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Abstract: Biominerals are recorders of evolution and palaeoenvironments. Predation is one of
the most frequent modes leading to the concentration of small vertebrates in fossil assemblages.
Consumption by predators produces damages on bones and teeth from prey species, and one of the
greatest challenges to taphonomists is differentiating original biological and secondary, geologically
altered attributes of fossils. Excellent morphological preservation is often used to assume that
the structure and composition of fossils are not modified. Nevertheless, during predation and
fossilization, both the physical structure and chemical composition of enamel, dentine and bone
are altered, the degree and extent of which varies from site to site, depending on the nature of the
burial environment. A relationship between the surficial alterations and the compositional changes
which take place during fossilization has yet to be established. Herein, I present a review of old
and recent taphonomic studies that collectively reveal the wide diversity of microstructural and
chemical changes that typically take place during fossilization of vertebrate remains, including
common taphonomic biases and the challenges inherent to reconstructing the history of vertebrate
fossil assemblages.

Keywords: taphonomy; bone; teeth; microstructure; composition; diagenesis

1. Introduction

Studies of present-day biodiversity are done using direct observations of organisms or
traces of activity such as imprints, moulted skin, feathers . . . or droppings. For organisms
with an inner skeleton, bone and teeth are also used. To estimate the biodiversity evolution
through geological times, hard parts of organisms are the dominant tools. Unfortunately,
these remains, fossils, have undergone modifications, sometimes difficult to detect. Accord-
ing to Bengston [1] “ . . . it is not unlikely that most of the short-term diversity changes
reported from the fossil record are in fact a function of differential preservation in the rock
record . . . ”. So, reconstructions of past life, environment and biodiversity are strongly
dependent on our knowledge of the origins of modifications induced from death of the
organisms until the discovery of the sample.

The transition between living organisms and fossils, called fossilization by palaeontol-
ogists, is a rare event. The process is also called diagenesis or taphonomy. In fossilization,
diagenesis and taphonomy are not perfect synonyms, but they both express the modifica-
tions of an object through its historical or geological history. “Diagenesis” was used by Von
Gumbel [2] for a post-sedimentary, non-metamorphic transformation of sediments into a
different sedimentary rock at low temperatures and pressures. Taphonomy was defined
as “the laws of embedding” [3], but most studies involve the cause of the death of the
organism. Whatever the term, these processes induce changes in the fossil samples.

To decipher and to identify the structural and chemical alterations in fossils, a neces-
sary step is the knowledge of the structure and composition of living organisms. Unfortu-
nately, fossils and present-day taxa differ: all living organisms do not exist in geological
times, and reciprocally, fossils do not always have present-day equivalents. Nevertheless,
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detecting and identifying the cause(s) of modifications is the only way to reduce the bias
induced in reconstructions of ancient times.

Fossilization depends on two main categories of factors: intrinsic and extrinsic factors.
Among intrinsic features are the size, shape, composition, structure and mineralogy of the
sample. Extrinsic factors are environment (predation, sediment, temperature, water, etc.)
and geological age and history of the sample.

Ca-phosphates, Ca-carbonates and silica are the dominant biominerals in skeletons
and shells. Biogenic Ca-phosphates and Ca-carbonates are mainly crystalline, whereas
biogenic silica is always amorphous. Structure, microstructure and composition of the
skeletons are characteristic of a unique species [4]. Thus, the combination of the intrinsic
biological characteristics and of the extrinsic geological factors offers a very wide range
of possible cases, too large for every case to be described. Here, the selected examples
come from Ca-phosphates of vertebrate animals, most of them being terrestrial. Given the
diversity of the multiple factors involved in the fossilization processes, only some questions,
problems and techniques are addressed.

2. Milestones: From Death to Discovery

In general, a long period of time passes between the death of an organism and its
discovery as a fossil. Major steps in the fossilization process are: (1) death, (2) the time
between death and burial and (3) burial in the soil and sediment.

2.1. Death

It is often believed that animals die because they are old. However, the main cause of
death of vertebrate animals in the wild is predation. Among vertebrates, aquatic predators
such as placoderms are known as early as the Silurian period [5]. Predators and scavengers
are equipped with strong and large beaks, teeth or claws used to capture, to maintain, to
kill, to dismantle and to eat the prey. Bite traces and claw marks are therefore visible on
present-day bones (Figure 1a,b). It is sometimes possible to identify the predator from the
shape and size of the pit due to the tooth because predators are often highly specialized
in their diet. Nevertheless, most often tooth marks of carnivorous mammals are not
discriminant [6]. Large bones are broken to be ingested, and/or to extract the bone marrow.
Similarly, crushing bones is not an innocuous act: bones are mineralized, and they scratch
the surface of the teeth of the predator [7]. Tooth marks, also called bite marks, visible in
fossil bones are considered as forms of ichnofossils.

2.2. Post Mortem Alterations

For animals killed by predators, the first post mortem alterations are due to the digestion.
Mechanical and chemical processes exist, although they are different in reptiles, birds and
mammals. Bones of the prey are broken by teeth or gizzard of the predator, and then
bones and teeth are etched by the digestive juices. When bones and teeth are not fully
digested, they are rejected in regurgitation pellets by bird raptors or in faeces by carnivorous
mammals. Regurgitation pellets and faeces contain residual digestive juices and bacteria,
so that the alterations are not stopped. They can stay at the surface for years before being
buried or dissociated; they are exposed to weathering, trampling and soil and sediment
interaction (compaction, concretion). Such modifications may be similar to or hide the
digestion traces, so it is often difficult to identify the origin of the alterations. Moreover,
they are not exclusive (see: Section 3. Predation, digestion or diagenesis?).

