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A B S T R A C T

The histological analysis of fossil bones allows a taphonomic approach, especially to fossildiagenesis. We studied
the femur, vertebra, and osteoderm of the crocodyliformMontealtosuchus arrudacamposi (Adamantina Formation;
Late Cretaceous), to make inferences of the sequence of the diagenetic processes. Cross-sections of the bones and
the rock matrix that fills the medullar cavity were analyzed under a scanning electron microscopy with com-
positional analysis (SEM/EDS) and μ-X-Ray fluorescence (μ-XRF). The microstructural pattern of the femur and
vertebra was similar, with a transition from vascularized fibrolamellar internal cortex, with reticular and
longitudinal canals to zonal lamellar in the outer, and a medullary cavity portion filled with quartz and other
mineral grains. The osteoderm, however, presented a less vascularized cortex. In all samples were found the
External Fundamental System (EFS), secondary osteons in the internal cortex and spongy tissue, and the tran-
sition from a fibrolamellar to a lamellar tissues, indicating that the individual reached ontogenetic maturity
(adult/senescent) before they died. The compositional results showed that the samples mainly comprised cal-
cium and phosphorus, which were homogeneously distributed. However, we inferred that these elements oc-
curred during the formation of recrystallized and authigenic minerals. Iron, vanadium, and cerium are the
elements found that occurred in the composition of the fossil remains during early diagenesis, and this process
was observed to extend to the late diagenesis. Cerium was homogeneously distributed and incorporated to
authigenic apatite. Iron and vanadium were restricted to the cortex. The presence of authigenic apatite and Rare
Earth Elements (REEs) in the samples supported that the diagenetic environment of the Adamantina Formation
was alkaline. Furthermore, it suggested an association with a groundwater environment that have allowed and
facilitated the well preservation of fossil vertebrates in this geological formation.

1. Introduction

The record of cretaceous crocodyliforms from Brazil is expressive,
especially considering the Bauru Group where several Notosuchia were
unearthed in the last years (e.g. Martinelli et al., 2018; Pol et al., 2014).

The taxa Notosuchidae, Trematochampsidae, Baurusuchidae and Peir-
osauridae are the main known families recovered in Brazil (Martinelli
et al., 2018; Pol et al., 2014; Martine, 2013; Nascimento and Zaher,
2010; Marinho, 2006; Carvalho et al., 2004). Several outcrops from the
region of Monte Alto, São Paulo state (Fig. 1), revealed a high diversity
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of crocodyliform fossils, which have been described in the last years,
increasing the record of Brazilian notosuchians. These fossils belong to
a wide variety of terrestrial species such as Morrinhosuchus luziai Iori
and Carvalho (2009); Caipirasuchus montealtensis Andrade and Bertini
(2008); Caipirasuchus paulistanus Iori and Carvalho (2011); Barreir-
osuchus franciscoi Iori and Garcia (2012), and Montealtosuchus arruda-
camposi Carvalho et al. (2007), from the Upper Cretaceous. Among
them, Montealtosuchus, a peirosaurid (Tavares et al., 2015), was found

in association with several isolated fossil fragments that probably be-
longed to the same genus.

Recent studies focusing on preserved micro-structures of crocody-
liform fossils have gathered information on physiology, ontogeny,
mechanics and environment adaptations. (Andrade and Sayão, 2014;
Sayão et al., 2016; Andrade and Bertini, 2008). These aspects can vary
according to the different types of bones, their ontogenetic stages, and
fossil diagenesis (Chinsamy-Turan, 2005). Without these aspects, most
information about the growth rate and sexual maturity of these extinct
species would remain unknown (Padian and Lamm, 2013). It is tradi-
tionally known that reptiles could have indeterminate growth
(Chinsamy-Turan, 2005; Sparkman et al., 2007). Nevertheless, new
evidences suggest the presence of the External Fundamental System
(EFS) in Archosauria indicating a cessation of the growth when they
reach late ontogenetic stages. (Klein et al., 2009; Woodward et al.,
2011; Andrade and Sayão, 2014; Andrade et al., 2015; Company and
Pereda-Suberbiola, 2016).

