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A B S T R A C T

Initial physicochemical assessment of cultural materials plays a critical role in the research and management of
cultural heritage, serving as a foundation for comprehending deterioration mechanisms and developing effective
conservation treatments. However, this knowledge is more advanced in several cultural materials such as
artwork or historic buildings, than in bone and fossils. This study focuses on bone material conservation,
applying diagenetic methods for characterizing and assessing the state of conservation of archaeological bones
from Pit 1 at Barranc de la Boella (BB), an open-air archaeological site from the late Early Pleistocene, from a
conservation perspective.
Microstructural analyses, including mercury intrusion porosimetry (MIP) and histological analysis, alongside

microchemical analyses through Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR), and FTIR
with KBr pellets and X-ray Diffraction (XRD), were conducted to evaluate the decay processes affecting the bones.
Results indicated poor bone preservation characterized by high porosity, significant microbial attack, collagen
degradation, and the potential recrystallization of bioapatite into fluorapatite. These findings underscore the
substantial challenges presented by open-site conditions to preservation efforts and highlight the need for
suitable conservation treatments, such as consolidation to reinforce the microstructure.
The study emphasizes the importance of characterizing archaeological bones to understand the factors

influencing their preservation states and guide conservation works in this material. This work contributes to the
knowledge of diagenesis studies to standardize the diagnosis of the state of conservation on archaeological bones.

1. Introduction

Conservation field involved a wide variety of materials e.g., [1–3].
Recent decades have seen significant development in the research of
several heritage materials beyond traditional art objects, by scientific
studies and manuals e.g., [4–7]. Thorough diagnostic analyses conser-
vation professionals determine the composition and assess the state of
conservation, exploring the decay causes and mechanism. This is better
understood in limited materials like artworks and building heritage than
in materials such as archaeological bones [8–11]. This expansion,
however, has led to a substantial imbalance in knowledge across

different cultural heritage materials.
Bone material conservation, frequently found in archaeological and

paleontological contexts, has received comparatively less attention.
Published research has focused on other areas of research which include:

• Conservation practices focus on treating bones as information sour-
ces for archaeology and paleontology research. Consequently,
treatments are primarily evaluated based on their non-intrusive na-
ture to these research activities, while simultaneously enhancing the
mechanical properties of the bones for examination and handling
[12–15]
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• The side effects of conservation treatments, often involve cleaning
and consolidation methods that can negatively modify bone surfaces
ex.[16–20]. These alterations can impact critical analyses such as
isotope analysis [21–26], radiocarbon dating [27,28] or DNA
extraction [29–31].

• The evaluation of the effectiveness of traditional consolidation
products, such as organic polymers [32,33], and innovative for the
consolidation of bones such as Ca(OH)2 nanoparticles [34] or dia-
mmonium phosphate [28,31,35]

These studies provide a qualitative and brief description of the initial
state of conservation, which depends directly on the individual experi-
ence of the conservation professional. In general, archaeological con-
servation literature, is simplistically categorized as organic materials,
yet there is a significant variation among them, ranging from modern
bones to fossilized ones, attributable to extensive periods of burial.
conservators and conservation scientists often find themselves repur-
posing research methodologies initially developed for different mate-
rials, under the assumption that these quantitative methods are
universally applicable. Despite presenting quantitative data, such as
porosity figures, this research falls short in providing the necessary
context; it does not explain whether the provided data indicate a state of
poor conservation, a practice that contrasts sharply with the well-
established standards for evaluating other cultural materials like
monumental stone. Notably, Ferreira Pinto and Delgado Rodrigues
(2008) [36] highlighted the importance of porosity in stone consolida-
tion, noting that if porosity is below 18 %, those stones present a good
state of preservation. This is significant because every conservation
study on such materials systematically employs a petrography analysis
that reveals the physicochemical characteristics of brittle stones, such as
Maastricht limestone [37–39], Globigerina limestone from Malta
[40–43] or the Ança limestone from Portugal.

As noted in previous work [44], there is a lack of systematic studies
on bone preservation, which is crucial for assessing the necessity of
conservation treatments. Consequently, the diverse chemical composi-
tions of bones that have undergone burial processes remain underex-
plored in previous conservation studies eg. [20,31,32,34,44–47]. The
absence of systematic studies in the conservation field leads to a limited
understanding of the mechanisms and effects of deterioration in
archaeological bones. Consequently, variables that may affect the effi-
cacy of different bone conservation and restoration treatments are not
well-documented.

To begin developing and contributing to the knowledge about bone
conservation, taphonomy can help us overcome this gap [48–53].
Taphonomy focuses on modifications of bones which start at the time of
death identifying mainly two phases bioestratinomy (remain deposition)
and fossildiagenesis (burial phase) [54,55]. Taphonomic studies,
although not widely disseminated in the field of conservation, can
significantly enhance our understanding of the nature and deterioration
of skeletal remains and aid in developing strategies for both heritage
management and bone conservation treatments [56–58]. Within
taphonomy, bone diagenesis studies examine the changes bones un-
dergo during the burial phase.

Commencing in the mid-20th century, diagenesis research has pre-
dominantly aimed at bone characterization to support analyses of
paleoenvironments and paleodiets ex. [59–64]. Therefore, it is impor-
tant to distinguish between the terms “conservation” and “preservation”
because they are used differently in this work compared to their
meanings in the cultural conservation field. In diagenetic studies, these
terms are employed to denote the preservation of valuable data relating
to the environment and isotopes, essentially highlighting how bones
maintain their original state without undergoing any chemical changes
throughout their taphonomic journey ex. [65–68]. Meanwhile, in con-
servation, these terms relate to a specimen’s stability for safe extraction
and handling [12,69].

Bone, as a biological composite material, consists of a mineral frac-
tion (bioapatite) and an organic matrix, primarily composed of collagen.
During taphonomic phases, bones experience several changes, including
the hydrolysis of collagen and the recrystallization of the mineral part,
influenced by environmental conditions (pH, hydrology regime, etc.)
and microbial activity, which can also lead to the destruction of their
morphological structure [70–73]. These processes can result in a wide
spectrum of bone preservation, from complete destruction, as seen in
many archaeological sites, to a completed mineral interchange [74].