2.2.1. Surficial Alterations

Fractures are not the only alteration occurring after the death. Surfaces of bones are
affected by desquamation, showing successive layers (Figure 1c). The preservation of the
overall morphology is usually associated with both secondary deposits and small broken
protuberances (Figure 1d). Tooth enamel, the hardest biogenic phosphatic tissue, is not
exempt of alterations. In rodents (Figure 1e) or large mammals (Figure 1f), the outer layer



Minerals 2022, 12, 180 3 of 26

can be more or less eroded, so that the structural arrangement of the prisms of the inner
layer becomes visible. On the contrary, the tooth surface is sometimes hidden by secondary
deposits, the origin of which is usually unknown (Figure 1g–i). Aspects of these deposits
greatly differ, and aligned rounded granules suggest a bacterial origin (Figure 1h). The
acicular crystallites of the prisms of a rodent enamel are revealed in the broken part of the
fossil (Figure 1i).
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Neolithic—Middle Palaeolithic). (h) Rounded granules of uncertain origin (bacteria?) on the dentine 
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Figure 1. Surficial alterations of bones and teeth. (a,b) Hyena tooth marks (arrows) on a modern
striped hyena femur (Djibouti); picture J.B. Fourvel (J. Jaures, Toulouse University, Toulouse, France).
(c) Desquamation on a broken fish bone (Malawi, Plio-pleistocene); picture C. Denys (MNHN).
(d) Despite a light cleaning, secondary deposits are visible, as well as broken zones in the fish
vertebra (Malawi, Plio-pleistocene). (e) Cupule showing the microstructural arrangement of the
prismatic inner layer (E) in a fossil rodent tooth (Morocco, Neolithic–Middle Palaeolithic). (f) Cupules
(arrows) and eroded enamel outer layer in a tooth of a large mammal (Malawi, Plio-pleistocene).
(g) Post mortem secondary deposits in a groove of the surface of a rodent molar (Morocco, Neolithic—
Middle Palaeolithic). (h) Rounded granules of uncertain origin (bacteria?) on the dentine of a molar
of a large mammal (Moeritherium, Eocene, Algeria). (i) Enamel microstructure is visible in a broken
rodent incisor (Morocco, Neolithic—Middle Palaeolithic).

The study of the fractures and surficial alteration is the classical taphonomic analysis [8–10].
As shown by Figure 1, the aspects resulting from these alterations are diverse. An attempt
to illustrate the large variation in the taphonomic modifications on bones and teeth has
been done [11]. Although the authors compare the results of experimental etchings from
diverse factors on the surfaces of present-day bones and teeth with the aspects of fossil
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samples, it is still difficult to identify the changes due to predation and digestion and those
due to geological history (burial included). Similar results have been observed for mammal
and reptile teeth [12].

Because a fossil is always unique, non-destructive analyses are usually preferred.
Colour is rarely studied, although in some taxa (Conodonts), a “conodont alteration index”
has been established to estimate the degree of diagenetic changes [13]. When the colour of
the external surface of bones or teeth is described, it is a visual identification without any
measurement [14,15]. Some attempts have been done to link the colour and the chemical
composition [16,17]. There is a general agreement that black spots are manganese, but
chemical analyses are not done in most cases. Colour perception is variable and non-
objective because of individual variations in human eyes. Nevertheless, colour can be
measured through spectrophotometers [18]. Such analyses are non-destructive, so that they
are used on rare samples. A present-day bone seems to be white, but the profile in the range
of the visible wavelengths shows an increase in the red colour (Figure 2a, Rattus): probably
remains of haemoglobin. Three bones of the same site are clearly different, whereas two
bones from Quercy, France, are similar (Figure 2a) [19]. The comparison of the colour of the
embedding sediment and the surface of the bones show that the slopes of the sediment and
the insoluble organic matrix extracted from the bone are similar, but the sediment is darker
than the organic matrix (Figure 2b). The colours of the surface and of the organic matrix
are almost identical, both materials being less coloured than humic acids. In this site, the
colour seems to be of organic origin. There is a paucity of data concerning the colour, so an
index has not yet been established.
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Figure 2. (a) Colour profiles of the outer surface of modern and fossil bones in the visible light range.
(b) Comparison of the colour profiles of fossil bones, their organic components, embedding sediment,
and commercial humic acids.

2.2.2. Histological–Structural Modifications

Analysing the micro- and nanostructural changes is one way to obtain a better un-
derstanding of the fossilization mechanisms. These changes are observable at the micron
scale using thin sections and electron microscope images [20–22]. Most scanning electron
microscope (SEM) images are made using secondary electrons, but back-scattered elec-
tron (BSE) mode is sensitive to the atomic number of chemical elements. The mineral
components of bone and teeth are rich in “high” atomic number elements (e.g., P, Ca,
Sr . . . ), whereas the organic matrix is poor in such elements. Thus, the organic zones
are dark; and the mineral zones are bright [23]; attempts have been made to quantify the
alterations [24]. Transmission electron microscopes (TEM) are used to decipher the nano-
(or ultra-) structure of the tissues. Very thin sections of these hard tissues were difficult
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to obtain. Now, technical progress has made it easier to obtain thin sections. Moreover,
there is an overlap between the spatial resolution and magnifications of SEM, TEM, and
atomic force microscopes (AFM) [25]. When bone is pervaded by nerves and blood vessels
in inter-connected canals, micro computed tomography (µCT) allows us to observe in 3D
the changes in diameter of these canals, as well as their secondary fillings [26].

After some years buried in a soil, a bone becomes ochre-coloured, but when the sec-
ondary fillings are removed, the structure is not modified at the micron scale (Figure 3a).
However, the structure of a metapodial from a fossil horse (13th century) is not recognizable
(Figure 3b). Digestion by birds of prey does not always lead to strong alterations (Figure 3c).
Using surficial damages, Andrews [27] has established five categories of predators. Unfor-
tunately, there is no clear correspondence with the categories based on the pH and water
quantities in the regurgitation pellets [28]. In both papers, the microstructure, or histology
of the bone is not taken into account. The quality of the structural preservation of fossil
samples is highly variable and not related to the taxa (Figure 3d–l). The histology is well
preserved in some cases (Figure 3d,h) but is not identifiable in other samples (Figure 3f,g).
Based on current knowledge, there is no correlation between the geological age of the site
and the quality of the structural preservation. Filaments, often said to be fungi, are not rare
(Figure 3f), as well as small secondary crystals (Figure 3g) [29]. Despite the fact that fish
bones are usually thin, not strongly mineralized and fragile, their inner structure can be
well preserved and crystallites are still visible (Figure 3h). On the contrary, the original
microstructure of large fossil mammal bones can be destroyed (Figure 3i,j). Two different
aspects exist in a given bone: the surface of bone cavities is partly covered with secondary
mineral crystals, but beneath the surface, the bone structure is still identifiable (Figure 3k,l).
The preservation of the morphology of a bone and the preservation of its histology cannot
be correlated. Despite the fact that bone, enamel and dentine are apatite, their structures
are not identical. Thus, in a given site, the quality of their preservation is variable.