Fig. 1. Locality map of the Monte Alto municipality, in geological map of the Bauru Basin in Brazil (Modified from Menegazzo et al., 2016) and studied samples
disposition in Montealtosuchus. C) Schematic drawing with the positioning of studied fossils within the silhouette; D) dorsal osteoderm (MPMA-0007/04); E) femur
(DP2/176); F) caudal vertebra (DP2/177).

Table 1
Transversal diameters (in mm) of the Montealtosuchus samples.

Samples Medullar Cavity Spongy Tissue Compact Tissue

Femur (15mm) 2 2 4
Vertebra (20 mm) 10 2 3
Osteoderm (4mm) – 2 1
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The internal constitution of bones is similar in all vertebrates, with a
complex anatomy in which hydroxyapatite microcrystals
[Ca10(PO4)6(OH)2] are interlaced with fibres (collagen and non-col-
lagen) that comprise between 32 and 44% of the compact bone volume
(Steve-Bocciarelli, 1970; Wopenka and Pasteris, 2005; Jans, 2008;
Merino and Buscalioni, 2013; Keenan, 2016). These components with
several vascularization patterns are characteristic of bone micro-
structure. The bone microstructure and its chemical composition
guarantee elasticity and resilience to the bone, which considerably
contributes to the fossilization process (Jans, 2008). Due to small size
and an extensive surface area (200m2/g), bone crystals have high re-
activity and high dissolution rates (Weiner and Price, 1986). Therefore,
bone dissolution or eventual preservation (fossilization) occurs
(Trueman and Tuross, 2002). The fossildiagenesis of bones can be di-
vided into early and late diagenesis. During the early diagenesis, the
bone elements contacts geochemical and biological system, leading by
necrolysis, damage to the collagen through mechanical and biotic fac-
tors, and by the influence of several chemical and structural mod-
ifications in the inorganic portion, as well as the mechanical in-
troduction of quartz and mudstone grains (Collins et al., 1995; Nielsen-
Marsh and Hedges, 2000; Trueman and Martill, 2002; Kolodny et al.,
1996; Hubert et al., 1996; Trueman, 1999; Trueman et al., 2006;
Keenan, 2016). In this way, during early diagenesis, the porosity and
permeability allow the bones to fill with substances, and this may
produce cracks in the secondary osteons, which sometimes are asso-
ciated with bacterial influence (Pfretzschner, 2004; Keenan, 2016). It is
worth noting that in a solution with neutral and alkaline pH, fossili-
zation occurs easier in acid pH than alkaline because the latter dissolve
the skeletal remains (Keenan and Engel, 2017).

The fossil assemblages and outcrops of Bauru Basin was mainly
studied with different paleontological approaches (e.g. Bertini et al.,
1993; Dias-Brito et al., 2001; Zaher et al., 2006; Pires-Domingues et al.,
2007, Pinheiro et al., 2018), especially regarding the biostratinomic
processes of vertebrate materials (Azevedo et al., 2013; Marinho et al.,
2013; Tavares et al., 2015; Bandeira et al., 2018). However, the studies
focusing in the diagenetic processes are still scarce (e.g. Batezelli et al.,
2005; Azevedo et al., 2013). Therefore, the association between the
depositional environment and the diagenesis are still poorly explored in
Bauru Basin.

We analyzed the bone histology and taphonomy (fossil diagenesis)
of isolated bones ofMontealtosuchus. With this analysis, we could clarify
aspects of the palaeoautoecology and the preservational environment of
this fossil assemblage.

2. Material and methods

2.1. Geological Horizon

The Bauru Basin includes a broad area in Brazilian territory in-
cluding portions of Paraná, São Paulo, Mato Grosso, Mato Grosso do
Sul, Goiás, and Minas Gerais states, as well as a part of Paraguay
(Batezelli, 2010). This sedimentary basin was deposited from the Cen-
omanian until the early Palaeocene, in semiarid conditions (Santucci
and Bertini, 2001; Batezelli, 2017). This stratigraphic succession can be
characterized by the Caiua, Santo Anastácio, Araçatuba, Sao José do
Rio Preto, Uberaba, Adamantina, Marília and Itaqueri formations
(Fig. 1).