Far from the goal of conducting diagenetic studies to understand how
the site was formed, the focus of this research is to assess the conser-
vation of ancient bone remains from the Lower Pleistocene, particularly
those excavated from Pit 1 at Barranc de la Boella. These remains have
been previously recognized for their extremely poor preservation, which
is not the average of archaeological bone preservation, and these re-
mains need internal reinforcement measures to ensure their future
preservation. To achieve this, we will use both the analysis of the
preservation of their microstructure and the physicochemical charac-
terization of the samples. These insights are invaluable in the decision-
making process related to archaeological conservation. Moreover, this
study will contribute to the knowledge about this type of material in the
field of cultural heritage conservation and will serve as a foundation for
future research in this area. Additionally, it will provide valuable in-
formation on the preservation of these bones for fields such as DNA
extraction, datings, and isotopic analysis.

2. Materials and methods

2.1. Archaeological bone samples: Barranc de la Boella

Archaeological bones from Pit 1 at Barranc de la Boella (BB), La
Canonja, Tarragona, Spain, were used in this study. BB is an open-air
archaeological site situated in a fluvial deltaic environment (Fig. 1 a),
where water significantly influenced the site’s formation. Fieldworks at
BB have been developed three different pits called Pit 1 (P1), La Mina,
and El Forn. Bones from BB presented a poor surface preservation due to
taphonomic processes, which have posed significant challenges in pre-
vious taphonomic studies [75–77]. Here, samples belonging exclusively
to a Mammuthus meridionalis’ femur recovered in layer 2 of Unit II in Pit
1 were included (Fig. 1 b and c). Pit 1 is interpreted as a butchering site
[78] and Unit II was placed in the late Early Pleistocene (1.0–0.8 Ma)

Fig. 1. Fig. 1. a) Image of Pit 1 at Barranc de la Boella site, 2019, b) Femur belonging to Mammuthus meridionalis recovered at Pit 1, c) Samples from Pit 1.
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through biostratigraphy, paleomagnetism, and cosmogenic nuclide
methods [78,79]. Unit II lithofacies, characterized by its poorly strati-
fied sands and gravels, indicates subaerial and subaquatic mass flow
deposits, commonly described in alluvial fan and fan-delta sedimentary
environments.

2.2. Multimethod approach for characterizing and assessing the state of
conservation of archaeological bones: A proposal

2.2.1. Microstructural analysis

2.2.1.1. Mercury intrusion porosimetry. Total pore volume and pore size
distribution of samples from BB were determined using mercury intru-
sion porosimetry (MIP). This was performed with an Autopore III 9410
porosimeter (Micromeritics, Norcross, US), located at the Department of
Mineralogy and Petrology at the University of Granada (UGR), capable
of measuring pores ranging from 0.003 to 360 μm in diameter.
Approximately 1 g of bone of 3 samples from BB was prepared, which
involved oven-drying for 48 h at 60 ◦C before analysis [80].

2.2.1.2. Thin section: Histological analysis. For histological analysis, a
30 μm thick bone section was prepared and examined under transmitted
and polarized light [73,81], using OLYMPUS-BX and Carl Zeiss Jenapol-
U microscopes at the Department of Mineralogy and Petrology at the
University of Granada (UGR) and Laboratory of Geoarchaeology at
Institut Catalá de Paleoecologia Humana i Evolució Social (IPHES-
CERCA), respectively. In addition to optical microscopy, Environmental
Electro Scanning Microscopy (ESEM) analysis was conducted using the
Phenom-XL G2 Desktop SEM microscope at the Department of Miner-
alogy and Petrology at UGR. Carbon coating was not required, with
parameters set according to the working distance: the voltage varied
from 10 to 20 kV, operating in a low-pressure vacuum. Elemental
analysis was conducted in areas of interest to describe the state of
preservation [72].

The Oxford Histological Index (OHI) was used to evaluate the degree
of histological preservation on a scale from 0 (poor preservation) to 5
(well-preserved) [48,82,83]. Analysis of data from Jans 2005 [79; Ap-
pendix: Site Description and Results; pp, 105–151] was presented,
showing different qualitative data obtained from the histological anal-
ysis, considering the OHI, and the presence or absence of tunnels
generated by bioerosion. With this data, a Confidence Region for Mul-
tiple Correspondence Analysis (MCA) was conducted using the R soft-
ware [84], with the ’cabootcrs’ R library [85] to relate the preservation
to the archaeological context and chronologies.

2.2.2. Chemical analysis

2.2.2.1. Attenuated total reflection Fourier Transform infrared (ATR-
FTIR). FTIR analysis with KBr were examined in 3 samples, in order to
compare to ATR-FTIR samples. Spectra were collected using a Jasco
6700 spectrometer in the 4000 − 400 cm− 1 range at Scientific and

Technical Service at University of Rovira i Virgili (URV) Spectra KBr
were an average of 200 scans at a resolution of 2 cm− 1. The pellets were
produced by compression of the powder in a stainless steel die of 13 mm
at 9 tons for about 20 s using a manually operated hydraulic press.

Chemical analysis was conducted using ATR-FTIR. A total of 7
samples were ground into a homogeneous powder with particle sizes
ranging from 50 to 20 µm. These spectra are averages of 64 scans
recorded in absorbance mode at a resolution of 4 cm− 1. The anvil
pressure on the ATR crystal was adjusted to achieve an absorbance of 0.5
for the ν3(PO43− ) band around 1035 cm− 1 [86]. The spectra were then
analyzed with Spectra Manager software to extract ratios, using the
baseline established in previous bone diagenesis studies [70–76].

Parameters for analyzing organic and mineral content were deter-
mined using different ratios, summarized Table 1. This table describes
these parameters and the baselines as reported in later studies [87,88].

The 2nd derivative analysis was conducted to improve spectral res-
olution. This analysis was processed by Spectra Manager software,
applying the Savitzky-Golay method for the 2nd derivative analysis with
a 3rd order polynomial and 9 smoothing points, specifically for
observing apatite spectra [89,90]. The wavenumber ranges observed
where:

• 640–540 cm− 1: Modern bones exhibit two intense peaks at 600 cm− 1

and 560 cm− 1. During bioapatite modification in fossilization, an
additional peak between 573–575 cm− 1 emerges, its intensity
increasing with the degree of fluorination.[90].

• 1000–940 cm− 1: A shift of the 960 cm− 1 peak to higher frequencies
indicates changes in the crystal lattice strain, potentially due to
decreased carbonate content or fluoride ion incorporation [89].

• 900–840 cm− 1: Peak 866 cm− 1 (ν2(CO3)) in the second derivative
produces three bands, with the 865 cm− 1 band being the most
intense. This finding is related to labile carbonates in bioapatite. The
analysis also highlights the presence of B-type and A-type carbonates
at 873 cm− 1 and 880 cm− 1[90,91]. Studying their intensities pro-
vides more information due to the contribution of each carbonate, in
addition to the bands from the un-derived spectra corresponding to
the frequencies of ν3(CO3).

