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Abstract: Elephants are currently the largest terrestrial mammals, along with their extinct ancestor
the mammoth. These species are of great interest due to their geographic distribution and ecological
importance. However, the bone mineral characteristics of their skeleton as well as their alteration
during burial processes over millions of years have been poorly investigated. In the current research,
we analyzed the compositional and structural mineral properties of different types (i.e., long and
flat bones) of elephant and mammoth bones. For this purpose, we performed a comparative study
between these bone types using complementary analytical techniques based on X-ray diffraction,
thermogravimetry, Fourier transform infrared spectroscopy, scanning electron microscopy, and
inductively coupled plasma spectroscopic analysis. The chemical composition of the samples shows
a relative loss of a considerable percentage of water and organic matter components for the fossilized
bone, accompanied by a higher bone mineralization degree and the presence of other crystalline
phases (i.e., calcite and pyrite) related to a certain degree of diagenesis alteration. Our results also
show a variation in the crystalline properties of mammoth bone related to the recrystallization process
during the dissolution–precipitation transformation through diagenetic burial. This research provides
relevant information for understanding the mineral properties of different types of bones and their
possible changes during diagenesis.
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1. Introduction

Elephants are the largest terrestrial living mammals. Several elephant species, such
as the African elephant (Loxodonta africana), suffered huge population declines in recent
decades due to habitat loss and poaching for the illegal ivory trade [1,2]. The International
Union for Conservation of Nature (IUCN) listed this species in the Red List of Threat-
ened Species as globally Vulnerable (VU) to extinction [3]. The extinct woolly mammoth
(Mammuthus primigenius) is the closest relative of recent elephant species [4,5]. Similar to
the case of the current decline in the modern elephant, the extinction of mammoth species
could be due to overhunting by the Homo sapiens [6,7].

Both Elephantidae species, Loxodonta africana and Mammuthus primigenius, were inves-
tigated during recent decades due to their relevance and distribution from an ecological
and demographical (e.g., population behavior, geographical occurrence) as well as a socio-
economic (e.g., illegal trade of body parts, such as ivory) point of views [1,2,8,9]. However,
few studies were performed on the skeletal structures of these animals and the comparison
of recent and fossil bones of both species. An elephant’s body is a hundred thousand times
heavier than that of a hamster and, therefore, its skeleton has to withstand its body weight.
Galileo Galilei was probably the first scientist to publish in his Dialogues the effects of body
weight on the animal skeleton, which is exposed to loading and bending as the size of the
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animal increases, and, thus, its bone morphology and physical–chemical properties have to
change accordingly [10].

Bone is a composite material made of an organic matrix (mainly composed of type
I collagen fibrils) and an inorganic phase (i.e., nanometer-sized carbonated apatite that
derives from hydroxyapatite) hierarchically organized in the bone tissue [11,12]. Bone is
a living tissue that is constantly changing through “bone remodeling” that involves the
removal of bone mineral by osteoclastic acidification followed by the formation of the
bone matrix through the osteoblasts that subsequently become mineralized [13]. Bone
remodeling serves to adjust bone architecture to adapt to mechanical loads, as well as to
supply ions needed for cell functions. Depending on the type of each bone (e.g., sesamoid,
irregular, long, short, or flat bones) and location in the skeleton, its chemical composition
and structural organization may vary [14]. In all cases, carbonate molecules substitute
phosphate anions in the crystal lattice change the structural properties of hydroxyapatite
and modify the mineral properties (solubility) of these bones [15]. On the other hand,
after the death of vertebrates, bone materials are the most resistant parts of their bodies
to weathering and biological degradation, being susceptible to the diagenesis process and
fossilization [16]. To the best of our knowledge, there is no comparative study analyzing
the structure and chemistry of elephant and mammoth bones and their possible alterations
due to diagenetic processes.