The main part of a mammal tooth is made of dentine, protected by the enamel, and
by the bone when the tooth is still inserted in its alveolus. Nevertheless, dentine is rarely
intact in fossil teeth. The pattern of parallel tubules in a mammalian tooth still inserted
in the mandibular bone is blurred after some years in a soil (Figure 4a). In a single tooth
extracted from a present-day regurgitation pellet, two aspects are visible (Figure 4b): some
tubules are empty, and some tubules contain remains of odontoblast processes. Fractures
in samples found in ancient regurgitation pellets show empty tubules (Figure 4c). Again, a
correlation between the geological age of the sample and the quality of preservation does
not exist. The tubules of teeth of large mammals are filled (Figure 4d) or empty (Figure 4e,f).
The same diversity exists in dinosaur teeth (Figure 4g,h) and fishes (Figure 4i).

The outer surface of most mammal teeth is enamel, so it is directly exposed to the
diagenetic factors. The most surficial nonprismatic enamel layer can be removed after a
stage of some years in a soil, so that the prismatic pattern is visible (Figure 5a,b). In a broken
rodent tooth extracted from a present-day regurgitation pellet, the prismatic structure is
also revealed (Figure 5c). In some fossils, the prismatic pattern is strongly etched, the
dissolution depending on the orientation of the prisms (Figure 5d). The key hole pattern
of the prismatic structure of a large mammal tooth is not very distinct (Figure 5e), but in
another fossil site, the elongated crystallites of the prismatic structure are well-preserved
(Figure 5f), although the tooth is broken and cannot be assigned to a taxon. Reptile teeth
also show diverse preservation. The inner structure of the ill-defined prisms of some
dinosaur teeth can be preserved (Figure 5g), as well as the growth layers (Figure 5h).
Nevertheless, in other dinosaur samples, “prisms” have merged in larger structures, still
perpendicular to the surface of the tooth (Figure 5i). The outer layer on the cap of durophage
fish teeth is a complex arrangement of bundles of fibres that is well preserved in this Jurassic
sample (Figure 5j).
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Figure 3. Microstructure of fossil bones—natural fractures. (a) Natural fracture in a well-preserved
large mammal bone buried in a soil for an unknown time lapse. (b) Structures of unknown origin in a
horse metapodial (France, 13th century). (c) In a rodent bone extracted from a modern regurgitation
pellet, the inner structure is preserved. (d) Preserved periosteal compact bone with lamellae and
scattered haversian bone (humeral shaft of Plesiomeryx cf. cadurcensis, France, Lower Oligocene); thin
section. (e) Recrystallization and secondary deposits in a rodent bone (Morocco, Neolithic—Middle
Palaeolithic). (f) Organic filaments (Fungi) on a large mammal bone (Malawi, Plio-pleistocene).
(g) Secondary deposits on the outer surface of a fragment of a mammal bone (Thailand, Eocene).
(h) Well-preserved structure of a fish bone (Malawi, Plio-pleistocene). (i,j) Structure of large mammal
bones (probably Sirenia) is destroyed (faluns de Touraine, France, Miocene). (k) Secondary deposits
in the alveolar region of a rodent bone (Olduvai, Pleistocene). (l) Same bone as in K under the
secondary deposits, bone structure is visible.
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diagenetic factors. The most surficial nonprismatic enamel layer can be removed after a 

stage of some years in a soil, so that the prismatic pattern is visible (Figure 5a,b). In a 

Figure 4. Microstructure of fossil dentine. (a) Parallel tubules are still visible in a large mammal
tooth buried in a soil for an unknown duration. (b) Two preservation aspects (empty and filled
tubules) in a single rodent tooth extracted from a modern regurgitation pellet (Algeria). (c) Oblique
section showing the empty tubules in a rodent tooth (Olduvai, Pleistocene). (d) The dentinal tissue
is dissolved, and the tubules are filled with secondary deposits (Moeritherium, Eocene, Algeria).
(e) Empty tubules and secondary deposits in the orthodentine (Aureliachoerus, France, Miocene).
(f) Oblique section showing empty tubules and the irregular peritubular dentine (dotted lines)
(Kubanochoerus, Miocene, Lybia). (g) Tranverse section showing the empty tubules of the orthodentine
of a dinosaur tooth (Tarbosaurus, Upper Cretaceous, Gobi Desert). (h) Parallel tubules filled with
sediments and dentinal tissue partially dissolved in a theropod dinosaur tooth (Campanian, Canada).
(i) Secondary filling of the tubules of a fish tooth (Malawi, Plio-pleistocene).

Present-day bone crystals are small, with typical sizes of 50 nm × 25 nm × 3 nm.
Their plate-like hexagonal morphology is difficult to observe using classical transmission
microscopy [30], despite technical improvements. More or less hexagonal tablets are visible
using atomic force microscopy (Figure 6a). Nevertheless, the most common aspect is the
rod-like shape (Figure 6b). In this sample, crystallites are embedded in an organic matrix
(Figure 6b), which is destroyed when the bone is buried for some years (Figure 6c). The
smallest osteons are still visible in some fossil bones (Figure 6d), but neither the rod shape
nor the platelet shape is preserved (Figure 6e). The prism decussation and the elongated
crystallites are preserved in the enamel of a fossil rodent (Figure 6f,g), but not in a fossil
large mammal (Figure 6h). Depending on the geological conditions, the organic matrix is
more or less destroyed. In the fossil dentine displayed in Figure 6i, dark zones are probably
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organic remains. Variability of the preservation of organic components has been observed in
different taxa [31,32]. It has also been shown that a tooth with a “well-preserved” prismatic
structure is not so well-preserved at a nanoscale [33].
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Figure 5. Microstructure of enamel. (a) The surficial non prismatic layer of the tooth has been
removed and the complex arrangement of the prismatic enamel is now visible in this large mammal
sample buried in soil. (b) Detail of the image in Figure 5a. (c) The prismatic pattern is revealed by the
fracture in this rodent tooth extracted from a modern regurgitation pellet (Olduvai). (d) Dissolved
enamel in a rodent tooth (Algeria, Pleistocene). (e) Residual pattern of the prismatic inner enamel
layer in a large mammal tooth (Moeritherium, Eocene, Algeria). (f) Fracture of a rodent tooth showing
the well-preserved acicular crystallites of the prismatic enamel (Malawi, Plio-pleistocene). (g) Vertical
section in the pseudo-prismatic enamel of a dinosaur tooth (Carcharodontosarus, Albian, Tunisia).
(h) Growth layers preserved in a tooth of a Rauisuchidae (Triassic, Germany). (i) Fragment of a
dinosaur tooth showing secondary large prisms—unknown origin. (j) Well-preserved structure of
the acrodine cap of Lepidotes (Jurassic, France).
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Figure 6. Nanostructures (atomic force microscope images). (a) Platelet crystal of a modern phalanx
(Rattus); phase image. (b) Elongated crystals in a modern bone (Rattus). In phase images, the black
zones are rich in organic components, while light orange-yellow zones are rich in mineral components.
(c) In a small fragment of a bone buried in a soil, the black zones have disappeared, so the organic
components have been destroyed, phase image. (d) Small osteons are still visible in a fossil rodent
bone; height image (Plio-pleistocene, Morocco). (e) The plate-like habit of the crystallites is not
preserved in this fossil rodent bone; phase image (Plio-pleistocene, Morocco). (f) The elongated
crystallites of enamel are visible in a fossil rodent incisor; height image (Plio-pleistocene, Morocco).
(g) Detail of the parallel elongated crystallites of an enamel prism of the sample shown in Figure 6f;
phase image. (h) Altered enamel in a fossil large mammal; phase image (Malawi, Plio-pleistocene).
(i) Dentine in a large mammal fossil (Kubanochoerus, Miocene, Lybia).