2.2.2.2. X-ray diffraction (XRD). Mineralogy and crystallite size/strain
of BB samples were determined using XRD technique. These analyses
were conducted on a Philips PW-1710 diffractometer equipped with an
automatic slit, and on an XPert Philips with a Ni filter at the Department
of Mineralogy and Petrology at UGR. The measurement parameters
included Cu Kα radiation (λ = 1.5405 Å), 45 kV, 40 mA, an exploration
range of 4 to 70◦ 2θ, step sizes of 0.001◦ 2θ, and a goniometer speed of
0.01◦ 2θ/s. Powder samples were placed in zero-background Si sample
holders. Mineral phases were identified by comparing them with JCPDS
powder spectra.

Quantitative phase analysis of apatite crystals was performed using
the Rietveld method and XPowderX software, employing the Scherrer
equation to calculate the average crystallite size: D (002) = Kλ/(B cos
θ), where K is a constant that varies with the crystalline habit, selected as
0.9 for elongated apatite crystals, λ is the wavelength of CuKα radiation
(λ = 1.5406 Å), B is the full width at half maximum (FWHM) of the
(002) apatite diffraction peak, and θ is the corresponding diffraction
angle for this reflection. XRD line width helps determine the average size
of coherent crystal domains and serves as a measure of the material’s
crystallinity.

Through Rietveld analysis [92], the a-axis, c-axis, and cell volume of
the BB samples were determined. Models for fluorapatite and hy-
droxyapatite were taken from [90,91].

Table 1
Principal ATR-FTIR peak position, ratio and baselines.

Vibrational mode Maximum peak position Baseline

Amide I 1630–1700 1710–1590 cm− 1

v3PO4 1035 1150–890 cm− 1

v4PO4 605, 565 750–420 cm− 1

V3CO3 1420 1720–1290 cm− 1

v4CO3 712 730–700 cm− 1

Ratio Parameter calculation
Amide I/PO4 [(1630–1700) /1035]
Nitrogen (%wt) 20.6 (Amide I /1035) + 0.31
Collagen (%wt) 113.13 (Amide I/1035) + 1.69
IRSF [(565 + 605) /590]
Cal/PO4 712/1035
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3. Results

3.1. Microstructural analysis

3.1.1. MIP
MIP results have exhibited a three-modal porosity structure

following the classification by Turner-Walker et al. (2002), the smallest
pores are denoted as “s” (<0.1 µm), medium pores as “m” (0.1 µm − 10
µm), and the largest pores as “l” (>10 µm) (Fig. 2).

The average porosity of the samples is between 42–43 %, with spe-
cific values of 0.3629 ml/g (42.32 %) and 0.3308 ml/g (43.02 %). When
compared to data from Nielsen-Marsh and Hedges (1999)[80], which
indicates that the total porosity of a modern bone is 0.0445 ml/g, these
samples exhibit significantly higher porosity. Additionally, the density
measurements show low values, with the bulk density recorded at 1.23
g/mL and the skeletal density at 2.15 g/mL.

MIP data indicate a significant presence of tunnel-like pores ranging
from 30 µm to 0.1 µm, corresponding to the “m” type. These medium-
sized pores are typically associated with microbial attack, linked to
microscopic focal destruction (mfd) or Wedl tunnels caused by bacteria
or fungi, respectively [48,93,94].

Fig. 2. Pore size distribution and total porosity (%) of Pit 1, of two samples
(continuous line). Cumulative Porosity (%) (Dasheded line).

Fig. 3. Thin section images. On the left, PPL images, on the right, the same images in XPL. In all of them, 1. Haversian Canal. 2. Volkman’s Canal. 3. Osteocytes. a)
and b) Images of a well-preserved area, with some bioerosion. c) and d) Image of an area with evident bioerosion (arrows point to deteriorated areas), the box
highlights an osteon with the “Maltese Cross” effect. e) and f) Images of an area with low preservation (arrows indicate areas of alteration).
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Furthermore, the MIP graphs show a notable representation of “s”
type pore sizes smaller than 0.1 µm. These smallest pores are often
connected to the loss of collagen [48,74,80,95].

3.1.2. Thin section
Two samples were examined, all displaying signs of bioerosion,

commonly referred to microscopical focal destructions (mfd).
The typical structures of bone are difficult to see in some images

Fig. 3.a-b (Haversian canals, with osteocytes in lacunae surrounding
them, shown in). However, some samples show fractures crossing the
osteons and radial fissures within them. The structural destruction of the
histological structure is evident through the diffusion of a stain dis-
playing grey, black, and copper (Fig. 3 c-f). Under cross-polarized light
(XPL), these areas lose the characteristic birefringence of well-preserved
histological structures (Fig. 3. d, f).

ESEM allowed observing thin sections under higher magnification.
Several regions were identified as characterized by varying coloration −

notably, whiter, and grayish zones (Fig. 4 a-c). Within the white regions,
the presence of tunnels ranging from 5 to 10 μm in thickness was
observed (Fig. 4. d-h). These channels are likely indicative of bio-
erosion, which is known to cause remineralization of the bone
[93,94,96]. This process results in the formation of hypermineralized

Fig. 4. ESEM images of thin sections. a-f) Areas showing mfd, with remineralized and demineralized areas. g) Detail of an osteon with mfd, h detail of the tunnels
generated by bioerosion.

Table 2
ATR-FTIR results of organic and biomineral of archaeological bones from Pit 1
(Barranc de la Boella) samples.

Organic fraction Mineral fraction
Amide I/
P04

N wt
%

Collagen wt
%

CO3/
PO4

IRSF ν1 PO4
(cm-1)

BB1 0.01 0.54 2.95 0.15 4.65 965.61
BB2 0.01 0.54 2.98 0.16 4.72 965.61
BB3 0.01 0.59 3.21 0.15 4.65 965.61
BB4 0.01 0.58 3.17 0.19 4.49 965.61
BB5 0.02 0.65 3.58 0.19 4.61 965.13
BB6 0.01 0.57 3.14 0.18 4.74 965.61
BB7 0.01 0.62 3.38 0.18 4.61 965.61
Mean 0.01 0.59 3.20 0.17 4.64 965.53
S.D. 0.00 0.04 0.22 0.02 0.08 0.18
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areas alongside demineralized regions [73,93,97,98].
Oxford Histological Index (OHI) observed in the sample slides from

BB ranges between grades 0 and 2 because clear structures are not
visible, and only the Haversian canal can be identified [82].