The current research presents a detailed comparative mineralogical and chemical
characterization between recent elephant and mammoth using bones from different skele-
tal locations. Specifically, we employed long and flat bones with different mineral and
structural properties [14,17]. To achieve a complete description, we analyzed bone samples
through structural (i.e., two-dimensional X-ray diffraction (2D-XRD), X-ray powder diffrac-
tion, and scanning electron microscopy) and chemical analyses (i.e., X-ray energy-dispersive
and infrared spectroscopies, thermogravimetry, and ICP-OES). Overall, the major aims on
this study are: (i) to compare the physical–chemical properties of bone mineral from extinct
mammoths and recent elephants, which allows us to better understand changes in bone
mineral components due to diagenesis; and (ii) to combine the information provided by
different complementary analytical techniques to reveal and quantify differences at the
compositional and structural level between types of bones (e.g., flat and long bones) and
their possible changes occurring during diagenetic processes.

2. Materials and Methods
2.1. Materials

Bones of recent elephants (Loxodonta africana) were collected from the Cabárceno
Natural Park in Cantabria, Spain. Fibula and phalanx bones (mid-diaphysis sections) were
selected from a dead 18 years old adult. The cranium of an elephant (parietal section) of
the same species that died in the first year of birth was also selected. All bones were stored
at room temperature under indoors conditions. Finally, the tibia (mid-diaphysis section)
of a woolly mammoth (Mammuthus primigenius, ~40 ka BP) was collected from Padul
archeological site (Granada, Spain) [18,19]. The archaeological sample was treated following
the bone conservation procedures for further characterization studies (no cleaning products
were used or exposed in the bone section). Samples were ground (grain size < 200 µm)
with a ball mill (Pulverisette 23, Fritsch, Idar-Oberstein, Germany) using low energy
vibratory conditions. The heterogeneity of the samples can be justified to characterize the
mineralogical and chemical properties of different types of bones in recent elephants, and
to study the diagenetic changes on elephant’s bones over time.

2.2. Methods
2.2.1. X-ray Powder Diffraction

The identification and calculation of lattice parameters of the mineral phases presented
in bones samples was performed by X-ray powder diffraction (XRPD), using a X’Pert PRO
diffractometer (PANalytical) with the following instrumental parameters: Cu-Kα radiation,
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Ni filter, 40 mA current, 45 kV voltage, 3–70 ◦2θ scan range, 0.004 ◦2θ step size, and 29.84 s
per step. HighScore Plus 2.2.4 (PANalytical) software was employed to process the XRD
patterns by matching the experimental diffraction patterns with those included in the PDF-2
database [20]. Lattice parameters and quantitative analysis were performed by Rietveld
analysis [21] using Fullprof software [22] and the crystal structures of hydroxyapatite (HAp)
and calcite (Cal) were provided by the American Mineralogist Crystal Structure Database
(HAp: reference 0002298; Cal: reference 0000984).

2.2.2. Two-Dimensional (2D) X-ray Diffraction

Longitudinal and transversal sections of long bones (elephant fibula and mammoth
tibia) from the midshaft of the diaphysis and sections of elephant phalanx and cranium
(i.e., about 1–0.5 cm) were analyzed in transmission mode with an X-ray single-crystal
diffractometer (D8 Venture, Bruker, Germany) equipped with a PHOTON area detector,
using Mo radiation and a collimator beam size of 0.2 mm in diameter. A quantitative
estimation of the degree of alignment of the c-axis of apatite crystals in the long bones was
determined from the angular breadth of bands displayed in the intensity profile along the
Debye–Scherrer ring associated with the (002) reflection of apatite.

2.2.3. Thermogravimetry

Thermogravimetric analyses, TGA (TGA-DSC3+, Mettler Toledo, Columbus, OH,
USA) were performed under flowing N2 using a linear heating rate of 20 ◦C min−1, from
30 to 950 ◦C in order to determine different compositional parameters such as water
percentage, organic matter, and mineral content.

