles of diameter vary-

ing between 2 mm and 63 μm) was determined by sieving, whereas

the silt fraction (particles of diameter varying 63 and 2 μm) was deter-

mined by the Casagrande aerometer method (Avery, 1974; Gale &

Hoare, 1991). The amount of clay was deduced by subtracting the

sands and silts from the initial weight of the sample.

The pH was determined in distilled water, using the sample sieved

to 2 mm. For each sample, 10 g of gravesoil was added to 25 mL of solu-

tion (proportion gravesoil/solution of 1/2.5); the suspension was placed

on a shaker for 20 min and then left to stand for 24 h. The pH measure-

ment was carried out using an automatic dual-point calibration tester.

Organic carbon determination of the original representative sam-

ple was obtained through the standard method by Walkley and Black

(1934), which uses the reduction of potassium dichromate K2Cr2O7

excess by organic matter and the subsequent determination of the

remaining K2Cr2O7 by oxide-reductive titration iron with a solution

of iron ammonium sulfate. The weight of the samples was approxi-

mately 0.250 g.

3.2.2 | Chemical analysis with MP-AES

MP-AES was used to analyze the gravesoils. Samples were prepared as

follows: after sieving the fine earth fraction, in quantities of about 100 g,

T17 and T50 gravesoils were quartered to obtain two homogeneous

representative sub-samples. Samples were prepared in duplicate: 0.1 g

of each sub-sample was weighted and suspended in 0.5 mL of hydrogen

peroxide (H2O2) to enhance the destruction of organic matter. Then,

aqua regia, prepared with a mixture of 0.5 mL of nitric acid (HNO3, 60%

v/v) and 1.5 mL of hydrochloric acid (HCl, 37% v/v), was added and the

four sub-samples were heated at 80�C for 2 h. Aqua regia, although

considered adequate for “total” trace element determination, only pro-

vides a “partial” extraction for most rock-forming elements and more

refractory elements (e.g., Cd, Cu, Pb, Zn, Cr, Ni, and Ba) (Gaudino

et al., 2007). After digestion, each sub-sample was transferred to a volu-

metric flask and diluted with ultrapure water to 25 mL before analysis.

The solutions of the gravesoils were labeled SG, as the solution of

gravesoil, followed by the number of the tomb, 17 or 50 (i.e., SG17

means the solution of gravesoil of T17).

The solutions of gravesoil (SG), together with the solutions pre-

pared and used for the aging experiment, that is, the “enriched” solu-
tions left as control (S) and the “enriched” solution aged with bones

(SA), were analyzed using an Agilent 4100 Microwave Plasma spec-

trometer (MP-AES). The instrument was calibrated using three multi-

element standard solutions at different concentrations.

3.2.3 | X-ray powder diffraction (XRPD)

The analysis was conducted on the original gravesoils and the residue

of gravesoils after the preparation of the solutions. A few micrograms

of material were ground by hand, side loaded on a flat Al sample-

holder, and measured with a PANalytical X'Pert diffractometer in

Bragg–Brentano geometry, using CuKα radiation (1.5417 Ǻ) at 40 kV

and 40 mA. The diffracted intensity was collected on an X'Celerator

detector, over the angular range of 5�–80� 2θ. Divergence slits of

1/2� were placed on the incident beam, and 0.1 mm receiving slits

were placed on the diffracted beam. The XRPD patterns were col-

lected with a counting time of 30 s/step with a 0.01� 2θ step. The

XRPD qualitative analysis was performed by means of the PANalytical

X'Pert HighScore software. Rietveld refinement (Young, 1993) was

performed on diffraction patterns using the GSAS-II program to

obtain the weight fraction of the mineral phases.

3.2.4 | Scanning electron microscopy with an
energy-dispersive X-ray analyzer (SEM-EDS)

SEM-EDS provided the semi-quantitative chemical composition of

burial grounds. The residual gravesoil particles on the bone surface

of buried human femurs were removed using a double-sided adhesive

tape, mounted on a glass, and coated with graphite in a sputter coater.

The backscattered electron (BSE) images of gravesoil particles were

performed by a Cambridge Stereoscan 360 microscope, operated at

15 kV accelerating voltage, with a beam size of �100 nm and a work-

ing distance of 11 mm.

