
Citation: Castorina, F.; Masi, U.;

Giorgini, E.; Mori, L.; Tafuri, M.A.;

Notarstefano, V. Evidence for Mild

Diagenesis in Archaeological Human

Bones from the Fewet Necropolis

(SW Libya): New Insights and

Implications from ATR–FTIR

Spectroscopy. Appl. Sci. 2023, 13, 687.

https://doi.org/10.3390/

app13020687

Academic Editor: Giuseppe Lazzara

Received: 9 December 2022

Revised: 30 December 2022

Accepted: 31 December 2022

Published: 4 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Evidence for Mild Diagenesis in Archaeological Human Bones
from the Fewet Necropolis (SW Libya): New Insights and
Implications from ATR–FTIR Spectroscopy
Francesca Castorina 1,2,*, Umberto Masi 2, Elisabetta Giorgini 3,* , Lucia Mori 4 , Mary Anne Tafuri 5

and Valentina Notarstefano 3

1 Dipartimento di Scienze della Terra, Università di Roma “La Sapienza”, Piazzale Aldo Moro 5,
00185 Roma, Italy

2 CNR, IGAG c/o Dipartimento di Scienze della Terra, Università di Roma “La Sapienza”,
Piazzale Aldo Moro 5, 00185 Roma, Italy

3 Dipartimento di Scienze della Vita e dell’Ambiente, Università Politecnica delle Marche,
Via Brecce Bianche, 60131 Ancona, Italy

4 Dipartimento Scienze dell’Antichità, Università di Roma “La Sapienza”, Piazzale Aldo Moro 5,
00185 Roma, Italy

5 Dipartimento di Biologia Ambientale, Università di Roma “La Sapienza”, Piazzale Aldo Moro 5,
00185 Roma, Italy

* Correspondence: francesca.castorina@uniroma1.it (F.C.); e.giorgini@staff.univpm.it (E.G.)

Abstract: Bones offer a great amount of information on ancient populations regarding both their
lifestyle habits and the influence of the living area. Bones are composed by an inorganic compo-
nent, i.e., carbonated hydroxyapatite (Ca10[(PO4)6−x(CO3)x](OH)2), and an organic matrix (mainly
proteins and collagen). After death, bones are subjected to diagenetic processes, with changes in
structure, morphology, and chemical composition. All these modifications strictly depend on several
factors, including the nearby environment, the climate, and the burial modality. Hence, a precise
knowledge of the diagenetic processes affecting bones after death is mandatory. In this study, arche-
ological human bones from the Garamantian necropolis of Fewet (Libyan Sahara) were analyzed
by ATR–FTIR spectroscopy to elucidate the role of the burial location and modality, as well as the
highly arid environment in the diagenesis rate. Several spectral parameters related to structural and
chemical features of the organic and mineral components (i.e., AmideI/PO4, C/P, MM, FWHM603,
and IRSF indexes) were statistically analyzed. Spectral data were compared with those from modern
ruminants from the same site to evaluate a possible time-dependent correlation between the chemical
composition and the diagenetic processes. A mild diagenesis was found in all human bones, even
though it had a variable degree depending on the burial location.

Keywords: ATR–FTIR spectroscopy; archaeological human bones; diagenesis; Fewet oasis; Garamantian
necropolis; Libyan Sahara

1. Introduction

Bones are complex biological systems containing information at many different lev-
els (i.e., isotopic, molecular, biochemical, and structural). They are mainly composed
of bioapatite crystals consisting of inorganic nanosized crystallites of hydroxyapatite,
Ca5(PO4)3(OH), that are closely intertwined with an organic matrix composed by type
I collagen and proteins [1]. After death, bones are subjected to modifications in terms
of structure, morphology, and chemical composition; in general, the organic matrix is
degraded, while the biomineral component undergoes a transformation to a more crys-
talline status, with the substitution of hydroxyl (OH–) or phosphate (PO4

3−) groups with
(CO3)2− ions (type A and B carbonated hydroxyapatite, respectively) and the replacement
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of Ca2+ with other cations [1–3]. These alterations, which are also triggered by the environ-
mental conditions and addressed as diagenesis, depend on several factors, including the
uptake of cations, ions’ exchange, degradation and leaching of collagen, microbiological
attack, alteration, and, in some cases, leaching of the mineral matrix, infilling with mineral
deposits, etc. [4–6].