3.2. Chemical analysis

3.2.1. ATR-FTIR
BB samples results of the organic and mineral fraction of 7 samples

are summarized Table 2. 2nd derivate spectra are exposed in Fig. 5.
Lebon et al. (2016) exposed an equation which allow to calculate the

percentage of N% greater than 0.5% to determine the relative amount of
collagen in the sample [86]. Table 2 describes the percentages of N (%)
and collagen (%) that have been calculated for each sample. Results
have shown a relatively low percentage of 3 % on BB samples.

On the other hand, in the mineral part, the carbonate and phosphate
index decreases compared to the data from modern bone. It is important
to highlight that no signal of secondary calcium carbonate is observed,
and therefore, it cannot be considered the calculation of calcite (%)[88].
IRSF increases to 4.64 compared to the data presented from modern
bone, which usually ranges between 3–3.5.

Second derivate analysis also exposed the absorption band at 578
cm− 1 (Fig. 5.a), along with bands at 600 cm− 1 and 560 cm− 1, suggesting
a high incorporation of fluorine into part of the bioapatite, following the
observations of Margariti et al. (2019)[90]. Furthermore, there is a shift
in the phosphate band from 960 cm− 1 to higher frequencies (965 cm− 1)
(Fig. 5.b), indicating a decrease in tension and changes in crystal order
due to the incorporation of certain ions, according to Lebon et al. (2010)
[89]. Significantly, the band at 560 cm− 1 associated with ν3(CO3) has
increased, reflecting a considerable presence of labile carbonates (Fig. 5.
c). This phenomenon aligns with the observed increase in the IRSF. In
addition, the bands corresponding to Type B and Type A carbonates are
very similar, indicating that there is no clear predominance of any car-
bonates types, contrary to the usual case where Type B carbonates
usually is higher [90,91].

3.2.2. XRD
Crystallite size mean is 14.75 nm (±1.25) for a-axis and 36 nm

(±2.65 nm) for c-axis. The crystallographic parameters of unit cell of 3
BB samples are 525.45 Å3 (±0.09 Å3) for volume cell, 9.38 Å (±0.0007
Å) for a-axis (Å), and 6.90 Å (±0.0004 Å) for c-axis. Fig. 6 illustrates a
plot of the BB data overlaid on reference data, where samples align with
the fluorapatite reference [90,91].

4. Discussion

Results regarding porosity, and the organic or inorganic bone frac-
tions, enable a quantitative understanding of the changes, alteration
processes, and the conservation state of the BB samples. Furthermore,
these findings allow for comparisons with other archaeological bones
data, supporting in the contextualization of BB preservation state.

4.1. Organic fraction: Hydrolysis and loss of collagen

Thin sections observation has allowed to observe poor preservation.
The loss of birefringence indicates that the collagen-bioapatite fibers are
undergoing modifications, and their orientation is being altered[73].

Moreover, the significant presence of ’s’ pores (less than 0.1 μm) is
primarily associated with the loss of collagen fibers, which correspond
to this diameter size. High contribution of ‘s’ pores might be common for
fossilization because of pores filling with minerals or forming secondary
minerals within the bone, but the chemical analysis corroborated this
loss of collagen [74].

Amide I/ PO4 confirms the reduction of collagen, aligning with the
findings from MIP that indicate the presence of ’s’ type pores. Fossil-
ization is generally perceived as occurring under stable conditions,
wherein collagen reduces gradually through chemical hydrolysis
[99,100]. However, under certain circumstances, this process can
accelerate. Alkaline environments further weaken collagen’s structure.
Previous works note that some burial process involving quicklime raise
the pH and accelerated collagen loss [56]. Conversely, organic matter
decomposition produces acids, reducing mineral dissolution but poten-
tially causing collagen fiber hydrolysis and swelling. Therefore, the
organic fraction of bone is far more vulnerable in any burial condition
compared to the mineral fraction.

Fig. 5. ATR-FTIR spectra 2nd derivative from the Pit 1 samples comparing to
modern bone a) ν2 (PO3) region (500 cm− 1-–650 cm− 1) b) ν1(PO4) region (960
cm− 1) c) ν3(CO3) region (between 840 cm− 1-900 cm− 1).
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4.2. Microbial attack

Attack by microorganisms can be related to both the loss of organic
matter and the increase in porosity, which can occur when bacteria
metabolize the organic matter or during post-mortem phases.
[48,50,71]. The significant presence of ’m’ type pores (5–10 μm), which
are associated with microbial attacks, is more pronounced in these
samples [73]. This is supported by the analysis of thin sections, both at
high magnifications and through ESEM analysis.

Jans (2005)[81] presented images of histological slides from horse
and human femurs featuring dark areas that resemble those we have
identified and associated them with microbial attacks. These dark zones
are classified as “budded” tunnels, which become black due to air
retention during the encapsulation process. Moreover, through ESEM
thin section observation, the presence of bioerosion is further confirmed,
evidenced by tunnels near remineralized areas as illustrated in previous
studies [72,93,98,101–103]. Therefore, microbial attack also can affect
bioapatite by remineralization processes.

4.3. Mineral fraction: Remineralization and formation of fluorapatite

Mineral bone was analyzed by ATR-FTIR. ν3CO32-/ν3PO43- ratio,
indicative of bioapatite remineralization and potential introduction of
carbonates and reduction of phosphates. This index usually decreases
due to carbonate dissolution and substitution by other PO-4. ν3CO32-/
ν3PO43- is lower compared to studies analyzing modern or more recent
bones. In Fig. 7. a, these samples are compared with data from other
studies regarding this index. Bones, exhibiting good preservation of
carbonate quantities relative to phosphates expose values above 0.2,
similar to modern bones. Highly mineralized medieval samples from
Appigliano (Italy) show an exceptionally low index. [104]. In contrast,
cave environment samples like Azokh (Sudan) display very high indices
(karst context). Samples from the Miocene show similar indices, below
0.2, but not as low as those from Appigliano, Meteoritic levels of Al-
Khaday, which have been documented as bones with low bioapatite
preservation and higher remineralization.

IRSF of 4.6 ± 0.08 in the BB samples is higher than in modern or
well-preserved bones, suggesting ongoing remineralization. This in-
crease in IRSF is influenced more by burial conditions than the site’s
chronology (Fig. 7. b). Dal Sasso et al. (2016)[88] reported very high

IRSF values in recent levels of the open-air site Al-Khiday, but the IRSF
of BB samples is not as high. Azokh cave samples show lower IRSF values
(3.5–4), likely due to the cave context, as opposed to open-air sites. Cave
sites from France like Bize-Tournal, Song Terus, and Orgnac 3 also
exhibit a similar crystallinity index to Azokh, reflecting better bone
preservation in karstic environments [74,89]. In contrast, Miocene
samples have even lower IRSF values than BB [90].