The species Montealtosuchus was collected in the Adamantina

Fig. 2. Histological details of the femur in cross section (DP2/176). The black frames indicate the position of the areas with larger details. a) external cortex, lamellar
zonal tissue, growth line indicated by orange arrows, possible growth line indicated by brown arrows and EFS indicated by yellow arrows; b) fibrolamellar primary
tissue with oval to rounded primary osteons and line of arrested growth (LAG) in the medial cortex (orange arrows) c) secondary osteons (blue arrows); d) spongy
tissue with reabsorption cavities; e) endosteal remodelling bone (blue arrows). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Formation, which has the deepest thickness reported so far (100m),
and it extends toward the east portion of the basin (Fernandes, 2004).
This geological unit has been interpreted as a product of depositional
events in lacustrine and meandering fluvian or eolian environments
(e.g. with small dunes) that developed palaeosols with calcrete, ferri-
crete (goethite), and root tubes during non-depositional periods and
had a direct influence on the variation of water table levels (Soares
et al., 1980; Fernandes, 2004; Menegazzo et al., 2016; Marsola et al.,
2016). The Adamantina Formation comprises fine sandstones, mostly
tabular, showing several sedimentary structures (ripple cross-lamina-
tion or planar-to-trough cross stratification) with intraclasts of mud-
stone at the base of the troughs, interdigitated by mudstones with
mudcracks, heterolithic facies, and ichnofossils (e.g. root marks and
invertebrates), and with a matrix supported by intraformational con-
glomerates (Menegazzo et al., 2016). The sandstones consist of quartz
grains moderately round and sub-rounded; feldspar and hematite grains
with carbonate cement (Coelho et al., 2001; Fernandes, 2004; Batezelli,
2010).

2.2. Montealtosuchus (DP2/176; DP2/177; MPMA-16-0007/04)

All samples were collected by the research team from the
Palaeontology Museum “Prof. Antônio Celso de Arruda Campos”
(MPMA) from an outcrop located approximately 14 km from the urban
area of Monte Alto (Fig. 1), on a rural road connecting to the

municipality of Taiaçu (S 21° 09 ′53.9 ″W 48° 29′ 54.0″), São Paulo
state.

The bones were found disarticulated and preserved in the upper
sequences of the outcrop, together with at least four more fragments of
cranial and several postcranial elements assigned to Montealtosuchus.
We sampled a femur (DP2/176), a caudal vertebra (DP2/177), and the
dorsal osteoderm of Montealtosuchus holotype (MPMA-16-0007/04)
(Fig. 1C–F). The samples are housed in the Coleção de Paleontologia
(DP) do Instituto de Geociências da Universidade Estadual de Cam-
pinas, UNICAMP.

2.3. Microscopy and element analyzes

Thin sections were produced using standard fossil histology tech-
niques (Padian and Lamm, 2013). These thin sections were analyzed at
the Laboratório de Paleohidrogeologia da UNICAMP using a petro-
graphic microscope Carl Zeiss Scope A1 ZE/SS. The images were ac-
quired using a ZEISS AxioCam camera and treated with the ZEISS Ax-
ioVision® 4.8.2.0. (2006) software.

The histological observations were performed with a Scanning
Electron Microscopy (SEM) LEO 430i, through a digital scan of the thin
sections, controlled by the software Labbok (Carl Zeiss). The chemical
composition of fossilized bone was examined using Energy Dispersive
Spectroscopy (EDS) Oxford. The procedure was performed at the
Spectroscopy and Scanning Electron Microscopy Laboratory (MEV- IG

Fig. 3. Histological details from the vertebra in cross section (DP2/177). Black frames indicate the position of areas with larger details. a) external cortex; (EFS
showing with yellow arrows); b) mid cortex with fibrolamellar primary tissue and oval to rounded primary osteons; c) spongy tissue (detail of with blue arrows). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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-UNICAMP). The analyzes were performed using SEM equipment cou-
pled to an EDS detector, which emphasized compositional differences to
generate the images.

