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Abstract
Paleometry is essential in analyzing fossil remains, revealing diagenetic processes through physicochemical characterization

techniques that identify crystalline and chemical structures, as well as elemental composition and changes observed via electron

microscopy. This study examines the fossilized carapace of Neosclerocalyptus sp. from the Paraguayan Chaco, employing these

methodologies to understand its diagenetic transformation. Fourier transform infrared (FT-IR) spectra identified phosphate,

carbonate, and amide I and II groups. The Gaussian deconvolution model applied to the FT-IR spectra distinguished individual

bands within overlapping vibrational modes, providing insights into the presence of stoichiometric and non-stoichiometric cal-

cium phosphates. X-ray diffraction patterns confirmed the crystallinity and apatite nature of the sample, while energy dispersive

X-ray fluorescence and scanning electron microscopy energy-dispersive spectroscopy assessed its elemental composition and

microstructural characteristics. The results indicated the inclusion of new crystalline phases (quartz) and changes in mineralogy

and crystallinity due to environmental interactions. A diagenetic pathway model is proposed, involving initial development,

exposure to calcium carbonate-rich water, hydroxyapatite recrystallization, calcite infiltration in pores, and incorporation of

new elements. This study enhances the understanding of fossil preservation and environmental influences on diagenetic pro-

cesses at a regional level as well as being one of the first works on glyptodont carapace characterizations in South America.
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Introduction
Paleometry is crucial for understanding fossil remains, inte-

grating geology, biology, chemistry, and physics to reveal

the origins and evolution of life on Earth and beyond.1,2

Using techniques such as spectroscopy, it preserves rare fos-

sils while deducing how they and their surrounding sediments

change over time.1,3–5 Paleometry helps reconstruct ancient

ecosystems, providing insights into past climates, habitats,

and biodiversity, which are key to interpreting evolutionary

processes. It also clarifies how environmental factors affect

fossil preservation, ensuring a more accurate interpretation

of the fossil record.2,6 Techniques such as Fourier transform

infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), X-ray

fluorescence (XRF) spectrometry, and scanning electron

microscopy energy-dispersive spectroscopy (SEM-EDS) are

integral to this research. These advanced methodologies

facilitate in-depth molecular-level analyses of fossils and

their environmental interactions, providing critical insights

into their formation and preservation. Specifically, the rapid
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identification of phosphate groups associated with apatite

materials uncovers the complex interplay between ground-

water chemistry and diagenetic transformations in biogenic

materials.1,3–5,7,8

When analyzing bones, the primary focus is on apatite,

predominantly in the form of calcium phosphate, which

serves as the principal inorganic component of bone, verte-

brate teeth, and certain carapaces or shells.9,10 Bone mineral

composition is approximately 60–70% inorganic material,

mainly hydroxyapatite (Ca10(PO4)6(OH)2), which provides

structural rigidity and strength.11 The remaining 25% consists

of organic material, largely type I collagen, along with non-

collagenous proteins and lipids. Besides hydroxyapatite, the

inorganic phase contains minor calcium phosphates such as

brushite and tricalcium phosphate, as well as trace elements

like magnesium and sodium, which can substitute for calcium

within the hydroxyapatite lattice.7

Natural variations in bone composition can arise from fac-

tors such as diet and metabolism, leading to ionic substitu-

tions at both calcium and phosphate sites. In contrast,

changes during fossilization are indicated by the presence

of increased carbonate ions, which can substitute for phos-

phate in the apatite structure, as well as alterations in crystal-

linity and the introduction of foreign minerals due to

groundwater infiltration.2,11 These substitutions create

atomic-level disruptions that can notably alter the physical

properties of bone crystals following burial.12–14

These changes involve the degradation of the bone’s organic
matrix by microorganisms, happening both before and during

transport and sedimentary events, recrystallization and ion

absorption. Subsequent processes after deposition depend on

site conditions such as the mineralogical composition of the

sediment, pH, temperature, and water characteristics.2,9,15,16

The diagenesis process encompasses the physical and

chemical transformations that carbonate hydroxyapatite expe-

riences in sediments due to groundwater exposure. Key pro-

cesses include dissolution and recrystallization, where

minerals are leached and then re-precipitated into more stable

forms, as well as crystal growth, which alters structural integ-

rity without necessarily dissolving the original material.2,7,17,18

In 2020, a carapace of a Neosclerocalyptus sp. was collected
outside Neuland, Boquerón Department, near the center of

the Paraguayan Chaco. This study focuses on conducting a rig-

orous characterization of the fossil remain. A potential model

of diagenetic pathways was proposed based on the geological

conditions surrounding the fossil as well as its alterations.
We hypothesize that the partial preservation of organic