3.3 | Bone analyses

3.3.1 | Electron microprobe analysis in wavelength-
dispersive mode (EMP-WDS)

EMP-WDS was employed to collect BSE images and perform quanti-

tative chemical analyses on polished thin sections, prepared as

reported in Caruso et al. (2018), using a JEOL JXA-8200 EMP-WDS,

with an accelerating voltage of 15 kV, a beam current of 5 nA, and

counting times of 30 s, on the peak, and 10 s, on the background. BSE

images were adopted for a preliminary assessment of the degree of

histological preservation of modern and archeological bones, focusing

on the biological features (osteons, canaliculi, and osteocyte lacunae)

and diagenetic effects (bioerosion and fractures) attributed to the

aging test or the effect of the burial environment. Quantitative infor-

mation about the morphology of biological and diagenetic pores was

extracted by image analysis using the freeware software Fiji

(Schindelin et al., 2012), as detailed in Caruso et al. (2021). For quanti-

tative analysis of major (Ca, P) and minor (Fe, Al, Na, K, Si, Mn, Mg, Sr,

Ba, S, Cl) elements, natural minerals were used as standards. Raw data

were corrected for matrix effects using a conventional ΦρZ routine

implemented in the JEOL software package.

3.3.2 | FT-IR

The samples were prepared in KBr pellets following Trueman et al.

(2008) for FT-IR spectroscopy. Bone powders were analyzed in
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transmission mode with a Thermo Scientific™ Nicolet™ iS50 FT-IR

Spectrometer equipped with a DTGS detector (spectral range 4000–

400 cm�1). The absorption spectra were collected with a spectral res-

olution of 2 cm�1 and recording 64 scans. The reproducibility of the

observations was assessed by measuring each sample in duplicate.

Instrumental operations, spectra collections, and data analyses were

carried out using the Thermo-Nicolet Omnic (version 9) software. For

each bone sample, the spectral regions corresponding to characteristic

vibrational bands Amide I (1653 cm�1), ν3(PO4) (1035 cm�1), and

ν2(CO3) (873 cm�1) were studied, as detailed in Caruso et al. (2020).

The relative amount of collagen content (Amide I/ PO4) was obtained

by dividing the peak intensity of the Amide I band at 1653 cm�1 by

the peak intensity of the ν3(PO4) at 1035 cm�1, and the organic com-

ponent (wt%) was estimated using the equation of Trueman et al.

(2004). The structural carbonate (CO3/PO4) was monitored by divid-

ing the intensity band at 873 cm�1 of the ν2(CO3) by the intensity of

the phosphate peak at 1035 cm�1. The degree of recrystallization

of the bone minerals was determined by the infrared splitting factor

(IRSF), calculated by summing the peak intensities of ν4(PO4)

at ̴604 and ̴590 cm�1 and dividing it by the intensity of the valley

between them, according to Winer and Bar-Yosef (1990). The mean

bone CHA crystallite length was estimated using the equation of

Trueman et al. (2008).

4 | RESULTS

4.1 | Gravesoils analysis

Results of the characterization of each gravesoil are reported in

Table S1. The particle size distribution evidenced close similarity

between both gravesoils, which resulted in rich in silt (�45%) and clay

(�36%) fractions and low in sand (15%) and gravel (�5%) fractions.

The pH was neutral-basic in G17 (7.38) and increased to an alkaline

range in G50 (8.04). The organic carbon content was low in G17

(3.02 g/Kg) and increased in G50 (9.21 g/Kg).

The semi-quantitative analysis by SEM-EDS indicated enrichment

in Si, Al, and K of G17 compared with G50, which, conversely, was

enriched in Fe, P, and Ca.

The XRD patterns showed the same mineral phases in the grave-

soils examined. Quartz resulted as the most abundant phase in G50,

followed by calcite and feldspar, whereas plagioclase was predomi-

nant in G17. Low amounts of quartz, calcite, and feldspar were also

detected in G17. Minor amounts of mica were detected in both

samples.

Chemical analysis performed by MP-AES provided a high amount

of Ca and Al, followed by Na, P, and Fe in both gravesoils.

4.2 | Chemical analysis of “enriched” solutions

As reported in Table S2, in the solutions used as control the quantities

of the major elements did not exceed 50 ppm, with an enrichment in

Ca, followed by K, Na, and Mg. The concentrations of trace elements

were generally low (�0.02 ppm), except for Sr in S17 (0.74 ppm). Zn,

Mn, and Cr were below the detection limit. After 30 days of treat-

ment, SA17_R and SA50_R were rich in Ca (�45 ppm) and Mg

(�16 ppm), as shown in Figure 1. A good amount of Na was detected

in SA17_C (�57 ppm), whereas Fe resulted below the detection limit.

4.3 | Bones

4.3.1 | Histological analysis

BSE images of aged bones, reported in Figure 2, evidenced a high

degree of histological preservation, compared with buried samples.