2.2.3. Bulk Composition

Like all biogenic minerals, bones and teeth are a mixture of organic and mineral
components. It is well-known that the ratios of organic and mineral contents differ in
enamel, dentine and bone, but most often values are given without any precision. However,
mineral and organic components do not have the same density, so the organic/mineral
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ratios are clearly different when calculated from weight or volume [34]. For example, the
mineral represents 49% of the volume of bone and 70% in weight [34]. Thermogravimetric
analysis (TGA) is a rapid and accurate technique using a few milligrams of sample: it
measures weight changes in a material as a function of temperature (or time) under a
controlled atmosphere. Organic components are more sensitive to diagenetic alterations:
they are a food resource for bacteria and fungi, so in most fossils, the organic-mineral ratio
is lower than that of present-day samples. In thermograms, the low organic content of the
fossils is apparent in large and small mammal bones (Figure 7) [35,36]. The ratio can be
also estimated from infrared analyses, but TGA is the only direct technique.
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Figure 7. Thermogravimetric profiles of modern and fossil bones showing that the organic content is
low in fossil samples.

2.2.4. Mineralogical and Crystallographic Modifications

Bones and teeth are biocomposites: the mineral is apatite, but its precise nature is
still controversial (carbonate hydroxyapatite? hydroxy(l)apatite? carbonated apatite?
dahllite?) [37–42]. This apparent diversity is due to the presence of many trace elements
(sodium, potassium, zinc, magnesium, etc.), together with the lack of stoichiometry of
bone apatite. X-ray diffractograms show that the main peaks are present in a recent
bone (Figure 8a), but they are not sharp as they are in a non-biogenic apatite. Thus, the
crystallinity of the bone apatite is lower than that of the true crystal. It must be noticed that
from the spectra, the unanswered question is whether the low crystallinity is due to the
presence of amorphous apatite or not. Most fossil bones are preserved in apatite, but the
peaks are sharper, indicative of a higher crystallinity. Secondary minerals are also detected
(Figure 8a). From X-ray analyses, the morphology of the crystals can be estimated, but
depending on the used parameters, results differ in a single sample [43–45].

Infrared and Raman spectrometries are also used to study bioapatites: information
about the molecular components and structures are presented as a spectrum of absorption
bands for both organic and mineral components, amorphous or crystals. Moreover, not
only spectra but also maps can be acquired. The difference between the apatite of bone,
dentine and enamel has been evidenced [40,46]. To date, most studies are dedicated to
recent bone and enamel of humans and bovids because of their medical interest. The
abundant organic matrix is clearly shown by the amide bands in a recent dry bone and in a
recent rodent bone extracted from a regurgitation pellet of a bird of prey (Figure 8b). From
the ratio of the ν4PO4 doublet, the mineral is hydroxyapatite [47].
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Figure 8. (a) X-ray diffraction patterns of some fossil rodent (R) (Morocco, Plio-pleistocene) and
a bovine bone (B). The diffraction patterns of calcite and quartz are indicated. Bovine fossil bone
redrawn from [48]. (b) FTIR spectra of a modern metapodial (Equus), a rodent bone extracted from
a regurgitation pellet, diverse fossil samples and a human bone (VI–WIII c., Italy). Human bone
redrawn from [48]. Organic bands (amides A, I and II), carbonate and phosphate are indicated.
ν4PO4 band is used to estimate the crystallinity and depends on the minor element content.

Several ratios are used to infer the crystallinity from infrared spectra. They can be
calculated from height or area ratios [43,49,50]. Modifications of the mineral are also
detected using infrared spectrometry. The CO3/PO4 index [51], substitution between CO3
and PO4 and OH [52,53], amount of type B carbonate to phosphate [54], amount of type A
carbonate to phosphate and the relative amount of B to A site carbonate [55] are indicative
of compositional changes. A decrease in organic components, a higher CO3 content and a
higher crystallinity have been described in vertebra of fossil sharks [41].

Thus, infrared data offer a large range of potential criteria to unravel the diagenetic
history of fossil bones and teeth, thanks to their ability to be sensitive to mineral and organic
components. Besides all the data obtained from localized spectra, Raman and infrared
spectrometries can be used to map the samples. Again, most available data have been
acquired on recent tissues [56–60]. Nevertheless, differential chemical modifications have
been revealed on dentine and enamel. Recent rodent incisors extracted from regurgitation
pellets from various birds of prey show chemical different alterations so that it will be
possible to identify the predator [61]. From raw data, maps can be extracted to assess
the quality of the preservation; such maps have been used in fossil rodent incisors [61],
in human bone remains [62] and in dinosaur bones [63]. Moreover, map ratios have
emphasized the differences between the samples, as shown in recent bone [64]. The
compositional difference between dentine, enamel and the enamel–dentine junction is
visible in the map of a recent rodent incisor at 961 cm−1 (ν1 PO4) and 1238 cm−1 (amide III)
bands (Figure 9a,b). The alteration due to the digestive process by a bird of prey is visible
in a tooth extracted from a recent pellet of regurgitation (Figure 9c). Various alterations
are displayed in the maps of the ν1 PO4 band in rodent incisors in some levels of an
archaeological site [61,62]. All teeth come from the same species of Meriones (Figure 9d–g).
To estimate the distributions of the modifications between the organic and mineral content,
data between 900 and 1200 cm−1 and between 1580 and 1720 cm−1 have been integrated for
the mineral and organic content, respectively. Then, these maps are ratioed. The changes
induced by the digestion by a bird of prey and in a fossil tooth are emphasized in such
maps (Figure 9h,i).
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Figure 9. Infrared maps of Meriones incisors. (a,b) Modern tooth. (c) Tooth extracted from a modern
regurgitation pellet. (d) Tooth from level I; (e) Tooth from level 3. (f) Tooth from level 7. (g) Tooth
from level 8. (h) Ratio of maps between 900 and 1200 cm−1 for the mineral content (PO4) and 1580
and 1720 cm−1 for organic content, for a tooth extracted from a regurgitation pellet (Bubo). (i) Ratio of
maps between 900 and 1200 cm−1 for the mineral content (PO4) and 1580 and 1720 cm−1 for organic
content, for a tooth from level 3. All levels from El Harhoura 2 cave (Morocco, late Pleistocene—
middle Holocene). A 961 cm−1 band (ν4 used to visualize PO4 Distribution; 1238 cm−1 band used to
visualize amide III distribution). Abbreviation EDJ: enamel—dentine junction.