materials within the osteoderms may have been influenced

either by an early interruption in the fossilization process

or by more recent contamination. This preservation might

have been facilitated by the osteoderms’ isolation and protec-

tion within an inorganic matrix, where cementation occurred,

preventing complete permineralization. Alternatively, it may

result from the deposition of organic material from the sur-

rounding environment.19,20

Geological Environment
The Cenozoic sedimentary system which occurs in the cen-

tral portion of South America, known as Chaco, spans

around 840 000 km2 and extends from the Sub-Andean

Sierras to the Paraná basin, covering parts of northeastern

Argentina, southern Bolivia and western Paraguay. Shaped

by six major river systems, including the Pilcomayo and

Bermejo rivers, which flow eastward from the Andes

towards the Paraguay and Paraná rivers, the region is charac-

terized by large alluvial fans, creating a landscape of ancient

channels, meandering lakes, and swampy areas.21–33 It is

essential to understand the sedimentary context of the

Paraguayan Chaco, a region whose geological evolution

reveals that it is largely composed of transported soils, rang-

ing from sandy loam to clay.34

Sedimentation in the Chaco began in the Oligocene

period and continues to this day. These sediments, carried

from the Andes, have deposited thick layers across the plains,

shaped by two key phases of river activity: one during the late

Pleistocene and another after the Ice Age.21–24,35 Wet cli-

mates stabilized the river systems, leading to finer sediment

deposits, while dry periods led channels to shift and

increased sedimentation. Evidence of old riverbeds are still

visible, especially in the Pilcomayo system, one of the most

sediment-rich rivers in the world, transporting around 140

million tons of sediment annually.24,28

Fossil remains of Neosclerocalyptus sp. were found about

3 m deep in Neuland, a part of the Boquerón District, seen

in Figure 1a. This place is within the central area of the

Pilcomayo River’s alluvial fan that spans over 210 000 km2

and extends more than 1000 km from its starting point to

the Paraguay River.24,28 The region’s depositional environ-

ments have evolved: it began with short-lived braided streams

and hardened soils in the late Oligocene, transitioning to

large riverbanks that created thick deposits on the floodplain,

pushing sediment progressively eastward.23

The Chaco’s geological history has a significant impact on

bone preservation. As sediments accumulate, minerals can

leach into buried bones, altering their chemical composition

and potentially modifying isotopic ratios. Climatic fluctua-

tions, alternating between wet and dry periods, further influ-

ence sedimentation, which directly affects bone chemistry.

During diagenesis, interactions like groundwater movement

through sediments can further modify the bones. In the

Chaco, where river activity drives significant sediment trans-

port, these processes are particularly important to consider

during fossil analysis.22,34,36

Experimental

Materials and Methods
The carapace presented in this manuscript was discovered and

collected in September 2020 from the plains near Neuland
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Town (latitude: 22°38′53.61’S; longitude: 60°4′38.77′′W),

in the Boquerón Department of Western Paraguay,37 as

seen in Figure 1b. The partial carapace is deposited at

the Laboratorio de Paleontología, Facultad de Ciencias

Exactas y Naturales, Universidad Nacional de Asunción,

under the collection number FACEN-PVert-0064.

The fossil remains were assigned to the genus

Neosclerocalyptus based on certain diagnostic characteristics,

including a reduced size compared to other taxa, a low and

elongated subcylindrical dorsal carapace, and elongated rectan-

gular lateral plates that are relatively thin with a central figure

larger than the peripheral ones.38,39 Although the genus

Neosclerocalyptus is represented by five recognized species:

N. castellanosi, N. ornatus, N. pseudornatus, N. gouldi, and N. pas-
koensis,40 one of the diagnostic features for species assignment

is the development and pneumatization of the frontonasal

sinuses, as well as their extensively studied and recognized bio-

stratigraphical distribution.41

Nevertheless, the absence of the skull and other diagnos-

tic aspects of the skeleton, along with the uncertainty about

the age of the sediments in which the specimen was found,

prevent us from assigning the materials to one of the recog-

nized species of the Neosclerocalyptus genera.
Two small peripheric osteoderm fragments from the edge

of the dorsal carapace were selected for this study, presented

in Figure 1c. These fragments were chosen due to their rel-

atively protected location, being less exposed to surrounding

sediments. After careful cleaning, the samples were placed in

sterile bags to prevent any contamination, either during field

collection or later in the laboratory.

FT-IR spectroscopy measurements were conducted using

an IRAffinity-1 Infrared Spectrometer (Shimadzu) config-

ured with a spectral resolution of 0.5 cm−1 and set to 4

cm−1. The instrument performed 128 scans over a spectral

range of 400 to 4000 cm−1. The sample preparation

involved pulverizing a small fragment of the fossil with a

mortar and pestle, followed by the addition of potassium

bromide (KBr) powder as a binding agent. The mixture

was then pressed to form a pellet, which was then measured

in transmission mode.