The precise evaluations of the extent of diagenesis in archaeological bones is crucial
for the reliable use of specific parameters, such as the chemical and isotopic composition,
for studies regarding the diet and provenance of ancient populations [7]. In fact, diagenesis
is not only concerned with the changes taking place in bones during burial, but it is also
related to how the environment affects these changes to alter specific information [8].

Attenuated total reflectance-Fourier transform infrared (ATR–FTIR) spectroscopy
is a quick, cost-effective, and non-destructive technique that is useful for studying the
chemical and structural features of solid samples, including bones and teeth, which cannot
be analyzed in transmission mode, since the radiation cannot pass through [9–12]. This
technique obtains qualitative and quantitative information at a molecular level, not only
regarding the mineral component, but also the organic matrix [10]. ATR–FTIR spectroscopy
relies on the use of high refractive index crystals, such as diamonds and germaniums,
within which the IR radiation can propagate as an internal reflection [13]. Even if the
radiation is quite completely refracted by the surface of the sample, an evanescent wave
is generated, which penetrates the sample and generates the corresponding IR spectrum.
ATR–FTIR presents several advantages with respect to other conventional methods; in
fact, it works independent of the sample type or thickness, and, therefore, a broad variety
of materials can be measured [14]. The average spatial resolution of this technique is
in the range of 100 µm, which is not high compared to other molecular spectroscopic
techniques [15]. As an example, it has been used to assess postmortem changes in the
bioapatite crystals (by analyzing specific spectral parameters, such as IRSF, FWHM603, C/P,
and MM) and in the organic matrix, by evaluating the amount of proteins with respect to
inorganic phosphates [5,10,16,17].

The oasis of Fewet is located along the upper course of Wadi Tanezzuft, about 1200 km
south of Tripoli and SE to Hammada El-Hamra in the Fezzan, which is next to the border
between Libya and Algeria. The geomorphological description of the area has already been
reported [18,19]. Excavations in the Fewet oasis revealed a rural village with a necropolis
dated to the Garamantian time (3rd century B.C.–2nd century A.D.) [20], which represents
one of the oldest settlements in SW Fezzan. This necropolis covers an area of approximately
150 hectares [21] and is set on the plateau located E to S of the Fewet village (Figure 1)
hosting the Hasawnah Formation. This latter region, which is the oldest (Upper Cambrian)
and most important by extent formation of the area, is composed of fluviatile and deltaic
conglomerates and sandstones, which are overhung by intertidal–subtidal silty and fine-
grained materials, and covered by subtidal massive sandstones [22]. The necropolis hosts
1329 tumuli of conical to transitional and drum-shaped types; the tumuli contain human
skeletons and/or dismembered bones in stone cists, which are occasionally infilled with
loose sand, encircled by sandstone blocks/slabs, covered by a stony slab, and placed in
shallow burial pits dug into the sandstone bedrock. In some tumuli, a few-centimeters
thick, coarse reddish soil/sand occurs between the cist and the underlying bedrock. Some
studies already reported in the literature regarding the human bones collected in this
necropolis [23,24], but the impact of diagenesis on these samples is still poorly defined.
Di Lernia et al. analyzed the carbon and nitrogen stable isotopes of those bones and gave
only a few reliable results because of the impact of the hyper-arid climatic conditions [25].
Conversely, a Sr isotopic study performed on human tooth enamel from the same area
provided information on the humans’ diet and provenance [26].