2.2.4. Infrared Spectroscopy

Chemical composition at molecular level was determined using a Fourier transform
infrared (FTIR) spectrometer (model 6200, JASCO Analytical Instruments, Tsukuba, Ibaraki,
Japan) equipped with an ATR diamond crystal window (MIRacle Single Reflection ATR,
PIKE Technologies). Infrared spectra were recorded at a 2 cm−1 resolution over 124 scans.
The relative amounts of phosphates, carbonates, and organic matrix were determined
from the peak area of the absorption bands associated with their characteristics molecular
groups. Peak profile and curve fitting were performed using FITYK 1.3.1 software for data
processing and non-linear curve fitting [23]. Pearson’s area function was used to fit the
bands of the FTIR spectra and calculate the area of the following compositional parameters:
(i) the relative amount of mineral phosphates (ν1, ν3 PO4; 900–1200 cm−1) to organic matrix
(amide I: 1590–1710 cm−1) as PO4/amide I [17,24,25], (ii) the amount of carbonate (ν3 CO3;
1390–1450 cm−1) related to the amount of organic matrix as CO3_1415/amide I [17,25],
(iii) the amount of carbonate (ν3 CO3; 1390–1450 cm−1) related to phosphate (ν1, ν3
PO4; 900–1200 cm−1) bone mineral content (CO3_1415/PO4), and (iv) the amount of
bone mineral carbonate compared to substituted carbonate (ν2 CO3; 850–890 cm−1) as
CO3_1415/CO3_870 [25].

2.2.5. Inductively Coupled Plasma Optical Emission Spectroscopy

The concentration of Ca, Mg, Fe, Na, P, and Sr elements in bone samples was deter-
mined by ICP-OES (Perkin Elmer, Optima 8300). For these analyses, 40 mg of bone powder
was dissolved in a 0.5 mL solution of 30% H2O2 and 0.5 mL 70% HNO3. After digestion for
48 h, 13 mL of ultrapure MilliQ water (resistivity 18.2 MΩ cm, Millipore, Milwaukee, WI,
USA) was added and the sample was filtered.

2.2.6. Scanning Electron Microscopy

The morphology and composition of mammoth bone were characterized by scanning
electron microscopy Phenom XL G2 (Thermo Fisher Scientific, Waltham, MA, USA), cou-
pled to an X-ray energy-dispersive spectrometer for chemical micro-analysis, working at
an acceleration voltage of 15 kV.
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3. Results
3.1. Bone Mineralogy

To determine the mineralogy of the bone samples and the lattice parameters of the
unit cell of apatite crystals, the main mineral component of bone, X-ray powder diffraction
analyses were performed. Figure 1 displays the diffraction patterns of all bones studied,
as well as the RRUFF reference patterns [26] employed for hydroxyapatite and calcite
phases identification. No additional crystalline phases are detected in the X-ray diffraction
patterns. It should be noted that diffraction peaks corresponding to (211), (112), (300),
and (202) crystallographic reflections, present in reference hydroxyapatite XRD pattern,
are merged in a single broad diffraction peak in bone samples. On the other hand, the
(002), (210), (131), (222), (213), (004), and (511) reflections of hydroxyapatite can be clearly
distinguished. However, the diffraction pattern of the mammoth sample shows lower
broadening (particularly, for (112), (300), and (202) diffraction peaks of apatite) and the
presence of calcite peaks (represented by red arrows in Figure 1). Quantitative analyses
performed by the Rietveld method reveal the presence of 2.8 wt% calcite. The observed
merging of diffraction peaks is caused by peak broadening due to the nanocrystalline
character of bone mineral [27,28]. This peak broadening is highly anisotropic, being smaller
for (002) than for (310), due to the elongated shape of bone apatite nanocrystals.
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Lattice parameters for apatite crystals in bone mineral were calculated by the Rietveld
method. Furthermore, from the peak broadening, the crystallite size (D) was determined
using the Debye–Scherrer equation [9]:

D =
Kλ

β cos θ
(1)

where D is the crystallite size (nm), K is the Scherrer constant (taken as 0.89), β is the full
width at half maximum (FWHM), and θ is the angle of diffraction. The data obtained
correspond to an average of the D calculated from all FWHM values integrated in the
diffraction pattern.