However, authors have concerns about the differences between KBr
and ATR-FTIR techniques, in which KBr method may overrepresent
ν3CO32-/ν3PO43- data and underrepresent IRSF data. These considerations
are considered [105] and Fig. 7 illustrates the differences that exist
regardless of chronologies. These data suggest that the decrease in the
ν3CO32-/ν3PO43- ratio or the increase in IRSF is not fundamentally related
to the chronological age of the site; rather, the conditions of burial play a
crucial role [49,88].

Remineralization and transformation towards a fluorapatite mineral
have been observed through second derivative analysis of the infrared
spectrum and XRD crystallographic axes and cell volume parameters. On
the wavenumber 500–650 cm− 1, there is a clear increase in the peak at
578 cm− 1, indicating a higher fluoride content in the crystal lattice [90].
The frequency at 960 cm− 1 shifts to 965 cm− 1 in the BB samples
resulting in a decrease in lattice strain [89]. Therefore, it can be inferred
that the BB samples have undergone mineral transformations and could
potentially exhibit the introduction of F- ions in the crystal lattice,
resulting so in a phase near to fluorapatite or carbonated fluorapatite
[106]. Between 850–900 cm− 1, a band at 865 cm− 1 is observed, which is
not present in samples like modern bone. According to Margariti et al.
(2019)[90], this band is associated with the presence of labile or un-
stable carbonates, also found in samples studied from the Miocene.
Stathopoulou et al. (2008)[91] link this band to an increase in the
crystallinity of bioapatite. Aufort et al. (2019)[107], examined Miocene
fossils in Kenya, suggesting that the presence of the labile carbonate
band corresponds to mineral carbonated fluorapatite.

XRD analysis confirms the presence of fluorapatite, as shown in
Fig. 6. The bioapatite unit cell displays measurements consistent with
fluorapatite in the crystal. There has been a notable reduction in the a-
axis and cell volume. This reduction of a-axis and cell volume could be
related to carbonate introduction, however, according to Margariti et al.
(2019) those containing B-type CO32– (substituting for PO43- in the apatite
lattice) reference samples presented less than 9.35 Å for a-axis and

Fig. 6. The relationship between the crystallographic c-axis (right) and a-axis (left) with the unit cell volume is demonstrated for the bones and selected reference
materials examined, based on data sourced from Stathopoulou et al., 2008 [87]. BB samples unit cell parameters plot close to fluorapatite parameters.
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around 520 Å3 for cell volume. This parameter is significantly lower
than BB samples which, as it is mentioned in 4.2.2 section corresponds to
geological fluorapatite references [91]. This is also previously reinforced
by the 578 cm− 1 peak by second derivate in ATR-FTIR spectra.

This is in line with previous studies that analyzed cell units across
paleontological and archaeological sites, from the Triassic to the Holo-
cene[108]. Fig. 8 plots of a-axis and volume cell of Piga et al. 2009 [108]
with the data from the BB samples of this study. BB samples are located
near Pleistocene samples and a cell unit corresponding to fluorapatite.
However, other data from the BB site are closer to Holocene sites from
Piga et al. 2009 [108]. This highlights the necessity for detailed
contextual information, as it remains ambiguous which of the three BB
sites the samples come from. This is important as it may reflect a wide
variability of burial environments in different areas of the same site. Cell
unit data from all these sites with their burial context would aid in better
understanding the transformation that bone bioapatite undergoes and

how other analyses could be affected, ex. dating [109].

4.4. State of conservation: Chronology vs. Burial conditions

Generally, conservation literature suggests that the main differences
in the preservation state of archaeological bones primarily depend on
their chronology. However, it is essential to contextualize these findings
to comprehend this preservation state and the wide variability observed
in archaeological bones. Previously reported data help improve de-
scriptions of the BB samples’ state of conservation and allow compari-
sons with bones from other chronologies and contexts in published
works, highlighting the value of this information in understanding the
factors influencing preservation.

According to MIP data from modern bone samples [48,110], an
average real density of 1.9 g/ml and an apparent density of 2.1 g/ml
have been observed. In the case of the BB samples, decrease in real

Fig. 7. Confidence intervals of CO3/PO4 and IRSF from sites previously published, along with BB samples. (*Indicates KBr FTIR analysis).
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density to 1.2 g/ml and the apparent density kept at 2 g/ml. Compared
to Pleistocene Azokh Cave, it is noted that the apparent density of these
latter samples increases to a greater extent. At the Azokh 1 level, the
apparent density can reach values between 2.20–2.5 g/ml, which in-
dicates better preservation values.

MIP intrusion volume data is much higher in BB samples than in
other reported cases of less ancient samples, like the Middle Pleistocene

Azokh or the ones from some European sites dated between 6000 BP and
200 BP [48,74]. In more recent sites than BB or Azokh Cave, high bone
porosities have also been observed. Nielsen-Marsh and Hedges (1999)
reported high porosity in Anglo-Saxon bovine bones and Neolithic bones
from France. The fluvial nature of these sites suggests some similarity
with the deltaic context of BB. Therefore, we cannot assert that high
porosity is exclusive to ancient bones; rather, it is influenced by factors

Fig. 8. Relationship between the crystallographic a-axis and unit cell volume is derived from and the current study of Pit 1 at Barranc de la Boella. Samples are
divided by the chronologies provided. The BB samples used in this study are from Pit 1 at Barranc de la Boella, while the ’La Boella’ data from Piga et al. (2009) lack
specific site information.

Fig. 9. Multiple Correspondence Analysis taking into account thin section variables. a. MCA based on the burial conditions category exposed by Jans 2005 [94]. B)
MCA based on the chronology category exposed by Jans 2005 [78].
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such as burial conditions, soil chemistry, and exposure to water regime
[57,70,73,104,111–113].

Variables extracted from histological analysis such as the OHI,
presence of microbial attack, or cracking can be used to link the state of
preservation with site conditions or chronology. Jans, 2005 [96; pp.
31–40] presents histological data from 40 different archaeological sites
across different European countries, detailing their burial conditions
(pH, hydrological regime, sediment) and chronologies. These data were
analyzed through Multiple correspondence analysis (MCA), providing a
relationship between the preservation with buried conditions or chro-
nological ages.