In the light of this evidence, this present study aims to improve the knowledge on
the diagenetic processes affecting these archeological remains in relation to the burial
location and modality, as well as the highly arid environment. To this end, specific spectral
parameters related to the structural and chemical features of the organic and inorganic com-
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ponents (such as the Amide I/PO4, C/P, MM FWHM603, and IRSF indexes) were obtained
by ATR–FTIR spectroscopy and statistically analyzed. Spectral data were compared with
those of modern ruminants from the same site to evaluate a time-dependent correlation
between the chemical composition and diagenesis. Moreover, spectral data of human bones
from the Fewet oasis were compared with those reported in the literature regarding coeval
humans inhumated in the Meroitic Al-Khiday cemetery (Sudan).
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Figure 1. Satellite image of the Fewet oasis area in the Sahara of SW Libya (modified from Google 
maps), showing the three burial areas of the necropolis and the tumuli from which human bone 
samples were collected. Light blue stars: tumuli in BA1; red stars: tumuli in BA2; yellow stars: 
tumuli in BA3; white circle: Fewet village’s main settlement. 
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on a flat bedrock and the results were well-built, except for the tumuli T–41, T–1191, T–
1226 (in BA1), and T–954 (in BA3), which were characterized by deflation and sanding 
over [23]. 

Portions of human (H) bones (mainly limb, rib, and fibula) were collected from the 
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914F, H–954F, H–976M, and H–1191M showed a good state of preservation and 
completeness; conversely, the main anatomical parts of skeleton H–716M were poorly 

Figure 1. Satellite image of the Fewet oasis area in the Sahara of SW Libya (modified from Google
maps), showing the three burial areas of the necropolis and the tumuli from which human bone
samples were collected. Light blue stars: tumuli in BA1; red stars: tumuli in BA2; yellow stars: tumuli
in BA3; white circle: Fewet village’s main settlement.

2. Materials and Methods
2.1. Samples Collection

Human bone samples were collected from 9 tumuli in the Garamantian necropolis of
the Fewet oasis (Libyan Sahara). The necropolis can be divided into three burial areas: a flat
lower area located in the SW of the Wadi Takarkori valley (named BA1); a central area with
a gentle slope (name BA2), and a flat upper area located in the NE of the Fewet plateau
(named BA3). Figure 1 shows the location of the tumuli within these areas: tumuli T–41,
T–1191, and T–1226 are in BA1; tumuli T–669, T–715, and T–716 are in BA2, and tumuli
T–914, T–954, and T–976 are in BA3. More specifically, all the tumuli were placed on a flat
bedrock and the results were well-built, except for the tumuli T–41, T–1191, T–1226 (in
BA1), and T–954 (in BA3), which were characterized by deflation and sanding over [23].

Portions of human (H) bones (mainly limb, rib, and fibula) were collected from the
skeletons of 9 adult individuals (5 males, M, and 4 females, F); all the information regarding
these samples is reported in Table 1 [24]. Samples H–41M, H–669F, H–715F, H–914F, H–954F,
H–976M, and H–1191M showed a good state of preservation and completeness; conversely,
the main anatomical parts of skeleton H–716M were poorly preserved, and, lastly, the skele-
ton H–1226M exhibited a very low degree of preservation and anatomical completeness.

In addition, 3 bone samples belonging to modern ruminants (2 jaws of Ovis/Capra,
named A–2, A–6, and 1 pelvis fragment of a gazelle, named A–106) were retrieved
from the Fewet village (named ENV) for comparative analysis with the archaeological
human remains.
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Table 1. Main features of the archaeological human bone samples collected in the Garamantian
necropolis of the Fewet oasis in the Sahara of SW Libya (* From archaeological material—C14 date
rejected) [24].