Table 1 lists the calculated values for D and lattice parameters obtained by XRD
analyses for all bone samples. The a-lattice parameter of hydroxyapatite shows similar
values in all samples, with slight variations considering the third decimal. Cranium shows
the highest a-lattice parameter, followed by those of the phalanx and the fibula, and the
lowest value corresponds to the mammoth sample (difference of 0.0049 Å between the
highest and the lowest value). Interestingly, the c-lattice parameters show the opposite
trend, being the highest for mammoth sample and lowest for the cranium. These findings
are evidence that the long bones (i.e., fibula of elephant and tibia of mammoth) exhibit
an expansion along the c-axis, while the flat bone presents an expansion along the a-axis
direction. Regarding the crystallite size of the samples studied, the fibula shows the lower
D value (∆ ≈ −0.28 nm) than those observed in the rest of the bone samples.

Table 1. Rietveld calculations of lattice parameters (i.e., a- and c-axes values, expressed in
Angstrom—Å) of hydroxyapatite crystals in bone mineral, the goodness of fitting (GoF) for these
crystalline analyses, and the crystallite size (D) for all bone samples.

Sample a (Å) c (Å) GoF Crystallite Size (nm)

Cranium 9.4493 6.8834 4 17.64
Phalanx 9.4474 6.8878 4.1 17.64
Fibula 9.4465 6.8885 4.2 17.35

Mammoth 9.4444 6.8907 4.8 17.63

Two-dimensional X-ray diffraction (2D-XRD) analyses were performed to determine
the crystallinity and organization (preferential orientation of hydroxyapatite crystals) of
bone mineral. Figure 2 shows the 2D-XRD patterns for a longitudinal section of fibula and
cranium bone samples. For the fibula bone, the 2D-XRD patterns show that the intensity of
the (002) ring is concentrated in more intense arcs, indicating that a fraction of HAp crystals
is preferentially oriented with the c-axis parallel to the elongation axis of this bone. On the
other hand, the homogenous intensity distribution along the Debye rings in the cranium
sample indicates a random orientation of apatite.

Table 2 summarizes the values obtained for the c-axis angular spread measure from
the distribution of intensity along the Debye ring (gamma scan) and the oriented fraction
of HAp crystals considering the total intensity of the diffraction ring for the (002) reflection
in the 2D-XRD pattern. For the longitudinal section of fibula and mammoth bone samples,
there is a smaller angular spread or scattering (65.43◦ and 73.37◦, respectively) indicating
a higher degree of HAp crystals orientation. Considering the relative intensity of the
diffraction arc in the (002) direction with respect to the total intensity of the Debye ring, the
oriented fraction (OF in Figure 2) can be calculated in the bone samples studied. Thus, the
oriented fractions of the HAp crystals in the longitudinal section of fibula and mammoth
bone samples are significantly higher (∆ > 30–35%) than the rest of the samples considered
in the current study.
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Figure 2. Two-dimensional X-ray diffraction (2D-XRD) patterns from fibula (longitudinal section)
(a) and cranium (b) samples, displaying the peaks and Debye–Scherrer rings for (002) and (310)
reflections of hydroxyapatite crystals in bone mineral. OF stands for oriented fraction for angular
scattering in the c-axis orientation of HAp crystals.

Table 2. Crystals orientation parameters determined by X-ray diffraction in different bone samples
obtained by 2D-XRD patterns analyses.

Cranium Phalanx Fibula Trans Fibula Long Mammoth

c-axis angular spread (deg) 123.88 ± 5.80 136.03 ± 4.25 114.79 ± 7.11 65.43 ± 3.84 73.38 ± 4.81

Oriented fraction (Rho) 0.244 ± 0.08 0.349 ± 0.08 0.275 ± 0.08 0.622 ± 0.04 0.634 ± 0.10