The μ-X-Ray Fluorescence (μ-XRF) was applied to determine the
distribution of trace elements inside the femoral sample (DP2/176) to
complement the SEM/EDS results. The μ-XRF analysis was performed at
XRF beam line of the Brazilian Synchrotron Light Laboratory (LNLS).
The instrument was operated in micro-beam mode with the Kirkpatrick-
Baez mirror (KB) focusing system to attain a beam size of 12×25 mm
diameter, at room temperature and white-beam mode of excitation.
PyMca 4.6.0 software (developed by European Synchrotron Radiation
Facility - ESRF) was used to treat the data and obtain the elemental
maps.

3. Result

3.1. Femur – sample DP2/176

The diameter of the analyzed midshaft was 15mm (Table, 1), which
is slightly abraded. The medullary cavity was 2mm (Table, 1), thick
and filled with quartz and other mineral grains, and surrounded by
remodelled endosteal bone (Fig. 2E). The spongy tissue is 2mm (Table,
1) thick a maximum and presents reabsorption cavities (Fig. 2D), tra-
becular tissue, and secondary osteons (Fig. 2 C). The internal cortex was
remodelled. The osteocyte density was high in the cortical region, ex-
cept in the most peripheral portion, which showed no evidence of
vascular channels.

Some Lines of Arrested Growth (LAGs) were observed, two in the
external cortex and one in the mid cortex (Fig. 2B). The mid region of
the cortex was formed by fibrolamellar primary tissue with longitudinal
primary osteons (Fig. 2B).

The cortex presented a maximum thickness of 4mm (Table, 1), of
which 200 μm lied in the external cortex, composed of EFS (Fig. 2A).

3.2. Vertebra – sample DP2/177

The diameter of centrum was 20mm (Table, 1). The medullar cavity
presented 10mm (Table 1) thick and was filled with rock matrix, the
spongy tissue is 2mm thick (Table, 1, Fig. 3C).

The cortical area has a maximum thickness of 3mm (Table, 1). The
medial cortex was formed by fibrolamellar primary tissue with long-
itudinal e reticular vascular canals (Fig. 3B). The external cortex pre-
sented few LAGs and was avascular. The density of osteocytes was high
in all the cortical regions, except in the peripheral region, which
showed no evidence of vascular channels and we observed the EFS in
the cross section (Fig. 3A).

3.3. Osteoderm - SampleMPMA-16-0007/04

The dorsal osteoderm showed a transversal diameter of 4mm
(Table, 1) and 30mm longitudinal. The spongy tissue presented few
reabsorption cavities (Fig. 4D).

The spongy tissue region showed a diameter of 1,7 mm (Table, 1)
while the cortex is compact and has a diameter of 0,8mm (Table, 1).
The inner cortex was formed by the primary tissue of secondary re-
modelling, with some secondary osteons (Fig. 4A). Along the cortical
region, Sharpey's fibres were preserved (Fig. 4C). The external cortex
was composed of lamellar tissue and shows an lacked vascular chan-
nels. Several LAGs were detected in the external cortex (Fig. 4A and B),
and in the peripheral cortex, the EFS was observed (Fig. 4B).

The histological pattern drawn from the femur and vertebra was
similar, as the internal cortex of both showed high vascularization (fi-
brolamellar tissue) and EFS in the external cortex. The osteoderm was
not comparable with femur and vertebra due to its dermal origin
(Romer, 1956).

Fig. 4. Histological details of the osteoderm in cross section (MPMA-0007/04). Black frames indicate the position of areas with larger details. a) external cortex with
lamellar tissue and LAGs (blue arrows); medial cortex with secondary osteons (red arrows); b) EFS (yellow arrows) and LAGs (blue arrows); c) cortical region with
preserved sharpey fibers (yellow arrows); d) spongy tissue with reabsorption cavities (yellow arrows). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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3.4. Scanning Electron Microscopy and Energy Dispersive Spectroscopy
(SEM/EDS)

The elemental analysis showed calcium, phosphorous, oxygen, and
fluorine, a composition consistent with calcium phosphate in the form
of fluorapatite Ca5(PO4)3F that was a solid solution with hydroxyapatite
Ca10(PO4)6(OH)2 (Fig. 5). The osteological structures and rock matrix
were filled by illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[((OH)2,H2O)], as in
the vertebra sample DP2/177 (Fig. 6). The compositional analysis in the
thin sections showed dissemination of Rare Earth Elements in low
concentrations (neodymium, gadolinium, and samarium), distribution
of vanadium, calcium, oxygen, iron, and phosphorous, and a major
concentration of cerium (Figs. 7 and 8). In the osteoderm's peripheral
cortex (MPMA-16-0007/04) and in the femur (DP2/176), vanadium
was detected (Figs. 7 and 8).