Sample Sex Maximum
Age at Death Bone Conservation Skeleton Period Burial Area Topographic

Location

H–41 M 30–35 rib very good complete Classic/Late * BA1 On the sandstone
plateau

H–669 F 20–25 limb very good complete Mature BA2 On the slope of the
sandstone plateau

H–715 F 20–25 rib very good complete Classic BA2
Flat area on the top

of the sandstone
plateau

H–716 M 20–30 limb bad incomplete Late BA2 On the sandstone
plateau

H–914 F 15–20 limb very good complete Classic BA3 On the top of the
sandstone plateau

H–954 F 20–25 limb very good complete Mature BA3 On the top of the
sandstone plateau

H–976 M 35–40 fibula very good complete Classic BA3
Flat area on the top
on the sandstone

plateau

H–1191 M 25–30 fibula very good almost
complete Mature BA1

Flat sandy area at
the foot of the

sandstone plateau

H–1226 M 40–45 limb bad incomplete Mature BA1
Flat sandy area at

the foot of the
sandstone plateau

2.2. ATR–FTIR Analysis

ATR–FTIR measurements were carried out by using a PerkinElmer Spectrum GX1
spectrometer (PerkinElmer, Inc., Waltham, MA, USA) equipped with a UATR accessory; a
diamond/ZnSe crystal was used for analysis in reflectance mode.

The following procedure was applied to each sample. First, the external surface of
the bone was gently cleansed with abrasive paper to eliminate soil sediments; then, five
representative portions (ca. 10 mg) were collected and finely hand-ground in an agate
mortar to obtain a homogeneous powder. The powder of each portion was deposited onto
the surface of the diamond/ZnSe crystal, and the ATR–FTIR spectrum was acquired in
reflectance mode in the 4000–450 cm−1 spectral range (64 scans, spectral resolution 4 cm−1).
A background spectrum was acquired before each sample acquisition.

For each bone sample, the absorbance average spectrum and the absorbance average
spectra ± S.D. spectra were generated by averaging the IR spectra collected on the five
different portions (averaging routine, OPUS 7.5 software package, Bruker Optics, Ettlingen,
Germany). The obtained average IR spectra were interpolated in the 1800–500 cm−1 spectral
region, multi-point-baseline linear fitted, and vector normalized. To resolve convoluted
bands and highlight underlying peaks, IR spectra were then curve fitted with Gaussian
functions in the same spectral range. The position (expressed as wavenumbers) of each
underlying peak was identified based on second derivative analysis and fixed before
running the iterative process to obtain the best reconstructed curve (residual close to zero;
bandwidth in 10 to 40 cm−1 range); this fitting procedure made it possible to calculate the
exact area, height, and width of each underlying peak (GRAMS/AI 9.1, Galactic Industries,
Inc., Salem, NH, USA) [27,28].

2.3. Statistical Analysis

IR data were first submitted to principal component analysis (PCA; OriginPro 2018b
software, OriginLab Corporation, Northampton, MA, USA). Then, univariate analysis was
performed by means of a factorial analysis of variance (one-way ANOVA), followed by
Tukey’s multiple comparison test (statistical difference was set at p < 0.05; Prism6, Graphpad
software, Inc., San Diego, CA, USA). IR data were also submitted to a linear regression to
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monitor the relationship between the C/P and MM indexes (OriginPro 2018b software).
Finally, a multinomial logistic regression was carried out to investigate both the real and
numerical correlation between chemical bone composition and the following categorical
dependent variables: (i) presumptive age of death (<30 years = 0, ≥30 years = 1), (ii) sex
(male = 0, female = 1), (iii) chronological attribution (Classic = 0, Late = 1, Mature = 2), and
(iv) burial areas (BA1 = 0, BA2 = 1, BA3 = 2, ENV = 3) (OriginPro 2018b software).

3. Results

The representative ATR–FTIR spectrum of a human bone sample collected in the
Garamantian necropolis of the Fewet village and dated ~200 B.C.–~200 A.D., is reported as
an example in Figure 2. The spectrum is shown in the 1800–450 cm−1 range, containing
the most relevant spectral features attributable to hydroxyapatite; the bands were assigned
according to the literature [3,5,16]. In particular, the peaks related to carbonate (centered at
1463 cm−1, 1412 cm−1, and 872 cm−1), and phosphate (centered at 1091 cm−1, 1024 cm−1,
956 cm−1, 603 cm−1, and 565 cm−1) groups in carbonated hydroxyapatite were well evident;
in addition, a band referring to the organic component (proteins and collagen) was detected
at 1639 cm−1. It is noteworthy that no peak at 712 cm−1 attributable to diagenetic calcite
was found in any of the bone samples.
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Figure 2. ATR–FTIR spectrum of a representative human bone sample from the Fewet oasis in the
Sahara of SW Libya. The spectrum is displayed in the 1800–500 cm−1 region; the positions of the
most relevant peaks (in terms of wavenumbers, cm−1) are reported for clarity.