This included all the main microstructural features isolated employing

image analysis tools, such as osteons, canaliculi, and osteocyte lacu-

nae. Significant modifications were detected in the total bone porosity

(TBP), since after 15 days, which resulted from histomorphological

changes on biological macropores and micropores (highlighted in blue

F IGURE 1 Concentrations of the major elements in the solutions analyzed before and after the aging, provided by the MP-AES. [Colour
figure can be viewed at wileyonlinelibrary.com]
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and red in Figure 3, respectively), as well as from diagenetic damages,

comprising macrofractures and microfractures (depicted green in

Figure 3). As graphically illustrated in Figure 4, TBP was around 3%

in the fresh samples, and during the experiment, it remained almost

constant in cranial bones (4%), but it increased up to 13% in rib bones.

Despite its similar total value, TBP in cranial bones exhibited some

evolution. The mean biological macroporosity (i.e., Haversian canals)

was not much affected by aging. In contrast, biological microporosity

(i.e., lacunae and canaliculi) decreased during the experiment in both

burial gravesoil solutions. This decrease was compensated by

increased diagenetic porosity, promoted by a widespread diffusion of

macrofractures and microfractures. In rib bones aged in S17, the gen-

eral rise of TBP involved both biological and diagenetic porosity, with

the highest percentage of biological macroporosity observed after

15 days (6%) and a decrease after 30 days (3.8%). In rib bones aged in

S50, a significant increase of biological macroporosity was observed

only after 30 days of the experiment, with a value up to 7.5%. The

aging in S17 increased the amount of biological microporosity after

15 days, whereas in S17, it did not affect this type of porosity much.

Notably, the diagenetic porosity was significantly higher in rib bones

(4%–6.4%) compared with cranial bones (1%–1.8%), with a high

impact on TBP. The changes in the biological porosity indicated that

the accelerated aging process induced modifications of the histologi-

cal traits at the macroscale and microscale. The quantitative results of

histological analysis, reported in detail in Table S3, provided evidence

of the enlargement of average vascular canal diameters, due to the

erosion of the inner border of Haversian canals in all the aged bones.

As graphically illustrated in Figure S1, during aging, the average value

F IGURE 2 Comparison of the cortical bone histology from BSE images provided by EMPA analysis, before and after the aging, compared
with buried samples. Control samples for cranium and rib bones are illustrated in (a) and (f). Cranial bone samples after the aging in S17 are
illustrated in (b) and (c), after 15 and 30 days of experiment, respectively. Cranial bone samples after the aging in S50 are illustrated in (d) and (e),
after 15 and 30 days of experiment, respectively. Rib bone samples after the aging in S17 are illustrated in (g) and (h), after 15 and 30 days of
experiment, respectively. Rib bone samples after the aging in S50 are illustrated in (i) and (l), after 15 and 30 days of experiment, respectively.
Figures (m) and (n) provide the bone histology of buried samples from T17 and T50, respectively.
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of the maximum diameter grew from 40 up to 70 μm; at the same

time, the average value of the minimum diameter increased from

30 to 50 μm, leading to a general increase of the calculated mean area

of biological macroporosity, from 3000 to 11,000 μm2. In the same

figure, a slight enlargement of osteocyte lacunae during the experi-

ment could also be noticed; the average minimum and maximum

diameter increased from 2 to 6 μm and from 3 μm up to 11 μm,

respectively. Hence, the calculated mean area of osteocyte lacunae

grew from 20 to 160 μm2 with aging. Moreover, a slight increase in

the mean length of bone canaliculi during the experiment (ranging

from 20 to 60 μm) was observed, thus increasing the related mean

area (from 27 to 90 μm2).

Both cranial and rib-aged bones appeared seriously fractured.

After 15 days of aging, microfractures were widespread within the tis-

sue (Figure 2b,d,g,i), running perpendicularly to the contact between

adjacent osteons and/or running radially outward from the Haversian

canals. After 30 days of aging, some new microfractures also appeared

near the edge of the outer cortical layer, running parallel to

it. Microfractures had an average length of 30 μm, an average width

of 3 μm, and a related mean area attested around 100 μm2. Macro-

fractures were also widespread after the testing (Figure 2e,h,l), and

they primarily run around the outer borders of osteons and/or parallel

to lamellae bounds. With aging, the average length of macrofractures

increased from 80 to 228 μm, keeping an equal width of 6 μm. The

estimated mean area of macrofractures increased from 270 to

2090 μm2 after 15 and 30 days of testing, respectively.

When the cortical bone tissue of buried bones is considered a

widespread alteration of the original microstructure was observed.