MCA based on buried condition is described in Fig. 9.a with Jans
2005 data [81]. This analysis reveals that sites with corrosive conditions
exhibit poorer preservation, characterized by lowOHI values, absence of
birefringence, and presence of bacterial tunnels. These sites typically
have acidic pH and permeable sediments, allowing water movement and
oxygen ingress. Conversely, calcareous environments demonstrate bet-
ter preservation, with higher OHI values, the presence of birefringence,
and the absence of linear fractures extending through the tissue. How-
ever, budded and lamellar fractures, indicative of early alteration stages,
are observed.

Coastal and anthropogenic environments exhibit certain trends, with
anthropogenic environments generally showing better preservation.
Coastal environments, often near or occasionally underwater, display
moderate OHI values and a notable presence of fungal-caused Wedl
fractures, associated with moist or submerged conditions. Despite some
overlap in trends between coastal and anthropogenic environments, the
latter typically have better preservation, associated with anoxic condi-
tions and the presence of organic or clayey materials.

Based on these categorizations, it is deduced that the samples from
BB are associated with corrosive environments, as evidenced by their
histological preservation characteristics. This is consistent with the
constantly renewing water environment affecting the bones. These
corrosion indicators have been observed in previous studies on other
sites of BB in the Mine; however, the preservation of bone surfaces in Pit
1 has not been examined as thoroughly as in this study.

MCA based on chronological category is illustrated in Fig. 9. b.
Although medieval sites tend to show better preservation, older sites,
especially those from the Bronze Age, exhibit greater variability and
overlap with Neolithic, Roman, Iron Age, and even some medieval sites.
The clear differentiation observed by buried conditions becomes diluted
by the chronology variable. This suggests that while age may play a role
in preservation, site conditions are more critical in determining the
degree of bone conservation.

Although these samples are from older sites, we have already seen
that some data, such as porosity, can be similar to recent site data [80].
Therefore, relying solely on the chronology (based on whether it is older
or more recent) of the bone samples for a complete characterization of
microstructural preservation may provide an incomplete picture. This
particular observation has only been reported in a few prior studies on
the conservation of archaeological bone [28,31,34].

5. Conclusions

A complete methodology to characterize bone nature by applying
diagenesis methodology highlight the significant impact of high
porosity, due to bacterial activity, and accelerated collagen hydrolysis,
especially in open-site conditions, which pose substantial challenges to
preservation efforts. Furthermore, chemical characterization has
revealed notable transformations, including the potential recrystalliza-
tion of bioapatite into fluorapatite and a decrease in organic content.
Furthermore, the availability of published data in literature has allowed
us to compare Pit 1 at BB samples with a wide range of bones and fossils.
Consequently, it suggests that future studies on bone conservation
should prioritize a comprehensive diagnosis of the bone sample’s na-
ture, as this could be a decisive variable in conservation research.

Last data from Pit 1 at BB from Pit 1 at BB indicate poor bone
preservation, correlating qualitative observations with quantitative data
regarding porosity and the preservation of chemical bone compounds.
These insights have identified that the most significant indicator of
deterioration in these bones is primarily due to high porosity, which has
underscored the importance of treatments such as consolidation for
ensuring the preservation of structural stability.

Moreover, while chemical data on the chemical composition have
shown potential significant differences compared to more modern bones
or those from different burial contexts, these cannot be directly associ-
ated with the preservation of the structure. However, it is crucial to
consider these factors in future studies, for instance, during cleaning
processes, since bioapatite and fluorapatite exhibit different solubility
rates, and the presence or absence of compounds like collagen, car-
bonates, etc., can directly relate to by-products that may form after
treatments such as consolidation, as indicated in the literature.

In conclusion, our study bridges this gap by focusing on character-
izing bone preservation through the integration of diagenetic method-
ologies, evaluating the state of conservation of archaeological bones,
and providing foundational analysis for future conservation strategies.

CRediT authorship contribution statement

Andrea Díaz-Cortés: Writing – review & editing, Writing – original
draft, Visualization, Methodology, Investigation, Formal analysis, Data
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B. Martínez-Navarro, A. García, J. Martinell, I. Expósito, F. Burjachs, J. Agustí,
E. Carbonell, Age and Date for Early Arrival of the Acheulian in Europe (Barranc
de la Boella, la Canonja, Spain), PLoS One. 9 (2014) e103634.

[80] C.M. Nielsen-Marsh, R.E.M. Hedges, Bone porosity and the use of mercury
intrusion porosimetry in bone diagenesis studies, Archaeometry. 41 (1999)
165–174, https://doi.org/10.1111/j.1475-4754.1999.tb00858.x.

[81] M.M.E. Jans, Histological characterisation of diagenetic alteration of
archeological bone, Vriije University, 2005.

[82] R.E.M. Hedges, A.R. Millard, A.W.G. Pike, Measurements and relationships of
diagenetic alteration of bone from three archaeological sites, J. Archaeol. Sci. 22
(1995) 201–209, https://doi.org/10.1006/jasc.1995.0022.

[83] A. Millard, The deterioration of Bone, in: Handb. Archaeol. Sci., 2001: p. 637.
[84] R.C. Team, R: A language and environment for statistical computing. R

Foundation for Statistical, Computing (2022). https://www.r-project.org/.
[85] T.. Ringrose, cabootcrs: Bootstrap Confidence Regions for Correspondence

Analysis., (2013). https://cran.r-project.org/package=cabootcrs.
[86] M. Lebon, I. Reiche, X. Gallet, L. Bellot-Gurlet, A. Zazzo, Rapid quantification of

bone collagen content by ATR-FTIR spectroscopy, Radiocarbon. 58 (2016)
131–145, https://doi.org/10.1017/RDC.2015.11.

[87] C.A.M. France, N. Sugiyama, E. Aguayo, Establishing a preservation index for
bone, dentin, and enamel bioapatite mineral using ATR-FTIR, J. Archaeol. Sci.
Reports. 33 (2020) 102551, https://doi.org/10.1016/j.jasrep.2020.102551.

[88] G. Dal Sasso, M. Lebon, I. Angelini, L. Maritan, D. Usai, G. Artioli, Bone diagenesis
variability among multiple burial phases at Al Khiday (Sudan) investigated by
ATR-FTIR spectroscopy, Palaeogeogr. Palaeoclimatol. Palaeoecol. 463 (2016)
168–179, https://doi.org/10.1016/j.palaeo.2016.10.005.