The ATR–FTIR spectra of all bone samples analyzed (human and animal) were used
to calculate the following diagenetic spectral parameters: IRSF (infrared splitting factor,
calculated by dividing the sum of the intensity of the peaks at 603 cm−1 and 565 cm−1 and
the intensity of the valley between them), which is related to bioapatite crystallinity [5,17,29];
FWHM603 (full width at half maximum of the band centered at 603 cm−1), which is inversely
proportional to the mineral crystallinity index and representative of the apatite phosphate
environment [16]; C/P index (calculated as the ratio between the intensities of the peaks
at 1412 cm−1 and 1024 cm−1 attributed to vibrational modes of carbonate and phosphate
groups, respectively), which is related to the carbonate content of bioapatite [5]; MM index
(calculated as the ratio between the intensity of the peaks at 1024 cm−1 and 1091 cm−1
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associated with apatitic phosphates in well-crystallized stoichiometric hydroxyapatite and
in poorly crystalline apatite, respectively) which is related to the mineral maturity [16];
and amide I/PO4 (calculated as the ratio between the intensity of the peaks at 1639 cm−1

and 1024 cm−1 corresponding respectively to the vibrational modes of the amide I band of
proteins and phosphate groups, respectively), which indicates the relative amount of the
organic matrix with respect to the inorganic component [3,5]. The numerical variation is
reported in Table 2.

Table 2. Diagenetic parameters calculated by ATR–FTIR analysis of human and animal bone samples
collected at the Fewet oasis: IRSF, FWHM603, C/P, MM, and amide I/PO4. Data are reported as
mean ± S.D.

Sample IRSF FWHM603 C/P MM AmideI/PO4

H–41 2.53 ± 0.226 23.5 ± 0.85 0.136 ± 0.007 2.96 ± 0.11 0.032 ± 0.005
H–669 2.57 ± 0.165 25.1 ± 0.58 0.206 ± 0.005 3.07 ± 0.15 0.087 ± 0.006
H–715 2.46 ± 0.198 24.7 ± 0.60 0.196 ± 0.008 2.56 ± 0.25 0.078 ± 0.004
H–716 3.00 ± 0.225 17.6 ± 0.92 0.043 ± 0.008 3.69 ± 0.22 0.018 ± 0.005
H–914 2.87 ± 0.154 25.6 ± 0.67 0.198 ± 0.007 2.67 ± 0.17 0.058 ± 0.005
H–954 2.38 ± 0.158 24.1 ± 0.56 0.209 ± 0.010 2.88 ± 0.14 0.084 ± 0.005
H–976 2.47 ± 0.151 18.0 ± 0.67 0.105 ± 0.009 2.15 ± 0.14 0.022 ± 0.005
H–1191 2.42 ± 0.215 20.8 ± 0.79 0.135 ± 0.008 2.66 ± 0.19 0.039 ± 0.004
H–1226 2.67 ± 0.169 18.9 ± 0.73 0.174 ± 0.009 3.25 ± 0.17 0.061 ± 0.006

A–2 3.83 ± 0.326 19.7 ± 0.83 0.124 ± 0.008 2.42 ± 0.25 0.053 ± 0.002
A–6 3.40 ± 0.325 18.6 ± 0.95 0.125 ± 0.008 2.37 ± 0.25 0.049 ± 0.002