Figure 2m,n illustrates numerous large and irregular grooves small

pores and thin channels (black in color), caused by microorganisms'

colonies. These voids are surrounded by brighter micrometric hyper-

mineralized rings originating from the recrystallization of bone

apatite due to microbial activity. Numerous microfractures related

to bone histology were present within the tissue, together with

F IGURE 3 BSE images of rib bones taken before (a), after 15 days (b), and 30 days (c) of the aging. With different colors are highlighted:
biological macroporosity in blue, biological microporosity in red, and diagenetic fractures in green (scale bar = 100 μm). [Colour figure can be
viewed at wileyonlinelibrary.com]

F IGURE 4 Graphical representation of the fractions of biological and diagenetic porosity with respect to the total porosity reported for each
aged and buried bone analyzed (e.d.s. 10%). [Colour figure can be viewed at wileyonlinelibrary.com]
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multidirectional macrofractures, whose morphology and orientation

did not follow the original histological traits.

In the buried samples, the TBP ranged from 10% to 12%

(Figure 4). Of the original biological porosity, mainly on the outer bor-

der of the cortical bone, only Haversian canals could be recognized

(1.8%–2%). Indeed, canalicular networks and osteocyte lacunae (0.5%)

were poorly preserved and hard to identify, because of the remnants

of microbial activity (3.7%–5.5%) and their incorporation in the wide-

spread macrofractures and microfractures (4%). Although histomor-

phological results provided similar values of biological microporosity

between the buried samples, with a mean area of osteocyte lacunae

and canaliculi of 38 and 20 μm2, respectively, biological macropores

were enlarged in B17 (mean area of 7500 μm2) compared with B50

(mean area of 4400 μm2). The mean area of diagenetic macrofractures

was higher in B50 (6300 μm2), compared with B17 (approximately

2600 μm2), even if the mean area of diagenetic microfractures

appears quite similar in both bones (80 μm2) (Table S3).

4.3.2 | Organo-mineral and chemical analysis

The collagen preservation, described by the Amide I/PO4 ratio,

decreased from 0.48–0.52 in the fresh samples to 0.40 after 30 days

of artificial aging (Figure 5). According to the PO4 content reported in

Table S4, this is essentially contributed by the decrease in Amide I

content. In B17 and B50, the Amide I/PO4 reached only 0.13, indicat-

ing a more substantial loss of the organic fraction over time. Indeed,

the weight percentage of the organic fraction was similar in control

and aged bones (28–29 wt%), whereas, in buried samples, it was lower

(22 wt%) (Table S4).

Results of chemical analysis, presented in Table S5, indicated that

in all samples, the carbonated-hydroxyapatite (CHA, Ca5(PO4,

CO3)3(OH)) was the only mineral phase within the bone, exhibiting a

similar average chemical composition in terms of major oxides.

As illustrated in Figure 6, the Ca/P ratio increased with aging,

from �1.70 in fresh samples to 1.88 after 30 days. This increment

F IGURE 5 FT-IR results provided
during the aging test in cranial and rib
bones.
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proceeded faster in cranial and rib bones aged in S17, compared with

the samples aged in S50. Moreover, after 15 days of aging, in S17, the

Ca/P ratio resulted higher in rib bones (1.82) compared with cranial

bones (1.77).

The Ca/P ratio of B17 and B50 was 1.78, equal to values

observed in bones aged for 30 days in S50 (Table S6).

Buried samples provided a higher value of the sum of the total

oxide contents (�80 wt%) compared with cranial and rib bones,

before and after the aging process (�70 wt%). During the aging, the

content of calcium oxides remained low, around 39 wt%, compared

with buried specimens, which reached 47 wt% (Figure 7). EMPA ana-

lyses also outlined an increase of approximately 10% of the content

of the total oxides and of Ca and P oxide in the secondary lamellae

with respect to the osteons, both in aged and buried bones. Consider-

ing the minor elements (i.e., with concentrations of <1 wt% in oxide),

ionic substitutions of Ca2+ and P3+ in the mineral structure were

detected; Na+ and Mg2+ in place of Ca2+, as well as substitution of

SO4
2� in place of PO4

3�, occurred in all samples. Amounts of SiO4
4�

were detected only in bones aged for 30 days. Regarding the ionic

substitution of the OH� group, F� resulted below the detection limit,

and Cl� was similar in all the bones examined.

The analysis of the vibrational bands of the carbonates and phos-

phate groups (Figure S2), evidenced that the aging process induced

changes in the CO3/PO4 ratio, which appeared to depend on the skel-

etal element considered (Table S4). In cranial bones, the ratio

decreased in both solutions during aging (e.g., from 0.15 to 0.10). In

F IGURE 6 Trend of Ca/P ratio observed during the aging test in cranial and rib bones in the two solutions.

F IGURE 7 Correlation between the Ca content and the total oxide content in cranial and rib bones compared with buried bones. [Colour
figure can be viewed at wileyonlinelibrary.com]
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S50, the lowest value was reached already after 15 days of testing.

Conversely, in rib bones, the CO3/PO4 ratio exhibited a slight increase

with age, starting from a value lower than the one observed in cranial

bone (0.08) (Figure 5). Such values could be considered the same as

those detected in the buried bones (0.09).