[89] M. Lebon, I. Reiche, J.J. Bahain, C. Chadefaux, A.M. Moigne, F. Fröhlich,
F. Sémah, H.P. Schwarcz, C. Falguères, New parameters for the characterization
of diagenetic alterations and heat-induced changes of fossil bone mineral using
Fourier transform infrared spectrometry, J. Archaeol. Sci. 37 (2010) 2265–2276,
https://doi.org/10.1016/j.jas.2010.03.024.

[90] E. Margariti, E.T. Stathopoulou, Y. Sanakis, E. Kotopoulou, P. Pavlakis,
A. Godelitsas, A geochemical approach to fossilization processes in Miocene
vertebrate bones from Sahabi, NE Libya, J. African Earth Sci. 149 (2019) 1–18,
https://doi.org/10.1016/j.jafrearsci.2018.07.019.

[91] E.T. Stathopoulou, V. Psycharis, G.D. Chryssikos, V. Gionis, G. Theodorou, Bone
diagenesis: New data from infrared spectroscopy and X-ray diffraction,
Palaeogeogr. Palaeoclimatol. Palaeoecol. 266 (2008) 168–174, https://doi.org/
10.1016/j.palaeo.2008.03.022.

[92] H. Rietveld, A profile refinement method for nuclear and magnetic structures,
J. Appl. Chem. 2 (1969) 65–71, https://doi.org/10.1107/S0021889869006558.

[93] G. Turner-Walker, C.M. Nielsen-Marsh, U. Syversen, H. Kars, M.J. Collins, Sub-
micron Spongiform Porosity is the Major Ultra-structural Alteration Occurring in
Archaeological Bone, Int. J. Osteoarchaeol. 12 (2002) 407–414, https://doi.org/
10.1002/oa.642.

[94] C.N. Trueman, D.M. Martill, The long-term survival of bone: the role of
bioerosion, Archaeometry. 44 (2002) 371–382, https://doi.org/10.1111/1475-
4754.t01-1-00070.

[95] S.J. Roberts, C.I. Smith, A. Millard, M.J. Collins, The taphonomy of cooked bone:
characterizing boiling and its physico-chemical effects, Archaeometry. 44 (2002)
485–494, https://doi.org/10.1111/1475-4754.t01-1-00080.

[96] G. Turner-walker, PART 1 Analytical Approaches in The Chemical and Microbial
Degradation of Bones and Teeth, (2008).

[97] M.M.E. Jans, C.M. Nielsen-Marsh, C.I. Smith, M.J. Collins, H. Kars,
Characterisation of microbial attack on archaeological bone, J. Archaeol. Sci. 31
(2004) 87–95, https://doi.org/10.1016/j.jas.2003.07.007.

[98] G. Turner-Walker, Light at the end of the tunnels? The origins of microbial
bioerosion in mineralised collagen, Palaeogeogr. Palaeoclimatol. Palaeoecol. 529
(2019) 24–38, https://doi.org/10.1016/j.palaeo.2019.05.020.

[99] T.E. Rudakova, G.E. Zaikov, Degradation of collagen and its possible applications
in medicine, Polym. Degrad. Stab. 18 (1987) 271–291, https://doi.org/10.1016/
0141-3910(87)90015-2.

[100] M.S. Riley, M.J. Collins, The polymer model of collagen degradation, Polym.
Degrad. Stab. 46 (1994) 93–97, https://doi.org/10.1016/0141-3910(94)90113-
9.

[101] M. Jackes, Destruction of Microstructure in Archaeological Bone : a Case Study
from Portugal, Int. J. Osteoarchaeol. 432 (2001) 415–432, https://doi.org/
10.1002/oa.583.

[102] G. Dal Sasso, L. Maritan, D. Usai, I. Angelini, G. Artioli, Bone diagenesis at the
micro-scale: Bone alteration patterns during multiple burial phases at Al Khiday
(Khartoum, Sudan) between the Early Holocene and the II century AD,
Palaeogeogr. Palaeoclimatol. Palaeoecol. 416 (2014) 30–42, https://doi.org/
10.1016/j.palaeo.2014.06.034.

[103] Y. Fernández-Jalvo, P. Andrews, Atlas of taphonomic identifications, in: Vertebr.
Paleobiol. Paleoanthropology, Springer, 2016: pp. 1–359. doi: 10.1007/978-94-
017-7432-1.

[104] C.I. Smith, C.M. Nielsen-Marsh, M.M.E. Jans, P. Arthur, A.G. Nord, M.J. Collins,
The strange case of Apigliano: early ‘fossilization’ of medieval bone in southern

A. Díaz-Cortés et al. Microchemical Journal 206 (2024) 111353 

12 

https://doi.org/10.1371/journal.pone.0235146
https://doi.org/10.1007/s12520-019-00853-0
https://doi.org/10.1038/s41598-022-08979-3
https://doi.org/10.1016/b978-0-08-102908-4.00120-x
https://doi.org/10.1007/s10765-022-03054-5
https://doi.org/10.1007/s10765-022-03054-5
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0295
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0295
https://doi.org/10.1016/S0305-4403(80)80042-2
https://doi.org/10.1016/S0305-4403(80)80042-2
https://doi.org/10.1017/s0002731600088764
https://doi.org/10.1017/s0002731600088764
https://doi.org/10.1016/0278-4165(84)90004-7
https://doi.org/10.1016/0278-4165(84)90004-7
https://doi.org/10.1016/0305-4403(86)90012-9
https://doi.org/10.1016/0305-4403(90)90016-X
https://doi.org/10.1016/j.palaeo.2011.06.021
https://doi.org/10.1016/j.palaeo.2011.06.021
https://doi.org/10.1016/j.jasrep.2019.05.009
https://doi.org/10.1016/j.jas.2014.03.008
https://doi.org/10.1016/j.jas.2014.03.008
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0345
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0345
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0345
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0350
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0350
https://doi.org/10.1111/1475-4754.t01-1-00071
https://doi.org/10.1111/1475-4754.t01-1-00071
https://doi.org/10.1016/j.palaeo.2008.03.024
https://doi.org/10.1016/j.jas.2018.12.011
https://doi.org/10.1016/j.jas.2018.12.011
https://doi.org/10.1016/j.jas.2014.06.018
https://doi.org/10.1016/j.jas.2014.06.018
https://doi.org/10.1007/s10816-022-09550-0
https://doi.org/10.1002/JQS.2800
https://doi.org/10.1002/JQS.2800
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0395
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0395
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0395
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0395
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0395
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0395
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0395
https://doi.org/10.1111/j.1475-4754.1999.tb00858.x
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0405
http://refhub.elsevier.com/S0026-265X(24)01465-6/h0405
https://doi.org/10.1006/jasc.1995.0022
https://www.r-project.org/
https://doi.org/10.1017/RDC.2015.11
https://doi.org/10.1016/j.jasrep.2020.102551
https://doi.org/10.1016/j.palaeo.2016.10.005
https://doi.org/10.1016/j.jas.2010.03.024
https://doi.org/10.1016/j.jafrearsci.2018.07.019
https://doi.org/10.1016/j.palaeo.2008.03.022
https://doi.org/10.1016/j.palaeo.2008.03.022
https://doi.org/10.1107/S0021889869006558
https://doi.org/10.1002/oa.642
https://doi.org/10.1002/oa.642
https://doi.org/10.1111/1475-4754.t01-1-00070
https://doi.org/10.1111/1475-4754.t01-1-00070
https://doi.org/10.1111/1475-4754.t01-1-00080
https://doi.org/10.1016/j.jas.2003.07.007
https://doi.org/10.1016/j.palaeo.2019.05.020
https://doi.org/10.1016/0141-3910(87)90015-2
https://doi.org/10.1016/0141-3910(87)90015-2
https://doi.org/10.1016/0141-3910(94)90113-9
https://doi.org/10.1016/0141-3910(94)90113-9
https://doi.org/10.1002/oa.583
https://doi.org/10.1002/oa.583
https://doi.org/10.1016/j.palaeo.2014.06.034
https://doi.org/10.1016/j.palaeo.2014.06.034