A–106 3.47 ± 0.201 20.0 ± 1.10 0.149 ± 0.007 2.24 ± 0.25 0.053 ± 0.004

To evaluate differences among groups, the above defined spectral parameters were
then submitted to principal component analysis. The PCA scores plot, shown in Figure 3,
pinpoints the presence of different spectral populations among groups; in particular, with
regards to the human samples, a good segregation was observed along the PC1 axis (61.04%
explained variance) between H–716M and H–976M and all the other samples, while PC2
discriminated between male and female bones (16.56% explained variance). Concerning
the modern ruminant samples, a good segregation along the PC1 axis was found with
respect to most of the human bones, except for H–716M and H–976M, which segregated
along the PC2.
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The statistical analysis of the diagenetic parameters reported in Table 2 is shown in
Figure 4. The following considerations can be drawn: (i) with regards to the amide I/PO4
ratio, the lowest values were displayed by H–716M and H–976M samples, which also
showed the best segregation in the PCA scores plot, whereas samples H–669F, H–715F,
and H–954F exhibited the highest ones; (ii) a similar trend was displayed with regards
to the C/P index; (iii) concerning the MM index, the highest and lowest values were dis-
played respectively by samples H–716M and H–976M; (iv) sample H–716M also exhibited
the lowest FWHM603 and the highest IRSF values; (v) data from the modern ruminants
showed intermediate values. All these findings suggest that H–716M and H–976M were
characterized by spectral features that were almost different from all the other samples. In
particular, in both of these samples, the organic matrix was highly degraded and only a low
amount of carbonate ions was present. Moreover, sample H–716M was characterized by a
major amount of crystalline hydroxyapatite, as suggested by the low value of FWHM603
and by the high values of IRSF and MM.
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No correlation was found between the C/P and MM indexes among all the groups
(Figure 5), which indicated that the level of hydroxyapatite recrystallization of the Fewet
samples was independent of their C/P ratio.

Finally, a multinomial logistic regression was performed to investigate the real and
numerical correlation between the above defined spectral parameters and specific cate-
gorical dependent variables related to humans, such as the presumptive age at death, sex,
chronological attribution, and the burial area. A correlation was only found with the burial
area (BA1-3 categories for humans and ENV category for animals) (Figure 6). In particular,
with regards to the amide I/PO4 ratio, the probability associated with BA1 and BA2 reached
its maximum level (0.4) at a value of ca. 0.05 of this spectral parameter; the probability of
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BA3 displayed an increasing trend, with a maximum of 0.5 at the highest amide I/PO4
value, while the lowest ones were strongly associated (probability = 1) with the ENV cate-
gory, hence, to the animal bones. With regards to the C/P ratio, the probability associated
with BA1 and BA2 reached the maximum level (0.3) at a value of ca. 0.10 of this spectral
parameter, while the probability of BA3 displayed an increasing trend, with a maximum
of 0.6 at the highest C/P value; as with the previous case, the C/P lowest values were
strongly associated (probability = 0.8) with animal bones. By considering the MM index, the
probability associated with BA1, BA3, and ENV showed an almost similar decreasing trend,
while the regression line associated with the probability of the BA2 category increased, with
a maximum level of almost 0.7 related to the highest MM index values. With regards to the
FWHM603 value, the probability associated with BA1 showed the highest level of ca. 0.3
with an FWHM603 value of 20 and decreased with higher values; the probability associated
with BA2 and BA3 showed a superimposable increasing trend, which reached 0.4 with
high values of the analyzed spectral feature. Finally, the logistic regression performed by
using the IRSF index showed an almost superimposable decreasing trend of probability for
BA1, BA2, and BA3 categories, which reached the null probability at >3.25 IRSF values; the
highest IRSF values were strongly associated (probability = 1) with animal bones.
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Then, the statistical significance of the association between the burial area and the
spectral parameters of all samples was determined using the ENV category as the reference
(Table 3). No significant effect of the burial area was detected for amide I/PO4 and MM
parameters (significance > 0.05). With regards to the C/P ratio and FWHM603, a significant
effect was highlighted only for BA2 and BA3 (significance < 0.05), while for the IRSF index,
a significant effect was found only for BA1 and BA3 categories (significance < 0.05). Overall,
these data confirmed that the chemical and structural features of carbonated hydroxyapatite
were different among the samples according to the burial area [5].
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4. Discussion