An inverse relationship has been established between the CO3/

PO4 ratio and crystallinity index (CI). The CI appears slightly higher in

C (3.16), compared with R (2.89), and in both cases, it increased during

aging. In cranial bones aged in S17, a faster and higher increase of CI

occurred after 15 days of testing (3.39), but after 30 days, similar

values were assumed in both solutions (3.30). In rib bones, the CI

exhibited a slow linear increase in both solutions (Figure 5), from 3.3

to 3.6, which is the value detected in the buried bones (3.61).

During aging, the mean crystal length (MCL) of bone minerals, cal-

culated based on the IRSF, increased (Table S4). The MCL resulted in

45 and 48 nm in fresh cranial and rib bones, respectively. With aging,

it increased to 49 nm in cranial bones and 58 nm in rib bones; the lat-

ter value was the same detected in the buried samples (58 nm).

5 | DISCUSSION

The main aim of this study was to test a new laboratory-based

method to artificially induce bone diagenesis during a short period

(1 month) in fresh human bones. The interaction of the bone material

with the burial environment induces microstructural modifications

and physical–chemical changes in the bone matrix (Caruso

et al., 2020, and references therein). The conditions triggering deterio-

ration act on a long time-scale, over which they are not necessarily

constant; hence, in this complex scenario, reproducing the damage

patterns is a challenging task. To illustrate this phenomenon, several

approaches have been proposed, which cover the entire process of

diagenesis in bones, such as the histological preservation, changes in

porosity, conservation of carbonate and collagen content, mineral

crystallinity, and chemical exchanges (incorporation or release)

(Keenan, 2016, and references therein).

5.1 | Bone diagenesis in aged and buried samples

Overall, as illustrated in Figure 8, the differences observed between

aged and buried bones primarily concern their microanatomy, whereas

the mineral–chemical signature exhibits similar evolution during both

artificial and natural aging.

5.1.1 | Histology and porosity

From a histological point of view, the aged bones displayed well-

preserved structures (e.g., osteons, vascular canals, and osteocyte

lacunae), whereas less than 50% of the original tissue was preserved

in buried bones. In addition, voids (�5% of TBP), in the 1–10 μm size

range, appeared only in buried bones. This is attributed to the con-

certed effect of bioerosion by gut-derived and environmental bacterial

activity, as well as to the shallow burial depth and periodic waterlog-

ging (Tibbett & Carter, 2008), which likely negatively impacted on

bone preservation (Luretta Valley is in the proximity of the Trebbia

river). Indeed, only in buried bones were we able to detect the typical

effect of the biogenic degrading microorganisms (the so-called bioero-

sion or microorganisms boring; Hackett, 1981). This osteolytic activity

creates typical porosities, as a result of swelling of collagen fibers, sol-

ubilization, leaching, and redistribution of carbonate-hydroxyapatite

(Child, 1995; Hedges et al., 1995). The absence of bioerosion effects

in aged bones might be ascribed to several factors, such as (i) the

removal of soft tissues on fresh bones (Delannoy et al., 2018; Hollund

et al., 2012; Smith et al., 2007; Trueman & Martill, 2002); (ii) the use

F IGURE 8 Similarities and differences between buried and aged bones at histological scale and in the organo-mineral assessment.
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of gravesoil solutions resulting by the leaching of burial soils in dis-

tilled water, pre-treated with hydrogen peroxide to destroy the

organic matter (and possible microorganisms); (iii) the absence of bac-

terial inoculation to simulate the biogenic degradation in soil

(Delannoy et al., 2018); and (iv) the high temperature employed to

accelerate the bone degradation kinetic (High et al., 2015). Although

the microorganisms' involvement is crucial in the diagenetic process,

the use of sterile enriched solutions should be invoked to justify the

well-preserved organic fraction in aged bones. This aspect should be

considered in the experimental design for future research.

Diagenetic porosity is common both in aged and buried bones

and comprises two types of diagenetic fractures: (i) microfractures

promoted by the general reorganization of the organo/mineral and

chemical components of bones, following the collagen leaching

(Delannoy et al., 2018; Pfretzschner, 2004). Fluctuation in moisture,

temperature, and water of the surrounding environment in burials, as

well as sample storage practices (Karr & Outram, 2015), alter the

collagen structure and bone chemistry, generating microfractures

due to expansion and contraction of the tissue (Pfretzschner &

Tütken, 2011); (ii) macrofractures, which do not follow the morphol-

ogy of the histological bone structures, are either originated from

physical stress in burials (such as mechanical pressures, animal scav-

enging, anthropological activities, and so forth) or they form during

sample preparation (Dal Sasso et al., 2014; Lander et al., 2014; Tripp

et al., 2018; Turner-Walker, 2012), without necessarily leading to or

resulting from collagen degradation (Tripp et al., 2018, and references

therein). Again, the high temperature used in the experiment could

have impaired the fracture toughness and weakened the hydrogen

bonding between collagen fibrils (Yan et al., 2007).