3.2. Bone Chemistry

Thermogravimetric analyses (TGA) were performed to determine the content of water,
organic matter, carbonates, and phosphates in bone samples (Figure 3). First, derivate
curves from TGA analyses were plotted in order to clearly define the starting and the
ending points of the weight loss in three main identified steps. The first occurs between
25 and 200 ◦C due to water loss during the dehydration process [27,29,30], a second step
up to 580 ◦C is due to the decomposition of organic components (mainly degradation of
collagen) in bone samples [27,30], and finally, a third step up to 850 ◦C corresponds to
carbonate loss included in apatite [22]. Table 3 summarizes the main bone components
determined by TGA analyses showing the weight percent of water, organic matter (O.M.),
mineral carbonates, and phosphates. Recent elephant bone samples (i.e., cranium, phalanx,
and fibula) have the highest content of water (cranium: 10.77 wt%; fibula: 9.1 wt%; phalanx:
8.87 wt%) and organic matter (fibula: 32.53 wt%, phalanx: 32.37 wt%; cranium: 27.5 wt%).
On the other hand, the fossil sample of the mammoth presents the lowest content of water
and O.M. (water: 6.8 wt%; O.M.: 20.09 wt%) and the highest amount of mineral components
(phosphates: 69.66 wt%; carbonates: 3.45 wt%).

Table 3. Thermogravimetric analyses indicating the relative weight loss of water, organic matrix
(OM), carbonates, and phosphates in bone samples (see further details in Figure 3).

Water (wt%) O.M. (wt%) Carbonates (wt%) Phosphates (wt%)

Cranium 10.77 27.5 2.19 59.54
Phalanx 8.87 32.37 3.09 55.67
Fibula 9.10 32.53 2.53 55.84

Mammoth 6.80 20.09 3.45 69.66
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Figure 3. Thermogravimetric traces (black) and first derivate (red) of the bones studied showing
three different weigh losses up to 200 ◦C corresponding to water loss (blue arrows), up to 580 ◦C
corresponding to organic matter (orange arrows), and weigh loss up to 850 ◦C corresponding to
carbonates (green arrows). (A) Cranium bone sample. (B) Phalanx bone sample. (C) Fibula bone
sample. (D) Mammoth bone sample.

The elemental composition analyses of the bone samples by ICP-OES are presented
in Table 4. The results show a higher amount of Ca and Fe content in the mammoth
sample compared to the recent elephant bones. In addition, the amount of P and Sr is
slightly higher and lower for Na content in the mammoth than in the recent bone samples.
Regarding the elephant bone sample analyses, Ca content is higher in the phalanx and
fibula, while the cranium shows a slightly lower amount. However, the amount of Mg is
considerably higher in the cranium than in both long bones, showing a similar trend for Sr.
In addition, the Ca/P ratio shows higher values for the mammoth sample, evidencing a
composition above stoichiometric apatite in the bone mineral, related to the presence of
diagenetic calcite. Moreover, the ratio of phosphate vs. organic matrix amounts shows a
higher mineral content in the mammoth samples (approx. 3.5) with respect to the elephant
bones (ranging 1.70–2.16).

Table 4. Elemental composition of bones samples measured by ICP-OES.

Bone Ca (mmol/L) Fe (mmol/L) Mg (mmol/L) Na (mmol/L) P (mmol/L) Sr (mmol/L) Ca/P

Cranium 574.10 1.31 16.57 21.76 370.64 0.37 1.55
Phalanx 596.23 0.88 10.69 21.70 357.84 0.20 1.67
Fibula 590.32 1.58 10.79 23.80 362.63 0.16 1.63

Mammoth 689.16 5.90 11.82 12.37 379.56 0.59 1.82
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Chemical characterization at the molecular level of the bone samples was performed by
FTIR analysis. Figure 4a shows representative ATR-FTIR spectra of each bone sample show-
ing absorption bands related to the organic matrix (i.e., amide bands from collagen) and
bone mineral components (carbonate and phosphate groups). The FTIR spectrum of mam-
moth bone displays sharper absorption bands corresponding to the ν3, ν4 PO4 domains.
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Figure 4. FTIR analyses of bone samples. (a) FTIR spectra (450–4000 cm−1) for all studied bone
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comparison between recent elephant’s fibula (green) and femur of a mammoth (red) displaying
characteristic bands corresponding to the main molecular compounds of bone mineral. Inset a
detailed section of FTIR spectra (2500–400 cm−1) corresponding to the OH + CH domains.