Diagenesis is a set of complex postmortem processes which affect both the organic
and inorganic components of bones. It begins with death, and potentially extends even to
fossilization, causing alterations in the majority of in vivo chemical signals of bones [13].
A key role is played by the environmental conditions, but the entity and the complexity
of these modifications depend on several factors, including the uptake of cations, ions’
exchange, degradation and leaching of collagen, microbiological attack, alteration and,
in some cases, leaching of the mineral matrix, infilling with mineral deposits, etc. [4–6].
According to Nielsen–Marsh and Hedge [30], the diagenetic changes in archeological bones
are mostly dependent on the burial modality and site. Above all, the driving force of
diagenesis is the intra-site hydrology, which appears to have a strong influence on the
outcome of bone preservation because of the ionic exchange between the bone and the
neighboring burial environment.

It is evident that a careful investigation of all these degradation processes is essential
for a reliable reconstruction of the fundamental characteristics of ancient populations,
including lifestyle, diet, and provenance [7]. The Garamantian necropolis of the Fewet
oasis has been already studied [23–25], but there is a lack of information regarding the
diagenetic processes affecting the skeletons buried in this area. Hence, the ATR–FTIR
analysis of human bones from this site was carried out in this present study, and the relative
information obtained on the chemical and structural composition of the mineral and organic
components of these samples appear fundamental to obtain reliable information on these
ancient populations.

Useful parameters for the evaluation of archaeological bone diagenesis are the microbic
activity damage, the protein content, and changes in bone micro-and macro-porosity [30]. In
addition, ATR–FTIR indexes related to the vibrational modes of phosphates and carbonate
groups and indicative of the crystallinity of hydroxyapatite (such as the amide I/PO4, C/P,
MM FWHM603, and IRSF indexes) were successfully used [3,5,16].

Upon initial evaluation, in all the analyzed bone samples, no peak at 712 cm−1 at-
tributable to diagenetic calcite was observed. The absence of or an undetectable content
of diagenetic calcite in human bones suggests a very limited circulation of water within
the bone-hosting cists, which is also favored by the Saharan hyper-arid climate of the
last 2000 years. This is consistent with previous data reported in [5], describing the lack
of secondary calcite in archaeological bones, even when Saharan soils were calcite-rich
(caliche). Therefore, the absence of diagenetic calcite might be related with the increase of
the hydroxyapatite recrystallization rate in bone remains [31]. Moreover, since calcite is
more soluble in water than apatite, the potential ion release stabilizes apatite, mainly in
the case of a relatively static hydrological regime. This may have accounted for the high
FWHM of the peak at 603 cm−1 observed in Fewet human bones.

The majority of the Fewet samples displayed C/P values within the range 0.1–0.2,
which was lower than the catastrophic bone dissolution (CD) value and closer to the acceler-
ated collagen loss (ACL) value [32], which leads us to hypothesize that these processes were
likely those mainly responsible for bone diagenesis. Moreover, the comparison between the
C/P values of Fewet bone samples and those of the modern analogs (C/P > 0.67) suggests
a low carbonate exchange in the former [3,5]. Lacking any correlation between the C/P
and MM indexes, the absence of diagenetic calcite could be ascribable to the input of soil
carbonates into the crystalline lattice of the bone [30,33]. Given that the C/P values of
samples H–716M and H–976M were similar to those of modern ruminant bones, this may be
explained by either a loss of carbonate or a higher rate of hydroxyapatite recrystallization.

In general, except for the H–716M and H–976M samples, Fewet human bones dis-
played a high preservation of the organic matrix, as shown by the values of the amide
I/PO4 ratio, which were higher than those found in modern ruminant bones. Significantly
lower values of the FWHM603 index were observed in Fewet samples (human and animal
ones) with respect to fresh human and animal bones [5,31,32], which indicated a rather
variable rate of diagenesis. With regards to the IRSF index, Fewet human bone samples
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displayed lower values with respect to those found in the modern ruminant bones from
the same area and, in general, with respect to modern human and animal bones [3]; IRSF
Fewet values were also far from those of bones affected by CD (>3.5) and ACL (>4.0) values,
which suggested a mild diagenesis [32].