Figure 4 clearly illustrates that macroporosity and microporosity

evolved differently during aging. In cranial bones, the percentage of

biological macropores was similar to that observed in buried bones

(approximately 2%), whereas in rib bones, it increased to approxi-

mately 8% after aging. At the same time, the percentage of biological

micropores dropped to 0.5% during the experiment, the same value of

buried bones, with the exception of the rib bones aged in S17,

whose microporosity value increased to approximately 3%. This

macroporosity-increasing and microporosity-decreasing in percentage

can be attributed to the bone matrix's protein loss and mineral disso-

lution, confirming the results of Nielsen-Marsh and Hedges (2000). It

must be noted that the authors evaluated only the nominal radius of

pores (starting from 4 nm) with no distinction between biological and

diagenetic pores. Moreover, macroporosity and microporosity were

distinguished according to the results of mercury intrusion porosime-

try. In the current study, the sub-micron pores (less than 0.1 μm in

diameter) were not accessible because of the resolution of the BSE-

SEM. In addition, in our case, the method adopted to detect the

porosity suffered from some limitations. First of all, a single transverse

cross-section may not represent the whole sample (Mandl et al., 2022,

and references therein). Moreover, some inaccuracy may originate

during the image processing step aimed at separating pores from the

bone matrix, especially for the finer porosity. Therefore, even if

the correlation between macroporosity and microporosity has been

established, the data are not directly comparable, and only further

investigation could clarify this diagenetic effect.

5.1.2 | Organo-mineral and chemical assessment

Despite the high discrepancy in the conservation of the bone micro-

anatomy, both aged and buried bones preserved a high amount of col-

lagen. Indeed, the measurement of the absorption intensity band of

ν1Amide I (1653 cm�1) evidenced an alteration of the organic fraction

only in buried bones, as evidenced by the relative amount of collagen

(Table S4). It is reasonable to suppose that the temperature adopted

during the experiment was not high enough to induce a significant loss

of the organic component (High et al., 2015). Indeed, the mineralized

collagen is not readily susceptible to collagenase degradation, requir-

ing relatively high temperature for denaturation (over 50�C)

(Child, 1995; Collins et al., 2002; Hedges et al., 1995). In addition, the

absence of microbes contributed to the preservation of collagen

structures. This is confirmed by the observation that bones undergo-

ing defleshing, butchering, or rapid skeletonization processes are

often free of bioerosion, because of the limited degree of putrefactive

decomposition and the related microbial damage (Hollund

et al., 2012). Anyway, the neutral-mild alkaline pH of the burial envi-

ronment might have inhibited the chemical hydrolysis of collagen

(Collins et al., 2002), being favored by pore-water fluctuations and

extreme pH values (Delannoy et al., 2018; High et al., 2015; Nielsen-

Marsh & Hedges, 2000). However, it must be noted that, during burial,

the degree of collagen preservation is extremely heterogeneous

(Caruso et al., 2018, 2020), since it depends both on the environmen-

tal settings (i.e., pH, temperature, humidity, and soil composition) and

on in vivo bone structures (Caruso et al., 2018, 2020, 2021; Collins

et al., 2002; Gatti et al., 2022; Hollund et al., 2013; Keenan

et al., 2015; Lebon et al., 2011, 2016; Nielsen-Marsh et al., 2000;

Nielsen-Marsh & Hedges, 2000; Reiche et al., 2010; Trueman &

Martill, 2002; Turner-Walker, 2012; Viani et al., 2021).

Since the mineral and organic phases are tightly intergrown and

mutually protect each other, because of the intimate association of

apatite crystals and collagen fibrils at the nanoscale, every change in

the organic matrix potentially affects the preservation of the mineral

fraction.

All the indicators pointed to well-preserved mineral fraction

in all the bones studied. Moreover, the uptake of exogenous ele-

ments (from soil [Bayari et al., 2020; López-Costas et al., 2016;

Rogoz et al., 2012] and/or decomposition [Collins et al., 2002;

Krajcarz, 2019]) into the original CHA crystals was limited, both in

aged and buried samples. This might be due to the neutral-mild

alkaline pH of the experimental setting and of the burial

environment.