2.2.5. Chemical Modifications (Mineral and Organic Components)

Bone, enamel and dentine are apatite, but their chemical contents are not identical.
Geological and palaeoenvironmental applications of the apatite-group minerals are directly
linked to their chemical compositions. It is therefore important to detect the substitutions
that control the compositional variation in apatite, because these substitutions occur even
in bone or tooth still in apatite.

Thanks to electron microprobes, the elemental chemical contents can be known with
high precision. Using polished surfaces, it is not necessary to separate enamel and dentine,
a very difficult task in small mammals, especially for molars with complex shapes. More-
over, it is possible to observe the samples to check the quality of the preservation of the
microstructure of the dentine zone. The differences in present-day enamel, dentine and
bone concern the major (P and Ca) and minor elements (Figure 10a,b). Depending on the
post mortem history of the fossils, bone, dentine and enamel are depleted or enriched in
elements (Figure 10a–d). The composition of the embedding sediment plays a role, but
the structure of the tissue is also important: bone and dentine are rich in organic matrix,
and they are porous (tubules, blood vessels). This porosity favours both dissolution and
secondary deposits. Quantitative data are used for statistical comparisons, but qualitative
data can be used to estimate the chemical homogeneity of a sample and to detect secondary
minerals [65]. In present-day teeth, the Ca content of enamel is higher than that of dentine,
as displayed by the darker brown colour in maps (Figure 10e). In a fossil tooth of the same
species, the intensity of colour is similar in enamel and dentine (Figure 10h). Neverthe-
less, using only maps, we do not know whether the dentine is enriched in Ca or whether
the enamel is depleted in Ca. In a present-day rodent incisor, Mg content is very high
(Figure 10c), and it is displayed by the darker brown colour (Figure 10f), but the colours
are similar in a fossil sample (Figure 10i). The differences in Na contents in a present-day
tooth are not visible in the fossil sample (Figure 10g,j). It must be noticed that the two
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sub-layers of the enamel are visible, as is their inner structure. So, quantitative analyses
and qualitative maps are not redundant.
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Figure 10. Average elemental composition of modern and fossil bones and teeth (% in weight).
(a) Minor element contents of bone of large mammals. (b) Major element contents of the same bones
displayed in 10a. (c) Minor element contents of the dentine of reptilian teeth. (d) Minor element
contents of the enamel of the same reptilian teeth. (e–g) Distribution maps in a modern rodent
incisor. (h–j) Distribution maps in a fossil rodent incisor from El Harhoura 2 cave (Morocco, late
Pleistocene—middle Holocene). Abbreviation EDJ: enamel–dentine junction.

Infrared spectrum provides data on both organic and mineral components. In a fossil
rodent bone, the ν4 PO4 doublet is modified, probably related to a small increase in Cl
content as shown by electron microprobe analyses, and the content in organic matrices is
low [66]. ν3 and ν4 PO4 doublets of bones from Holzmaden, Germany are similar to those
described for fluor-enriched samples (Figure 8b). High Sr and Ba contents also shift some
bands [47,67]. Brophy and Nash [68] and Sakae et al. [69] illustrated spectra of apatitic
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fossil samples with chemical alterations. Fluoridated apatite shows two bands close to 718
and 692 cm−1 [70]. Fluor content can be known from FTIR spectra using the ratio between
the 605 cm−1 and 567 cm−1 bands and a strong band at 1096 cm−1 [43].

The ratio of two amide bands (amide I and amide A) to phosphate and carbonate ions
estimates the changes in organic and mineral contents [42,71]. The alteration of the organic
matrix can be quantified using two ratios: amide I/amide A, and amide I/amide II [42,71,72].
Raman spectroscopy has received little attention, but diagenetic changes have been detected
in fossil bones and teeth [73–75].

Collagen is the most studied organic component in vertebrate skeletons. It is the
most abundant component of bone and dentine and has been detected in enamel [76]. It
is often assumed that the insoluble organic matrix extracted from bone is collagen, but a
closer examination shows that other molecules are also present (Figure 11). To analyse
the organic matrices, the mineral part is removed using acidic hydrolysis or ion exchange
resins. Infrared spectra show that in present-day bone, the apatite has been removed
(Figure 11a), but not in fossil bones, despite diverse preparative procedures (Figure 11b).
Unfortunately, the main band for PO4 and that of the sugars coincide. Collagen is a family
of protein [77,78], and its average amino-acid is considered to be characteristic with high
content in glycine, proline and hydroxyproline [79], so it is often said that collagen is
preserved without checking its structure or imaging it. Amino acid analyses show that
in a present-day bone, soluble and insoluble matrices differ (Figure 12a). Both soluble
and insoluble matrices compositions are modified (Figure 12a). Monosaccharides (or
simple sugars) differ in the soluble matrices extracted from two present-day bones. The
preservation in their fossil counterparts is also variable (Figure 12b).
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(Bos) (a) and extracted from fossil bones (b). The insoluble matrix of the modern bone is not pure
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bands. Stenopterygius: see also Figure 8b.