Furthermore, a marked intensity decrease is observed in amide I band (~1645 cm−1)
compared to the recent bone samples. A more detailed comparison between mammoth and
fibula bone samples is shown in Figure 4b. The determined FTIR compositional parameters
(Table 5) reveal important differences between bone samples. The degree of mineralization
(PO4/amide I ratio) for the mammoth bone is quite high (i.e., 8.938) compared to recent
bones. Considering recent bones, the elephant cranium shows the highest ratio, followed by
fibula and phalanx ratios. These PO4/amide I values are correlated to the amount of mineral
components (wt% of phosphates) determined by TGA analyses (Table 3). Mammoth bone
shows the highest phosphate content (~70 wt%) and the lowest amount of organic matter.
For the amount of carbonate related to the organic matrix (CO3_1415/amide I ratio), the
highest ratio is observed for the mammoth bone, just as for the degree of mineralization,
followed by the phalanx, and, finally, similar values are observed for the cranium and fibula.
In addition, the mammoth bone sample shows a lower CO3/PO4 ratio with respect to the
modern elephant bones. Finally, the substituted carbonate on bone mineral shows that
mammoth samples present the highest carbonate content (i.e., the lowest ratio), followed
by the cranium, fibula, and phalanx ratios, where mineral carbonate reaches maximum
values with respect to substituted carbonate.

SEM images of mammoth samples (Figure 5) show a cortical bone section, with
vascular canals filled by some bone fragments accompanied by pyrite (FeS2) framboids of
size ~15 µm, although this phase could not be detected by XRD. EDS analyses show relative
percentages of Ca and P corresponding to apatite mineral composition (EDS analysis 2),
and Fe and S elements corresponding to diagenetic pyrite presence (EDS analysis 1).
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Table 5. Degree of mineralization (PO4/amide I), amount of carbonate to organic matrix
(CO3_1415/amide I), carbonate to phosphate mineral content (CO3_1415/PO4), and carbonate
in the bone mineral and substituted carbonate (CO3_1415/CO3_870) determined by ATR-FTIR
spectrometric analyses.

PO4/Amide I CO3_1415/Amide I CO3_1415/PO4 CO3_1415/CO3_870

Cranium 4.716 1.686 0.358 5.146
Phalanx 2.686 2.029 0.755 9.388
Fibula 3.219 1.756 0.546 7.908

Mammoth 8.938 2.452 0.274 3.047
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4. Discussion

In the current research, significant differences in bone mineral compositional parame-
ters and crystalline properties are observed for different types of bone (cranium, phalanx,
and tibia) from the same species of modern elephant Loxodonta africana. The results of
the chemical analysis of the flat bone sample show a higher phosphate mineral content
relative to the OM, observed by thermogravimetry, and the highest degree of mineralization
(i.e., PO4/amide I ratio, obtained by ATR-FTIR analyses, Table 5) with respect to the long
bones. The differences observed in mineralization can be caused by the developmental
processes during bone tissue formation, varying between intramembranous and endochon-
dral ossification [31]. Comparing recent elephant bone samples, we observe that flat bones
(cranium) have higher phosphate and lower carbonate content (and a lower CO3_1415/PO4
ratio) than long bones (phalanx and fibula). During bone remodeling, loading is shown to
induce mechanosensitivity of cells involved in tissue formation processes in vivo [32,33].
Thus, mechanical stimulation found in different types of bone modulates the activities of
osteoblasts and osteoclasts [34]. The biomechanical properties of each bone type within
the skeleton may affect the activity of bone matrix components to generate functionally
appropriate structures. The differences in mineral characteristics observed in the present
study may be related to the specific function (long and flat bones) in the elephant skeleton.