3.5. μ-X-Ray fluorescence (μ-XRF)

The elemental map showed a distribution of elements consistent
with the composition of calcium phosphate (hydroxyapatite) (Fig. 9).
However, cerium was distributed all along the extension of the mapped
region covering the cortex and the medullar cavity. In the peripheral
cortex, iron was detected. Vanadium also showed a wide distribution
throughout the fossil, but a higher concentration in the peripheral re-
gion (Fig. 9).

4. Discussion

4.1. Microstructure and ontogeny

The taphonomic data from Tavares et al. (2015) suggest that the
remains of Montealtosuchus could correspond until to four specimens.
Our histological analyses indicate that all analyzed fossils should have
belonged to one specimen, due to similar ontogenetic stage. Both cross-
sections of the femur and vertebra presented fibrolamellar bone in the
perimedullar region, rich in osteocyte lacunae around vascular canals
which is an indicative of rapid osteogenesis (Chinsamy-Turan, 1997;
Ray et al., 2012), suggesting a fast growth in this region. The tissue
becomes lamellar zonal in the outer cortex, with the decrease vascu-
larization and osteocytes, suggesting a slow growth rate, which are well
known in crocodiles (Padian and Stein, 2013).

We inferred that the sampled specimens reached the adult senes-
cence before death based on the presence of secondary osteons and EFS.
This supports that the general growth rate decreased with the beginning
of reproductive maturity (Sander, 2000; Ray et al., 2012). The femur
and the vertebra preserved a maximum of three annual cycles due to
the annual periodicity of the LAGs, zones, and annuli in many extant
and extinct crocodyliforms (Chinsamy-Turan, 2005). It was not possible
to infer how old were the specimens despite the fact that were observed
three LAGs and several growth lines. However, due to the close space
between LAGs and the bone erosion, we could not to count their exact
number. Therefore we discarded the absolute number of LAGs to this
skeletochronology.

The presence of EFS suggested the cessation of the asymptotic
growth, assigning the skeletal maturity to the specimen (Lee and

Fig. 5. Energy Dispersive X-Ray Spectroscopy analysis showing the general composition of the fossil (fluorapatite) and SEM images of the analyzed areas. a) EDS
spectra showing the main composition of fluorapatite of the bones; the elements inside the red circles are constituents of fluorapatite; b) SEM image of femur, sample
DP2/176; c) SEM image of vertebra, sample DP2/177; d) SEM image of osteoderm, sample MPMA-0007/04. Yellow circles inside the SEM images indicate the
analyzed areas by EDS. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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O'Connor, 2013; Andrade and Sayão, 2014). Although the in-
determinate growth of reptiles can still be found in recent literature
(Chinsamy-Turan, 2005; Sparkman et al., 2007), the EFS was found in
several Triassic pseudosuchians (Woodward et al., 2011). The EFS re-
ported here for Peirosauridae supports the hypothesis that determinate
growth may be the rule, not the exception to archosaurs (Woodward
et al., 2011).

The differential bone deposition pattern in the osteoderm does not
cause any decrease or increase in the growth rate during the animal's
lifespan. In the cortex, a little vascularised and lamellar zonal tissue was
found, while in the central region a remodelled and thick spongy tissue
was found. Growth marks in extant crocodilian osteoderms are used to
determine their individual age (Tucker, 1997). For extinct taxa, they
are also used as a skeletochronological tool (Hill and Lucas, 2006). In
this research, at least six lines were counted (Fig. 4), which allowed a
determination of 6 years as a minimal age for MPMA-16-0007/04,
considering that the remodelling erased some lines. Thus, it can be
inferred that this individual reached adult senescence before death.