Figure 1. (a) Location map of the glyptodont’s carapace fossil discovery site. (b) Excavation site of the fossil carapace. (c) Analyzed

fragments of the glyptodont’s carapace fossil of Neosclerocalyptus sp., coded as FACEN-PVert-0064.
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For spectral processing, the FT-IR spectra underwent base-

line corrections, smoothing, and second derivative calcula-

tions,42,43 performed three times using the Spectragryph

software.44 Among the three collected FT-IR spectra, the

most representative one was selected for detailed analysis.

The deconvolution of IR spectra utilized a model of N coupled

Gaussian oscillators adopted for calcium phosphates,45–47

identifying regions of interest (ROI) where these compounds

exhibited a response. The second derivative of the spectra

was calculated to locate the minima. Deconvolution was car-

ried out using the Gaussian deconvolution model (GDM) via

the open-source software Fityk,48 where each curve’s centroid

corresponds to an active band, and intensity relates to the

number of oscillators, considering common active modes in

IR and the second derivative minima.49

The XRD analyses were performed using a PANalytical

X’Pert Pro MRD diffractometer (Malvern Panalytical), featuring

a spectral resolution of approximately 5 arcseconds.3 The anal-

ysis employed aCuKα radiation sourcewith awavelength of λ=
1.54060 Å and a powdered FACEN-PVert-0064 sample. The

angular measurement range spanned from 5° to 60° at a step

size of 0.025 degrees and an accumulation time of 3 seconds

for each angular position, aiming to optimize the signal-to-noise

ratio. The analysis involved comparing the crystalline phase pat-

tern with the experimental X-ray diffractogram.

The elemental composition of FACEN-PVert-0064 was

qualitatively assessed using the EDX-7000 energy dispersive

X-ray fluorescence system (Shimadzu), achieving an energy

resolution of less than 140 eV for the Mn Kα line, equipped

with a Rh anode and a solid-state-type detector. All EDXRF

spectra analyses were done using the PCEDX Pro software

by fundamentals parameters methods for semiquantitative

analysis.

The microstructure was examined through scanning elec-

tron microscopy (SEM). Prior to the SEM analysis, the fossil

remains underwent a standardized carbon-coating process to

mitigate electron accumulation effects on irregular surfaces,

executed at a 4 V for 8 seconds of carbon deposition time.

The samples were subsequently examined using secondary

electron imaging with a CX-200 Plus scanning electron

microscope (COXEM Co., Ltd.), which boasts a spectral reso-

lution of less than 3 nm at an acceleration voltage of 30 kV. For

this study, however, the SEM operated at a voltage of 20 kV to

optimize imaging conditions.

Finally, for enhanced characterization, a specific zone of

the sample was subjected to elemental mapping with an

energy dispersive X-ray spectrometer (EDS) equipped with

an EDS Xplore30 Detector (Oxford Instruments), noted

for its spectral resolution of approximately 129 eV for the

Mn Kα peak at a count rate of 100 000 counts per second.

To ensure a comprehensive characterization, sediment

samples were collected from an area in proximity to the fossil

fragments. These sediments underwent the same analytical

procedures, including FT-IR, XRD, EDXRF, and SEM-EDS

analyses (Supplemental Material), thus maintaining consis-

tency in the evaluation process.

Results
The FT-IR analysis revealed key functional groups characteris-

tic of apatitic structures, including phosphates (PO4
3−), car-

bonates (CO3
2−), hydroxyl (OH−), and organic components.

Figure 2a illustrates the specific absorption bands, while

Table I details these spectral features, following a conventional

FT-IR analysis approach for fossil samples. Phosphate groups

exhibited O–P–O bond bending modes, and P–O bonds

showed symmetric and asymmetric stretching modes.42,45,50–59

A potential vibrational signal for hydrogen phosphate (HPO4
2−)

was also noted.50

Table I further identifies the carbonate group, indicating

possible ionic substitutions within the apatitic struc-

ture.45,50,56,60 Additionally, the amide I group and overlapped

Figure 2. (a) FT-IR spectra of FACEN-PVert-0064. (b) Gaussian

deconvolution of the ROI (700–400 cm−1). (c) Gaussian

deconvolution of the ROI (1300–800 cm−1).
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signals from adsorbed water on clay were observed,45,52,61–63

along with stretching modes of hydroxyl groups and a broad

peak attributed to adsorbed water.53,54,63,64 Finally, the amide

II group or a doublet band (ν3) of the carbonate group was

detected.19,53,61

Given the broad FT-IR spectrum, it is crucial to focus on

the overlapping bands in the ranges of 700–400 cm−1 and

1300–800 cm−1, as they reveal multiple absorption bands

related to carbonate ionic substitutions and phosphate groups.