Italy, Archaeometry. 44 (2002) 405–415, https://doi.org/10.1111/1475-4754.
t01-1-00073.

[105] G.F. Monnier, A review of infrared spectroscopy in microarchaeology: Methods,
applications, and recent trends, J. Archaeol. Sci. Reports. 18 (2018) 806–823,
https://doi.org/10.1016/j.jasrep.2017.12.029.

[106] A. Antonakos, E. Liarokapis, T. Leventouri, Micro-Raman and FTIR Studies of
Synthetic and Natural Apatites 28 (2007) 3043–3054, https://doi.org/10.1016/j.
biomaterials.2007.02.028.

[107] J. Aufort, D. Gommery, C. Gervais, L. Segalen, N. Labourdette, C. Coelho-Diogo,
E. Balan, Assessing bone transformation in late Miocene and Plio-Pleistocene
deposits of Kenya and South Africa, Archaeometry. 61 (2019) 1129–1143,
https://doi.org/10.1111/arcm.12471.

[108] G. Piga, A. Santos-Cubedo, S. Moya Solà, A. Brunetti, A. Malgosa, S. Enzo, An X-
ray Diffraction (XRD) and X-ray Fluorescence (XRF) investigation in human and
animal fossil bones from Holocene to Middle Triassic, J. Archaeol. Sci. 36 (2009)
1857–1868, https://doi.org/10.1016/j.jas.2009.04.013.

[109] M.B. Kasiri, Fluoride Dating of Skeletons of the Iron Age Cemetery of Tabriz, Iran,
Sci. Cult. 6 (2020) 39–48, https://doi.org/10.5281/zenodo.3600580.

[110] C.I. Smith, M. Faraldos, Y. Fernández-Jalvo, The precision of porosity
measurements: Effects of sample pre-treatment on porosity measurements of
modern and archaeological bone, Palaeogeogr. Palaeoclimatol. Palaeoecol. 266
(2008) 175–182, https://doi.org/10.1016/j.palaeo.2008.03.028.

[111] C.M. Nielsen-Marsh, C.I. Smith, M.M.E. Jans, A. Nord, H. Kars, M.J. Collins, Bone
diagenesis in the European Holocene II: taphonomic and environmental
considerations, J. Archaeol. Sci. 34 (2007) 1523–1531, https://doi.org/10.1016/
j.jas.2006.11.012.

[112] M.M.E. Jans, H. Kars, C.M. Nielsen-Marsh, C.I. Smith, A.G. Nord, P. Arthur,
N. Earl, In situ preservation of archaeological bone: A histological study within a
multidisciplinary approach, Archaeometry. 44 (2002) 343–352, https://doi.org/
10.1111/1475-4754.t01-1-00067.

[113] C.M. Nielsen-Marsh, R.E.M. Hedges, Patterns of diagenesis in bone I: The effects
of site environments, J. Archaeol. Sci. 27 (2000) 1139–1150, https://doi.org/
10.1006/jasc.1999.0537.

A. Díaz-Cortés et al. Microchemical Journal 206 (2024) 111353 

13 

https://doi.org/10.1111/1475-4754.t01-1-00073
https://doi.org/10.1111/1475-4754.t01-1-00073
https://doi.org/10.1016/j.jasrep.2017.12.029
https://doi.org/10.1016/j.biomaterials.2007.02.028
https://doi.org/10.1016/j.biomaterials.2007.02.028
https://doi.org/10.1111/arcm.12471
https://doi.org/10.1016/j.jas.2009.04.013
https://doi.org/10.5281/zenodo.3600580
https://doi.org/10.1016/j.palaeo.2008.03.028
https://doi.org/10.1016/j.jas.2006.11.012
https://doi.org/10.1016/j.jas.2006.11.012
https://doi.org/10.1111/1475-4754.t01-1-00067
https://doi.org/10.1111/1475-4754.t01-1-00067
https://doi.org/10.1006/jasc.1999.0537
https://doi.org/10.1006/jasc.1999.0537

	Diagnosis of archaeological bones: Analyzing the state of conservation of lower Pleistocene bones through diagenesis methods
	1 Introduction
	2 Materials and methods
	2.1 Archaeological bone samples: Barranc de la Boella
	2.2 Multimethod approach for characterizing and assessing the state of conservation of archaeological bones: A proposal
	2.2.1 Microstructural analysis
	2.2.1.1 Mercury intrusion porosimetry
	2.2.1.2 Thin section: Histological analysis

	2.2.2 Chemical analysis
	2.2.2.1 Attenuated total reflection Fourier Transform infrared (ATR-FTIR)
	2.2.2.2 X-ray diffraction (XRD)



	3 Results
	3.1 Microstructural analysis
	3.1.1 MIP
	3.1.2 Thin section

	3.2 Chemical analysis
	3.2.1 ATR-FTIR
	3.2.2 XRD


	4 Discussion
	4.1 Organic fraction: Hydrolysis and loss of collagen
	4.2 Microbial attack
	4.3 Mineral fraction: Remineralization and formation of fluorapatite
	4.4 State of conservation: Chronology vs. Burial conditions

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