The aging experiment increased the calcium-to-phosphate molar

ratio only in bones immersed in S17, since they share the same ratio

of buried bones (1.78). On the contrary, the chemistry of S50 could

not induce significant changes in the bone bioapatite, since the Ca/P

value remained relatively constant.
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Considering the ionic substitutions mediated by physiological pro-

cesses in vivo (Keenan et al., 2015; Margariti et al., 2019), only the

weight percentage of Na (in place of Ca in CHA crystal sites) signifi-

cantly decreased during the experiment, reaching the same value of

buried bones after 30 days. Indeed, because of its high solubility and

low sorptivity, sodium is readily leached out from bones after burial

(Reiche et al., 2002). Contrarily, even if the buried bones provided a

low level of manganese, the induced degradation process did not alter

the content of this chemical element in aged bones.

Overall, the sum of the total oxide content into the CHA

remained low in all aged bones, since the amount of organic carbon,

lipids, and water was well preserved.

The presence of carbonate into the bioapatite makes the mineral

structure relatively unstable and disordered, hence a general reorgani-

zation/growth of carbonated-hydroxyapatite crystals, to reach a more

thermodynamic stable form (increased crystals size, lattice perfection,

and reduced specific surface area; Trueman et al., 2004), is widely

attested after death; the diagenetic conditions of burial trigger the

process (Kontopoulos et al., 2019). During the aging experiments, FT-

IR spectra evidenced slight changes in the carbonate absorption band

(at 873 cm�1 [ν2]). Such changes were influenced by both the type of

bones and the gravesoil solutions (see details below). Nonetheless, at

the end of the experiments, aged and buried bones shared the same

CO3/PO4 (0.09).

During aging, in cranial bones, as the CO3/PO4 ratio decreased,

the calculated crystallinity index increased, whereas in rib bones, both

parameters increased. Moreover, in aged rib samples, the crystallinity

value was similar to the one of buried bones (3.6), whereas in the cra-

nium, it remained lower (3.2). As a consequence, after the experiment,

MCL in rib-aged bones was higher (58 nm) and more similar to one of

the buried samples, compared with the cranium (50 nm). The general

increase in IRSF values indicates an amelioration of the mineral crys-

tallinity, as a result of crystal re-organization and/or growth of bioapa-

tite (Nielsen-Marsh & Hedges, 2000; Trueman, 2013).

These results indicate that aging induced significant changes in

bone porosity and minero-chemical fraction. Both natural and artifi-

cially induced diagenesis acted on (i) the degradation of the biological

porosity and the propagation of diagenetic fractures; (ii) the preserva-

tion of the bioapatite and its chemical exchange and substitution; and

(iii) the alteration of the carbonate and mineral crystallinity.

Even if this thermal condition is not comparable with one devel-

oped during the diagenesis in the natural soil, it allows reaction rates

higher than those expected at room temperature, making the study of

bone degradation possible at laboratory time scale.

5.2 | Influence of the type of bone on the artificial
aging in the two solutions

Although the cranium and the rib were aged under the same condi-

tions, some diagenetic features changed differently, as illustrated in

Figure 9, according to the type of bone (i.e., biological porosity, post-

mortem fractures, CO3/PO4, and IRSF) and the chemistry of the solu-

tion (i.e., Ca/P and CO3/PO4).

Regarding the bone histology, after the experiment a larger prop-

agation of diagenetic fractures and a higher enlargement of natural

pores were observed in the rib, leading to a higher increase of the

TBP (12%) compared with the cranium (4%). Cranial and rib bones dif-

fer in the orientation of the osteons and their related structures, being

subjected to different biomechanical stresses (Cormier et al., 2003);

this made the rib more easily subjected to diagenesis. Hence, accord-

ing to the type of bone tissue, the porosity tends to follow a particular

degradation path, even in the same site-environmental context

(Caruso et al., 2020, 2021; Dal Sasso et al., 2014; Fernández-Jalvo

et al., 2010; Hedges et al., 1995; Jackes et al., 2001; Nielsen-Marsh

et al., 2000; Nielsen-Marsh & Hedges, 2000; Reiche et al., 2002;

Rogoz et al., 2012; Smith et al., 2002; Trueman & Martill, 2002;

Turner-Walker, 2012; Turner-Walker et al., 2002).