Moreover, the multinomial logistic regression showed a numerical correlation between
the chemical bone composition of the bones and their burial sites; interestingly, no correla-
tion existed between bones spectral features and death age, sex, chronological attribution
of the individuals, or environmental conditions [4,5].

The comparison between the ATR–FTIR data of Fewet human bones and those belong-
ing to Meroitic individuals collected from the Al-Khiday multi-layered cemetery (Sudan)
provided further information on diagenesis [5]; interestingly, these humans lived under
climatic (Saharan hyper-arid) and chronological (800 B.C.–350 A.D.) features similar to
those of Fewet humans, but they were subjected to significantly different burial conditions;
at Al-Khiday, bones were inhumated, whereas at Fewet, they were placed in cists. There-
fore, inhumation might explain why Al-Khiday bones displayed comparatively higher
(0.09–0.14) values of the C/P ratio as well as of the FWHM603 (44.4–66.2) and IRSF (5.4–6.2)
indexes [5], likely because significant ion exchanges between bones and the soil solution
occurred there. In turn, this may support that Fewet bones underwent mild diagenesis.

As a whole, the FWHM603, C/P, and MM indexes of ATR–FTIR data made it possible to
distinguish between modern and archeological human bones. Moreover, the comparison be-
tween Fewet and Al-Khiday bone samples, which were similar in age, geological substrate,
and climatic condition, but different in the burial style, suggests that bone recrystallization
processes are strongly susceptible to the influence of external diagenetic factors.

5. Conclusions

ATR–FTIR spectroscopy was successfully applied to study human bone samples from
several burials of the Garamantian necropolis of the Fewet oasis in SW Libya. Spectral
results suggest that the analyzed bone samples underwent mild diagenesis, which was
confirmed by comparing the data with analogs of modern ruminant bones from the same
area. In particular, human bones underwent a higher rate of carbonate loss relative to phos-
phate loss and were degraded mainly because of a loss of proteins and collagen. Among
all the bones studied, samples H–716M and H–976M were more affected by diagenesis,
as they were the most recrystallized, and showed the lowest amounts of organic compo-
nents (amide I/PO4 ratio), carbonate groups relative to phosphates (A1412/A1024 ratio),
and FWHM603 indexes. Moreover, sample H–716M shows the highest MM (A1024/A1091
ratio) value.

Interestingly, a correlation was found with the burial site. In fact, the samples from the
BA1 location showed low values of the IRSF index, whereas those from the BA2 location
displayed high values of the A1024/A1091 ratio, the FWHM603, and IRSF indexes, and,
lastly, the samples from the BA3 location exhibited high values of the A1412/A1024 ratio
and the FWHM603 index. The relationship between most of the IR data of the human
bones and burial areas showed that the bones from the lower levels of the necropolis
generally exhibited a higher rate of hydroxyapatite recrystallization, i.e., a higher diagenetic
impact. Moreover, the human bones displayed lower amounts of organic matter relative to
phosphates and IRSF values. The FWHM603 and MM indexes, along with the C/P ratios,
did not distinguish between the human and modern ruminant bones, which suggested that
both underwent early diagenesis. In contrast, the lower IRSF values of the human bones
made it possible to distinguish them from those of modern ruminants.

Lastly, the comparison of the IR data of cist-posed Fewet human bones with those
of coeval Meroitic individuals from the Al-Khiday (Sudan) cemetery, who lived under
similar climatic conditions but were inhumated after death, showed different patterns of
bone diagenesis. In fact, Fewet bones displayed comparatively lower values of the IRSF,
FWHM603, and C/P ratios, likely because of the lack of significant ion exchange between
the bone and the soil.
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