4.2. Geochemical analysis and fossildiagenesis

Diagenetic processes, such as the recrystallization, dis-
solution–reprecipitation, or diffusion-adsorption, introduced changes in
the chemical characteristics of the samples. At the beginning of the

burial, during the first phase of the fossilization, quartz grains were
mechanically introduced, besides feldspar, clay (illite), and lithic frag-
ments, into the pores, fractures, and medullary cavity regions. It in-
dicates that, during the early diagenesis, the presence of monazite or
clay, verified through SEM analysis of the rocks associated with the
fossils, was responsible for the presence of cerium in the burial en-
vironment. The calcium and phosphor are elements with the most
concentration and uniformly distributed through the studied samples.
Since the process of fossilization begins with the diagenetic re-
crystallization of primary crystals into apatite secondary crystals, which
increases the size of the crystals (Trueman, 1999). Diagenetic re-
crystallization ends when all the porous spaces originally occupied by
collagen were filled (Hubert et al., 1996; Trueman and Tuross, 2002). In
the apatite structure, isomorphic replacements by calcium, phosphate,
and hydroxide can occur, generally preserving the original morphology,
and recrystallization occured close to the micropores (Pfretzschner,
2004).

Other elements found such as cerium, iron and vanadium, indicated
that they were incorporated during the recrystallization, by influence of
the surrounding environment (endorheic zones, confined aquifers, etc.)
in which other elements with similar ionic radium sizes (e.g. Fe, Mn, Sr,
Mg, Ba, Cd, and REEs) could replace the bone calcium (Herwartz et al.,
2011; Keenan, 2016; Grimstead et al., 2017; Keenan and Engel, 2017).

The presence and distribution of cerium in our samples suggests that
its incorporation begun during early diagenesis and continued through
late diagenesis. In all the SEM/EDS analysis, the presence of apatite was
verified, with the cerium present as one of the chemical components of
the mineral. In the μ-XRF analysis, cerium showed a uniform distribu-
tion, being the second most abundant element in the femur after cal-
cium. The homogeneous distribution of cerium in the compact bone
reflects the state of equilibrium between the fossilizing and miner-
alizing bone fluids attained either by the relatively fast early diagenesis
(hundreds of thousands of years) or by the prolonged (dozens of mil-
lions of years) late diagenesis distribution of REEs (Herwartz et al.,
2011; Kocsis et al., 2010; Tütken et al., 2011). In the present analyses,
the distribution of REEs suggest the presence of an open system that
lasted after the process of early diagenesis. The growth of secondary
apatite must occur in saturated waters. The chemistry of REEs is
strongly influenced by the solution's pH (Byrne and Li, 1995;
Johannesson and Hendry, 2000; Sonke and Salters, 2006). The sa-
turation with apatite rarely occurs in waters with pH < 6.5. The
composition of REEs in the fossil bone is controlled by the chemistry of
the aqueous solution of REEs in neutral and carbonated waters (pH 8,
approximately) (Trueman et al., 2006). These facts suggested that an
alkaline environment was favourable for bone preservation through
phosphatization, as described for Adamantina Formation (Marsola
et al., 2016), with REEs not being susceptible to leaching processes.

The major and most homogeneous area of distribution of vanadium
and iron is in the cortex, although they were also verified in the internal
cortex. The presence of these elements in the internal cortex suggests
that despite their porous nature, the bones were possibly enriched due
to bacterial action, which contributed to their degradation by allowing
more porosity and permeability from the external surface to the internal
cortex (Millard and Hedges, 1999; Müller et al., 2011).

Vanadium is present in ground water or soil water in a wide range of
pH and it tends to accumulate in the bones due to its association with
calcium and phosphates, as in the case of iron (Barrio and Etcheverry,
2006; Rehder, 2013; Grimstead et al., 2017). Nevertheless, iron and
vanadium could also have being incorporated by the samples during the
late diagenesis for as long as ferricretes were found frequently in the
Adamantina Formation layers, which attests to the variation in the
water table through the Cenozoic (Coelho et al., 2001). Therefore, the
alteration in the skeletal elements allowed diffusion of small quantities
of vanadium and iron from the layer where they were deposited to the
innermost part of the bone (Millard and Hedges, 1999). Likewise,
cerium could have continued during the late diagenesis since it has a