Molecular weights of the soluble organic matrices extracted from fossil bones are
often smaller than those of their present-day counterparts [19], and using a refractometric
detector, it is also visible that sugars are strongly destroyed by diagenesis (Figure 13a). Few
data are available on sugars and lipids in bone, and they are quasi-absent for teeth. Using
Sudan B black staining, Pawlicki [80] has been able to reveal the presence and distribution
of lipids in dinosaur bones. Mucopolysaccharides were also revealed in dinosaur bones
using diverse staining procedures [81]. Osteocalcin has been preserved in bovid bones
(13 million years old) and rodent teeth (30 million years old) [82] and in some dinosaur
bones [83]. Such data can provide clue for evolution. The distribution of lipids and sugars
are sometimes similar to that of present-day bones. Acyl lipids are in low concentration
in ancient mammals bones of diverse origins and geological age, while the diagenetic
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degradation of cholesterol is variable [84,85] (Figure 13b). Some lipids are the results of
bacterial activity.
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Figure 13. Organic matrices. (a) High-performance liquid chromatography of a modern and a fossil
mammal bone (Thailand, Eocene); the large molecular weights of the modern bone are replaced with
smaller molecules in the fossil. (b) Partial gas chromatogram showing the preservation of some lipids
in a whale bone collected in the permafrost (70,000 years old). Redrawn from [84].

Collagen is the most studied protein of ancient bones, and its presence is often used
as a good sign to find DNA [85,86]. DNA is located in cells, so it can be found in bones
and in the cellular extensions in the tubules of dentine. Enamel does not contain DNA. At
first, it was hoped that DNA analyses would be able to resolve all the questions dealing
with phylogenetic and evolution [87]. Unfortunately, the behaviour of DNA is similar to
that of other organic molecules: large molecules are hydrolysed and are reduced in small
fragments [88,89] despite successful analyses [90,91].

3. Predation, Digestion or Diagenesis?

One of the aims of palaeontology is to understand past biodiversity. Biodiversity
typically measures variation at the genetic, the species and the ecosystem levels. Thus,
to be able to identify the species of a fossil is enough for this purpose, and morphology
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and size are the main criteria. In some cases, the microstructure (enamel, dentine) is also
used, because they are typical of taxa [92–94]. When the aim of the study is to reconstruct
the palaeoenvironment and the geological history of a region, it is important to detect
the biases induced by the mechanisms of fossilization. Identifying the prey is useful to
reconstruct the palaeobiodiversity, but identifying the predator improves our knowledge of
the past biocoenosis. Then, analyses of the structure and composition are of great interest
to understand the alterations. Depending on the taxa, bones are more or less resistant to
fracturation, dissolution and other weathering and decay agents, so the ratios of taxa of the
thanathocoenosis used to infer the past dryness or temperature of a region are not those of
the biocoenosis. Geochemical and isotopic ratios are also modified.

To identify the agents responsible for assemblage accumulation and deposition is the
most difficult task facing the palaeontologist [95,96]. The processes involved in formation
of assemblages are still not well understood, although the quality of the reconstruction of
the past/fossil environments depends on this knowledge. Classical taphonomic studies
consider only one or two criteria: bones and teeth frequencies, fragmentation, are used to
try to identify the predator for small and large mammals [97]. Although these quantitative
criteria appear to be relatively simple, numerous variations exist, e.g., minimum number
of elements, minimum number of individuals, so comparisons are difficult [98]. Then,
surface modifications of bones and teeth were observed. Identification of the origin of tooth
marks is difficult, and the results of digestion and geological modifications are more or less
similar [99,100]. Most studies are based on small mammals in pellets regurgitated by birds
of preys [101,102] and on lions and hyenas for large mammals [103]. The remains due to
small mammalian carnivores are sometimes described [9,10,104]. It must be noticed that
such studies are usually devoted to “ancient” sites (Plio-pleistocene included). Nevertheless,
controversies are not rare. These techniques are the first to be used because they are
non-invasive and the samples can be recovered after the observations, and no expensive
material is needed. Although we may not know how much the digestion modifies the
tissue, we know that it does. Thus, the behaviour of a digested skeletal element and that of
a nondigested one are not identical in the burial and fossilization processes.

To resolve the controversies, new criteria can be added, based on the microstructure
and the composition of the samples. The diversity of the preservation has been evidenced
in fossil bones from their amino acid and isotopic compositions [105]. Several factors play
a role, and their complex interplay is not yet unravelled, despite some attempts [106,107].
The roles of various factors are sometimes emphasized [108]. Bones and teeth are often dis-
solved, and then holes are filled with secondary crystals or sediments. Such modifications
are easily detected using thin sections or SEM images. Localized chemical analyses show
that the compositional changes are heterogeneous, or they evidence gradients from the
outer surface to the inner cavity of the bone or tooth [109]. Fossils can be enriched in chem-
ical elements related to the geological environment [110,111] (Figure 14) or depleted [66]
(Figure 10). Many studies attempt to use the distribution of trace elements in fossil bones
to determine palaeonutritional information of past organisms. Among them, Sr, Ba, Zn,
and Mn have been accepted as reliable. In Olduvai samples, the high Sr and Ba contents
show the “contamination” of the bones [32,110,111].

Exchanges between bones or teeth and sediment or soil are more difficult to detect
and to estimate. The interrelations between apatite, fungi and soil are complex [112,113].
Sometimes, filaments or small granules are assigned to fungi or bacteria [108], but the
molecular exchanges need the extraction of the organic components to be revealed. A
model trying to explain the diagenesis of proteins has been proposed by Bada et al. [114],
but lipids and sugars also exist. As for chemical elements, organic molecules are incorpo-
rated into the tissue during the fossilization process or are expelled from the tissue to the
external sediment [115–117].
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Palaeontologists are not pleased when the samples must be “prepared” (e.g., crushed,
cut, demineralized), so these kinds of analyses are more abundant for small mammals
and bones. Teeth are more useful to identify taxa, and dentine and enamel are difficult
to separate for detailed analyses of the mineral and organic components. Not all of the
conflicts and problems have been solved, and new questions are raised. For example,
modifications of the chemical elemental composition of bone, enamel and dentine are not
identical in a single fossil site, because the structure and initial compositions of these tissues
differ [118]. Very few data are available on the structure and composition of present-day
bones or teeth rejected in regurgitation pellets or faeces. To crush and to demineralised bone,
enamel and dentine is the only way to obtain “details” on the organic matrix they contain.

Bone is rich in organic matrix [34], so it is often supposed that it is the best choice to
collect a high amount. The results are often disappointing, and at the end of the procedure,
the bottle containing the dried matrix seems to be empty. Ultraviolet fluorescence allows
some data to be obtained [61]. A fresh bone is rich in cells, but this abundance attracts
insects, worms, bacteria and fungi looking for food, so that only low amounts of organics are
preserved. This is why some decades ago, it was generally believed that compounds such
as proteins could not be preserved in sedimentary deposits. Progress in analytical systems,
with high sensitivity and resolution, now allows us to study these organic components.