F IGURE 9 Summary of the similarities and differences observed in bones after aging influenced by the type of bone and the ‘enriched’
solution employed.
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When bone chemistry is considered, a general opposite tendency

to absorb or release calcium from and into solutions was attested in

the cranium and the rib, respectively. Moreover, carbonate from the

bioapatite was leached preferentially from cranial bones, compared

with ribs, which, on the contrary, exhibited a higher IRSF after the

testing. Despite these differences related to the skeletal element,

the presence of calcite in S50 influenced the weight percentage of

phosphate (increases), and the related Ca/P molar ratio (decreases), in

all bones, since this favored dissolution (release of calcium and car-

bonate) and precipitation processes (uptake of phosphate) (Ren

et al., 2021) in the same manner. In the cranium, the loss of the struc-

tural carbonate induced both the dissolution of the most unstable

phases of the original CHA (Nielsen-Marsh & Hedges, 2000) and the

precipitation of a new more stable (secondary) hydroxyapatite (Caruso

et al., 2020; Trueman et al., 2004, and references therein). In ribs, the

high preservation of biogenic carbonate and the absence of any diage-

netic CO2
3� incorporation into the bioapatite lattice allow us to

hypothesize a general re-arrangement of the original mineral phase

toward a more stable form, without chemical exchange with the

gravesoil solutions, even in calcitic environment (Monasterio-Guillot

et al., 2022; Nielsen-Marsh & Hedges, 2000).

5.3 | Limitations of the study

In this study, preliminary results of a new approach to replicate bone

modifications induced by natural diagenesis are presented. Although

some damage patterns have been successfully reproduced at the

laboratory scale during a very short period (30 days), some issues

need to be considered. They include the use of temperature to

accelerate the bone degradation processes, which, although previ-

ously adopted (High et al., 2015), may have diverted the diagenetic

path away from the natural one, as discussed in Section 5. There-

fore, further work is needed to clarify this aspect. Moreover, as

mentioned above, the role of microbial activity in the grave soils has

been excluded by sterilizing the solutions. Given the importance of

this biological agent of bone diagenesis, it must be considered in the

experimental design for future research. Future work must also

include (i) a higher number of samples; (ii) more skeletal elements;

(iii) consistent types of bones for comparison between archaeological

and artificially aged ones; (iv) a broad range of biological ages

(i.e. children), female individual, and different ethnicities; and

(v) other burial environments.

6 | CONCLUSIONS AND FUTURE
DIRECTIONS

This study was mainly aimed at providing a new laboratory-based

method to replicate the bone deterioration effects caused by the

burial environment (specifically, the burial soil) observed in the ancient

osteological material. Degrading experiments are common to under-

stand and predict the long-term behavior of skeletal materials, mainly

to gain information regarding the decay rates of bones. In this light,

the present research highlights:

i. The most significant variation between aged and buried bones

mainly involved the bone microstructure. Indeed, because of the

sample preparation and experimental setting, the lack of bacteria

in aged samples inhibited the typical development of biogenic

degrading microorganisms, which was well represented in the

buried skeletons, leading to a higher value of diagenetic porosity.

ii. Despite the different paths, the remaining biological pores and

the post-mortem fractures evolved with the same histomorphol-

ogy during the artificial and natural diagenesis. The natural

assessment of bone itself seems to have partially influenced the

evolution of the porosity during the test, since its percentage

remains high in rib bones during the whole experiment, rather

than in cranial bones (where the values are generally lower), irre-

spective of the chemistry of the “enriched” solutions.
iii. As for the chemical-mineralogical aspects, the carbonate-

hydroxyapatite remained the primary phase in aged and buried

bones, with few ionic substitutions derived from the surrounding

environment or putrefactive processes. Overall, a low carbonate

level and a high crystallinity index (and consequently mineral

crystal length) were provided both after the aging and in the bur-

ied samples, being these parameters more strictly related to the

proceeding of the diagenesis. The composition of bioapatite was

influenced by the chemistry of the “enriched” solutions more

than the other parameters considered. Indeed, the Ca/P molar

ratio increases more in bones immersed in S50, irrespective of

the type of bones employed, reaching the same values of buried

bone. On the contrary in the bones immersed in S17, the Ca/P

molar ratio remains low, and the increase from control bones is

minimal.

iv. Despite this similar chemical-mineral assessment of the bone

bioapatite, a higher lipid, water, and organic carbon content was

still present only in aged bones. Similarly, the organic content

remained high during aging, whereas it decreased in buried bones

because of the digestion of collagen proteins by microbes.

v. Compared with previous experiments, the present method

appears fast, inexpensive, and reproducible and gives easier

accessibility and more availability to the bone materials. More-

over, the accelerated aging requires minimal sample preparation,

is not too time consuming, and can be performed only at the lab-

oratory scale.

In conclusion, the results are thought to contribute to the knowledge

of how the microstructural modifications and physical–chemical prop-

erties of the bone materials interact with the burial environment and

how possible to re-create and study the diagenetic changes induced

in natural soil at the laboratory scale. A more significant number of

samples and the use of different types of bones and soil will improve

these preliminary results to bring more understanding of the diagene-

sis of human remains in various types of soil and burial conditions,

having this research an extensive applicability both in the forensic and
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the archaeological field, that is, to reconstruct and track the burial

environment and to investigate to which taphonomic process the

bone underwent.
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