On the other hand, these compositional differences among the various types of bone
may also be related to differences in mineral crystalline properties observed by X-ray
diffraction techniques (Figures 1 and 2). The microstructural characteristics of apatite in the
long bones show a higher degree of orientation (c-axis angular scattering) corresponding
to the directional bone growth in this type of bone. These findings also support the idea
that cortical bones can be divided in woven (immature bone randomly oriented) and
lamellar bone (present a c-axis organization along the direction planes of the bones) [35]
and, therefore, long bones studied here can be classified as mature lamellar bones. There
is also a gradual decrease in the angular spread, which indicates that the organization
or degree of crystal orientation increases in long bones, while in the flat bone (cranium),
this organization is practically random. These differences in their structural characteristics
may be due to the different types of mechanical loading to which bones are subjected
in the skeleton, as previously observed for several types in other animal models [36].
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However, the crystalline characteristics related to the microstructure of the apatite crystals
(lattice parameters and crystallite size, Table 1) in the recent elephant bone samples are
quietly homogenous. All in all, the structural and compositional properties of different
types of bones, such as cranium, fibula, and tibia, adapted to their specific function in the
skeleton and to the mechanical forces (especially in large vertebrates, such as the present
case of recent and ancestral elephants) that determine their mineral characteristic and
structural organization.

The bones recovered from paleontological sites were part of a previous living organ-
ism, but their mineral properties underwent significant modifications with their respective
in vivo species. Mammoth bone samples were discovered in a late Pleistocene peat bog,
located near the town of Padul in the Granada Basin (southern Spain). In the Padul basin,
which subsided most during the Quaternary period, two alluvial fan systems of gravel
and sand erosional debris were deposited [18]. The sedimentary fill of the basin, which
reaches a thickness of at least 107 m, has a lower half consisting of gravels, sands, and
lutites of an alluvial fan system, and an upper part, from which the mammoth sample
was obtained, formed by peat with layers of sands, silts, and shales of lacustrine or palus-
trine origin [37,38]. These conditions during the burial process may involve alterations
at the physicochemical level to the mineral properties of the bone. Bone mineral is a non-
stoichiometric nanocrystalline form of apatite in which substitutions of carbonate molecular
groups and numerous traces of other cations, such as F, Na, Mg, Zn and Sr, are commonly
present [39]. These bioapatite crystals have a smaller crystal size and compositional varia-
tion and, consequently, a higher solubility than geological ones [40], making them more
prone to chemical and structural alteration under diagenetic conditions. The results of the
current research show a significant compositional variation in the tibia sample of the woolly
mammoth (Mammuthus primigenius) exposed to diagenetic processes compared with recent
elephant bones. The overall analytical data show the loss of a considerable percentage of
water and organic matter for the fossilized sample, related to a certain degree of diagenetic
alteration. Chemical degradation of collagen during burial can be due to a number of
factors, such as time and temperature increase at depth [41], bone mineral density or the
presence of fractures [42], microbial attack [43], and the presence of water in the environ-
ment [44], among others. This loss of the organic component of bone during diagenetic
alteration results in a higher value for phosphate and carbonate compositional parameters
(i.e., higher PO4/amide I and CO3_1415/amide I values, obtained by ATR-FTIR analy-
ses). Moreover, the increase in mineral phosphate content and the degree of orientation
of the apatite along the c-axis in the mammoth samples may be due to Ostwald ripening
(in which larger crystals absorb the smaller ones), loss of the smaller crystals through
dissolution–precipitation (coupled to the presence of secondary phases, such as calcite), or
both mechanisms [45–47]. Recent studies show similar effects during ivory diagenesis on
mammoths as compared to recent elephant [48,49]. The results also show a lower ratio of
carbonate to phosphate mineral in the fossil sample. A similar relationship in the CO3/PO4
ratio was also observed in fossilized bones of shark vertebrae [50]. This variation may also
be indicative of a diagenetic loss of carbonate during recrystallization and a dissolution of
the bone mineral. On the other hand, carbonate groups can be substituted at two different
anionic positions in the hydroxyapatite structure at PO4