Whatever the studied criteria, the problem is complex because the diagenetic be-
haviour of an organism depends on intrinsic features (size, shape, structure, composition)
and from extrinsic factors (temperature, sediment composition, predation, etc.). In natural
environments, all these factors are mixed and active. To understand the role of a given
factor, actualistic experiments are done. Measurements of the inner parameters during
the digestion are difficult, so that they are measured in freshly rejected pellets. These
experiments show the importance of the age of the bird of prey, the number of meals,
etc. [28,119]. Another way is to simulate in vitro the process of digestion [22,120]. Similarly,
transformations occurring during the burial and past burial events can be studied in vivo
and in vitro [121]. Both are rare and for short term data. In vitro experiments have been
done on mammal teeth [122], whereas in vivo experiments have been done on mammal
teeth [123]. Weathering experiments are mainly done in mammal samples, but some data
about squamates are available. The comparison of modern “weathered” and fossil bones
shows that weathering marks are dominant in fossil bones, whereas digestion changes are
more important in modern bones [124].

4. Some Pitfalls
4.1. The Perfect Preservation

A fossil is often said to be perfectly preserved when its shape is preserved. From
this assertion, the geological history is reconstructed, and isotopic analyses are done to
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know palaeotemperatures, chronology is established using electron spin resonance (ESR),
14C or racemization of amino acids, diets are inferred from the 12C/13C isotope ratio,
etc. Unfortunately, many studies do not examine the structure of the sample, and basic
mineralogical analyses or thermogravimetry analyses are not done.

For example, ESR—U/Th were done on dental enamel, whereas OSL was done
on enamel, dentine and cement collected at El Harhoura 2 cave (Morocco, Neolithic—
Middle Palaeolithic). There is a discrepancy between ages obtained by ESR (electron
resonance spin)—U/Th and OSL techniques, but the examination of the microstructures
and compositions of the fossils show they are diagenetically modified [118], although their
shape is preserved.

4.2. Technical Pitfalls

Bones and teeth, present-day or fossil, are hybrid composites (organo-minerals). So,
their study encompasses a large range of geological and biological techniques. Thin
sections are usually observed in natural light, but more data are obtained using a polarizing
petrographic microscope and UV fluorescence. They can be stained with more or less
specific dyes. Unstained sections can be used in Raman and infrared microscopy, electron
and ion microprobes, so that it is possible to assess the quality of the preservation of the
tissues and to differentiate the composition of the tissue and that of the secondary fillings.

Quantification is often considered to solve all problems in this context. For example,
it is possible to quantify the crystallinity of a tissue from infrared spectra. The splitting
factor or crystallinity index can be calculated from band height (sf-h) or area (sf-s) ratios
(Figure 15). For rodent bones extracted from the successive layers of a cave, both calcula-
tions show that modifications have occurred, but they are not fully concordant. It must
be noticed that the explanation of the changes is not so clear. Amorphous and crystalline
Ca phosphates are known in bone. Is an increase in the crystallinity index due to the
crystallization of the amorphous Ca phosphate during the diagenesis, or is the amorphous
Ca phosphate dissolved?
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Figure 15. Crystallinity index (=splitting factor): (a) calculated from the band height (sf-h),
(b) calculated from surface (sf-s) of the infrared spectra of long bones of Meriones. El Harhoura
2 cave (Morocco, late Pleistocene—middle Holocene). R: recent fresh bone.

The quality of the surface is important to quantify the elemental compositions using
electron microprobes, and alumina is often used at the final stage of the preparative
procedure. It is a trap, because round particles of alumina are very difficult to remove,
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even using hot water and detergent and an ultrasonic bath. So, the sample has a high Al
content. The electron microprobe calculates the composition of the sample by comparing
the intensities of characteristic X-rays from the sample material with intensities from
standards. The sum of the studied elements must be 100%. If Al content is artificially high
because of the residual alumina, all other elements are artificially lowered. Thus, it is not
enough to “remove” the Al content from the list of the analysed elements, because all other
values are biased. Elemental compositions are used to learn the dietary patterns of fossil
samples, to estimate the quality of the preservation, etc., so such biases are not welcome.
Atomic force microscopy, X-Ray Absorption Near Edge Structure (XANES), Electron Back
Scatter Diffraction (EBSD), Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS)
and X-ray photoelectron spectroscopy (XPS), among other techniques, are also feasible on
thin sections and/or polished surfaces. Another problem is the cleanliness of the sample.
Some polishing products contain “oils”. Obtaining the high vacuum often necessary in
most analytical systems, a strong cleaning using detergent and ultrasonic bath is necessary.
Sometimes it is not enough: TOF-SIMS is very sensitive to contaminants. Then, a very
dilute acidic solution can be used to remove the striations due to the polishing procedures
as well as dust.

A popular technique to see details of the inner structure of samples is tomography or
CT-scan. It is said to be non-destructive [124]. Nevertheless, colour changes are observed
in present-day and fossil teeth, indicative of chemical changes [125]. Similar alterations
exist in invertebrate shells.

To estimate the molecular weights and the acidity of the organic matrices, liquid
chromatography or electrophoresis can be used. Results depend on the column and eluent
properties for liquid chromatography and on the nature and properties of the gels for
electrophoresis. However, the main problem is that the molecular weight standards are
globular proteins, although main proteins in mineralized tissues are fibrillar. Moreover,
both techniques are sensitive for proteins (focussed on basic proteins) but not for sugars:
refractometric detectors (for sugars) and staining procedures are not common. Another
problem is inter-laboratory comparisons. Amino acid analyses on fossil bones are not
rare and have been performed since the pioneering paper of Wyckoff [126]. Nevertheless,
comparing the results is difficult because both the preparative and analytical procedures
are diverse. The choice of the technique (high-performance liquid chromatography or gas
chromatography) is important. Then, hydrolysis length and temperature play a role. The
choice of the column and the derivatization (post- or pre-column) and detection mode
(UV/visible or fluorescence detector) also induce different results. Similar problems are
encountered with liquid chromatography for molecular weights or ion exchange: eluent,
column and detector seem to provide “different” results. Such problems are not unique to
analyses of proteins: they also exist for sugars and lipids [127]. The products of an acidic or
a basic hydrolysis of the matrix extracted from a mineralized tissue are different.

Analytical systems are more and more precise and need only milligrams or micrograms
of materials. Thus, even small samples are useful because several kinds of analyses are
now possible [128]. The drawback is that diagenesis is not homogeneous within a single
bone or tooth, so the statistical values of small amounts of materials are questionable. It is
important to observe the structure of the analysed zones.