Fig. 6. Energy Dispersive X-Ray Spectroscopy analysis showing the illite dis-
tribution in the studied samples; SEM images of the analyzed areas. a) EDS
spectra showing the points with illite. The elements that compose the illite are
marked in red circles; b) SEM image of the rock matrix associated with the fossil
vertebra (DP2/177). The yellow dashed circles indicate the areas where the
illitic composition was determined, inside the cement. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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homogeneous distribution. Iron and vanadium were of secondary im-
portance for preservation because their distribution is more significant
in the region of contact between the fossil and the external environ-
ment. Therefore, they probably diffused into the bone during the

second phase of fossilization and diagenesis.
If the groundwater is enriched by fluoride, this will be introduced

into the mineral structure, giving rise to carbonated fluorapatite
[Ca5(PO4CO3)3(F)] or francolite [Ca5(PO4)3F] (Hubert et al., 1996;

Fig. 7. Energy Dispersive X-Ray Spectroscopy analysis showing the REE (Samarium, Cerium and Gadolinium) and other elements (Vanadium, Calcium, Oxygen, Iron
and Phosphorous) distribution in the studied samples; SEM images of the analyzed areas. a) EDS spectra indicating points with Vanadium, Calcium, Phosphorous,
Oxygen, Iron, Samarium and Gadolinium composition; b) EDS spectra indicating Phosphorous, Oxygen and Cerium composition; c) Analyzed areas (dashed circles) of
the external cortex from the osteoderm (MPMA-160007/04); d) analyzed areas (dashed circles) of the external cortex from the femur (DP2/176); e) analyzed areas
(dashed circles) of the space filled by mineral grains in the femur marrow space (DP2/176).

Fig. 8. Energy Dispersive X-Ray Spectroscopy analysis and SEM images with osteocytes filled composition. a) EDS spectra indicating Phosphorous, Calcium,
Vanadium, Oxygen, Cerium and Iron; b) EDS spectra indicating Phosphorous, Calcium, Oxygen, Cerium and Iron; c) Composition of the femur vascular canals (DP2/
176); d) Composition of the vertebra vascular canals (DP2/177).
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Trueman, 1999). These minerals form a solid solution with hydro-
xyapatite Ca10(PO4)6(OH)2 (Fig. 6), being fluorapatite the most stable
solid phase of calcium phosphate. Another chemical process that is
active during diagenetic recrystallization is the diffusion–adsorption of
trace elements (Millard and Hedges, 1999). Trace elements are ab-
sorbed from the outer bone surfaces and they diffuse through the
porous spaces (Kolodny et al., 1996; Trueman, 1999). Nevertheless, the
incorporation of REEs also could happen during late diagenesis due to
the dissolution–reprecipitation processes that lead to the origin of a
thermodynamically stable mineral such as fluorapatite (Herwartz et al.,
2011). In the studied samples, calcium and phosphorous are the major
elements, and they are evenly distributed throughout the fossils. Both

have a biological origin, resulting from the original composition of
bones, but they also participate in the formation of recrystallized and
authigenic minerals.

5. Conclusions

The gradation from fast-growing tissue to low growth toward the
external cortex, EFS and the secondary remodelling implies that the
studied bones one individual that reached maturity ontogenetic (adult/
senescent) before death.

The recrystallization that occurred during fossil diagenesis was the
determining factor for bone preservation because the resulting

Fig. 9. μ- XRF elemental maps showing the distribution of the elements Calcium, Cerium, Vanadium and Iron in the femur cross section (DP2/176). a) femur cross
section showing the mapped area in the sample; b) Calcium (red) distributed in all the bone cortex; c) Cerium (red), with higher intensities in the central area of the
cortex; d) Vanadium (green) in a wide distribution, but higher intensity in the peripheral region; e) Iron (blue) in the peripheral cortex; f) image with the combined
distribution of the mapped elements. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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composition was more stable (hydroxyapatite) than the original bone
composition. For a bone preservation in the fossil record, the re-
crystallization rate must exceed the dissolution rate. This suggests that
the recrystallization was initiated during the early diagenesis in the
fossilization and continued along with the incorporation of other ele-
ments such as cerium, iron, and vanadium into late diagenesis.
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