3− (B-type) and/or OH- (A-type)
sites [15,51]. Between these carbonate substitutions, the B-type dominates the apatitic
formation of biominerals, whereas the A-type controls the properties of apatitic minerals
under non-physiological conditions [52]. It should be considered that possible changes
in the type A–B substitution ratio in fossils compared to modern tissues point to the fact
that the carbonate component of biogenic phosphates may change during diagenesis [53].
Our results show lower values for the CO3_1415/CO3_870 ratio (B-type vs. A + B type
and labile carbonate) in fossil bone, which may imply a preferential loss of the structural
carbonate substitution of PO4 probably associated with the apatite dissolution processes
of bone mineral during diagenesis. The Ca/P ratios obtained by ICP-OES show much
higher levels in the mammoth bones, which may be due to a mineralization alteration
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due to these diagenetic processes, as well as the presence of other mineral phases during
the dissolution–recrystallization process such as calcite (identified by XRD). In addition,
the results obtained show an increased incorporation of cationic elements (such as iron
and strontium), the presence of which may be associated with alteration mechanisms in
burial environments [45,46]. Moreover, SEM-EDX observations of the mammoth samples
also show the remarkable presence of framboidal pyrites in the bone fractures (Figure 5),
associated with an early diagenetic process. The precipitation of pyrite during diagenesis
occurs in cavities accessible to the fluids (e.g., Haversian canals, osteocyte lacunae), here
observed in the bone vascular canals, evidencing a diagenetic process included in an early
diagenetic environment and low redox conditions (Fe3+ reduces into Fe2+) [54]. The forma-
tion of mineral products or phases during burial processes is dependent on locally variable
factors including reagent availability, water chemistry, and wettability [55]. In sub-aqueous
sedimentary environments, where the oxidation zone is absent, sulfate-reducing bacte-
ria are active, thus, S reacts with Fe to form sedimentary pyrite, with the most common
initial textures displaying scattered clusters of framboids. On the other hand, where pH
is buffered by chemical species other than CO2, the availability of CO2 together with the
presence of alkaline earth metals leads to the precipitation of carbonate phases (i.e., mainly
calcite and dolomite). This mineral precipitation is common in sedimentary environments
such as peat bog with anoxic conditions, which contributes to the preservation of the bones
up to the present day [19]. These compositional changes may involve the dissolution and
recrystallization of bone tissue or its replacement by other mineral phases characteristic of
sedimentary environments [54,56]. Indeed, X-ray diffraction analyses show the presence
of a calcium carbonate phase (calcite) in the fossil bone sample. On the other hand, the
compositional alteration, in turn, results in a variation of the crystalline properties of the
fossil bone (i.e., higher orientation degree and crystallite size of apatite crystals) related
to the recrystallization process, together with a possible Ostwald ripening mechanism,
during the diagenetic mineral transformation previous mentioned. These microstructural
properties were used as one of the parameters to characterize the degree of burial alteration
of fossil bones [41,47,57]. These diagenetic alteration processes in bone mineral may depend
on various properties related to tissue characteristics (v.gr., anatomical location and type
of bone), as well as the burial environment [58]. The current study shows the possible
alterations of various types of bone in large mammalian species, but it is shown that within
animal groups, there are properties (such as bone density or porosity) that significantly
influence the decomposition rates under diagenetic conditions [59]. On the other hand,
bone degradation during diagenesis does not follow a simple and predictable pathway, and
may present different susceptibility depending on the burial environment. Likewise, there
are also numerous environmental factors that determine the state of bone preservation,
such as soil pH and Eh, hydrology and/or bone–humic interactions, amongst others [60].
Therefore, the compositional variation and microstructural alterations observed in the mam-
moth bone are identifiable properties of transformation with respect to bone mineralization
in recent elephants (examples of large vertebrates) due to diagenetic alteration processes.

The current study demonstrates how various types of bones, including flat and long
bones, of the elephant skeleton have different characteristics at the inorganic and organic
chemical level, as well as in the crystallinity and structural organization of the bone mineral.
The observable differences for the various bones in the elephant species studied directly
depend on the location and type of bone selected. The information gathered in the present
study may help to better understand the mineral properties of large vertebrate bones
under diagenetic conditions and their susceptibility to physical–chemical alteration during
burial, as well as the implications for future paleontological studies into the differentiation
between fossil and recent bones.
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