4.3. Other Pitfalls

It is not rare in recent papers to see that the oldest citation of an article is 1995: thanks
to the internet, it is easy to collect papers without going to the library. The drawback is
that some known features are ignored or rediscovered. On the contrary, some features
commonly found and repeated in classical treatises are now known to be wrong. It is
often said that enamel is not affected by diagenetic processes, but the outer layer of teeth
extracted from present-day regurgitation pellets is missing (Figure 5a–c). Similarly, ancient
teeth (“recent” from a geological point of view) are strongly etched (Figure 5d). In both
cases, the morphology of the tooth was preserved, so that the taxa have been identified.
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This is not to say that all old papers are still pertinent. Since the works of Carnot [129], it
has often been said that the fluorine contents of fossil bones and teeth are higher than those
of present-day tissues. However, this is not a constant feature.

Exchanges between soil/sediment and bones or teeth are known, but the mechanisms
are not yet deciphered. As demonstrated by Henderson et al. [130] fossil bones are not
homogeneous from a chemical point of view. The intensity of the chemical changes is not
related to the age of the fossil. In historical skeletons buried in lead coffins, the weight
content of Pb reaches 37% in the outer layer of the bones [131]. Bones and teeth of small
mammals from the Late Miocene of Spain are enriched in mercury, but the strongest
increase is in bone. In the apatite zones, the microstructure is preserved [132].

For present-day tissues, the main source of data comes from the medical literature,
and human, bovid, mouse and rat are almost exclusively studied. Palaeontologists do not
naturally read these journals, so our references are not always pertinent or updated. For
example, it is said that collagen is only known in vertebrates, but collagen is also known in
sponges, cephalopods and fungi. It is also said that collagen exists in dentine and bone, but
collagen has also been evidenced in enamel [76,133]. Keratins, known only in fully organic
tissues (hair, skin, etc.) have recently been detected in enamel [134]. Another problem is
the quantity of a given protein through the life span of an individual. Osteocalcin levels
reach a maximum shortly after birth and dropped in adult bovine bone. Osteonectin
levels are stable but lower in woven bone than in lamellar bone matrix [135]. What about
extinct species?

It is often said that acidic soil or sediment does not favour the preservation of bones
and teeth. Bone is best preserved at pH = 7.88 [136,137], but pH is not the only factor to look
for. Organic and mineral components are sensitive to an acidic environment, but the organic
matrix is also sensitive to basic environments (KOH, NaOH or Na hypochlorite are used to
clean bones). Moreover, Berna et al. [138] (p. 867) have measured the ionic activity products
at “steady state” conditions”, and they “identify a recrystallization window between pH 7.6
and 8.1, which defines the conditions under which bone crystals dissolve and reprecipitate
as a more insoluble form of carbonated hydroxyl apatite.” These results are in accordance
with the fact that when a fossil bone is demineralized, the residual component is not pure
organic matrix [19,139].

Because it is often difficult to separate enamel and dentine, most studies are dedicated
to bones. Because collagen is the most abundant organic component, it is the most studied
component. Moreover, techniques to study proteins are now diverse, cheap and automatic.
This is not true for lipids and sugars. Thus, few data are available for these organics, even
in present-day bones. From a geological point of view, this is a paradox because lipids are
probably the most resistant [84,127,140].

4.4. New Techniques

When they are successful in the search of new fossils, palaeontologists and archae-
ologists take care of their samples. They are carefully cleaned before being studied and
stored. Multiple techniques are available, but nondestructive techniques are preferred.
A popular nondestructive technique is tomography–µCT scan, but modifications have
been noticed [126]. 3D reconstructions allow surficial marks or shapes to be isolated and
differentiated for an easier comparison [26,141]. CTscan also allows researchers to reveal
the inner structure of samples submitted to experimental diagenesis [142,143]. The current
tendency is to combine the acquisition of several parameters on a single specimen. Ideally,
acquisitions are simultaneous. CTscan is not the only technique used to collect 3D recon-
structions. For FIB SEM (Focused Ion Beam Scanning Electron Microscopy) the ion beam
etched the surface of the sample which is scanned for picture. For FIB SEM tomography,
the process is repeated, and 3D reconstructions are done. Such data are mainly of interest
for porous or heterogeneous samples [144,145]. Size and shapes of lacunae and canals
in modern and fossil bone and teeth can be compared and inner modifications detected
(Figure 16). Chemical composition of the FIB section is obtained by EDS analyses.
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Figure 16. Computer tomography. (a) Crocodile pit on a long bone, from [141] with permission.
(b) 3D FIB-SEM mineralized bone (credit E. Raguin). (c) Perspective rendering of the 3D segmented
canaliculi network (credit E. Raguin)—(b,c): cortical bone pf a femur, domestic pig.

Among other in situ high-resolution techniques, it is also worth mentioning µ-PIXE,
NanoSIMS, ToF SIMS (Time of flight Secondary Ion Mass Spectrometry) and APT (Atom
Probe Tomography), although they are rarely, if ever, used for fossils.

5. Conclusions

Although only Ca phosphate of vertebrates are taken into account, similar problems
are encountered in Ca carbonates. As for Ca phosphates, the main mineral component is
crystalline, although crystals are usually larger. For organisms with a silica skeleton, the
story is different, with biogenic silica being amorphous.

The diagenetic modifications are diverse, depending on the structure and composition
of the tissue, the cause of the death and the geological history. There are no relationships
between the morphological aspect and preservation of a bone, or a tooth, and the quality of
the preservation of the structure and composition. Moreover, a well-preserved microstruc-
ture appears not to be so-well preserved when looking at the nanostructure. To infer the
quality of the preservation, a single criterion is not enough: the mineralogy can be good,
but the elemental composition, the structure, etc. can be strongly modified. Structure can
be preserved and elemental composition modified. Whatever the intensity of the diagenetic
changes, the biological properties are altered, and the detected signals reflect the last event
in the history of the sample. Therefore, looking for several parameters gives us data for
a better understanding of the history of fossils. Most fossils are buried in sediments or
soils, with no or moderate transport. Thus, temperature, pH and other environmental
conditions recorded in fossils are not very different from those occurring during the life
of the organisms. Therefore, they are plausible, but the unanswered question is whether
they are actually those of the biological conditions. Finally, there are no direct relationships
between the quality of the preservation and the geological age of the fossil. Effects of
diagenesis on bone and teeth are so variable that they are not always predictable.
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