Although these overlaps complicate precise identification, this

complexity is effectively addressed through the deconvolutions

shown in Figure 2b and 2c, and summarized in Tables II and III.

Table II presents the deconvolution of the first ROI

from 700 to 400 cm−1, where the phosphate group exhibits

O–P–O bond bending modes and triply degenerated bending

modes (ν4).
45,50,58,65 Additionally, a librational mode (νL) of

the hydroxyl group is observed at 630.45 cm−1.50

In the ROI of 1300–800 cm−1, detailed in Table III, several

P–O bond vibrational modes of the phosphate group are

identified, include a stretching mode (ν1), a non-degenerate

symmetric stretching mode (ν1), and a triply degenerate

asymmetric stretching mode (ν3). The PO4 in an apatitic envi-

ronment appears at 998.484 cm−1, while a band at 1125.63

cm−1 is attributed to the presence of hydrogen phos-

phate.50,55,58,66 Additionally, a non-apatitic stretching mode

(ν2) of the carbonate group is detected at 873.225 cm−1.45

Figure 3a presents the XRD results for FACEN-PVert-

0064, confirming the apatitic nature of the sample. The

analysis identifies common crystalline phases, including hydroxy-

apatite, which is prevalent in fossil structures, along with quartz

(a silicate) and illite phases. In terms of elemental composition,

the XRF results indicate the presence of Ca, P, and Si, consis-

tent with the crystalline phases identified in the XRD analysis,

as well as other secondary elements. Additionally, the Kα and

Kβ emission lines for Mn and Cr are relatively close in energy,

leading to overlapping peaks in the XRF spectrum. This over-

lap complicates the distinction between these elements, as

illustrated in Figure 3b.

The EDXRF results show inTable IV a predominant presence

of Si at 41.37% by weight (%wt). Ca and P were also detected,

with a Ca/P ratio of approximately 1.72,50,67 a value close to

that of stoichiometric apatites. This ratio is comparable to

those found in living organisms, highlighting the preservation

of the original chemical composition throughout the fossiliza-

tion process. Additionally, Al and Fe were identified at

16.032% and 4.739 %wt, respectively, along with 1.234% of

traces of Ti, Mn, Sr, Cu, Zn, Cr, Rb, and Ni.

The FACEN-PVert-0064 SEM-EDS results are shown in

Figure 4. In Figure 4a, a magenta outline highlighting the

zone of interest, accompanied with its magnified SEM image

in Figure 4b. EDS results are shown in Figure 4c. The elemen-

tal mapping reveals a uniform distribution of constituent ele-

ments, particularly notable on the main surface characterized

by high porosity and voids.68 The chemical composition in

this area includes Ca, Si, P, Al, Fe, and K.

Discussion
The FT-IR analysis reveals that the apatitic structure of bones

contains carbonate ions, which partially overlap with phos-

phate ions. The deviations observed in the phosphate

group bands are correlated with the presence of carbonate

ions.69,70 When comparing the experimental bands to

those assigned in the literature, noticeable deviations were

observed. The symmetric stretching of the PO4
3− group is

particularly sensitive to ionic impurities, especially substitu-

tion by CO3
2−. Any alterations in its ionic constituents can

significantly affect the characteristics of the band.

Moreover, changes in the full width half-maximum

(FWHM) parameters of the performed GDM curves were

noted, with values being relatively higher than those reported

Table I. Assigned bands from the FT-IR spectrum of

FACEN-PVert-0064.

Wavenumber

(cm−1) Assignation References

467 Double degenerated bending mode

(ν2) of the phosphate group PO4

(O−P−O bond)

50,56,59

562 Triply degenerated bending mode

(ν4) of the phosphate group PO4

(O−P−O bond)

45,50,56–58

602 Triply degenerated bending mode

(ν4) of the phosphate group PO4

(O−P−O bond)

45,50,56,58

875 Characteristic peak of hydrogen

phosphate group

(nondistinguishable peak) or a

possible bending mode (ν4 or ν3)
of carbonate group CO3 in

carbonated apatites

45,50,56,60

960 Nondegenerated symmetric

stretching mode (ν1) of the
phosphate group PO4 (P−O
bond)

50–52

1029 Triply degenerated asymmetric

stretching mode (ν3) of the
phosphate group PO4 (P−O
bond)

42,54,58

1097 Triply degenerated asymmetric

stretching mode (ν3) of the
phosphate group PO4 (P−O
bond)

53,55

1453 Amide II or a doublet band (ν3) of
the carbonate group CO3

19,53,61

1628 Amide I (β-sheets) or a possible
adsorbed water band

45,52,61–63

3455 Stretching mode (νs) of the
hydroxyl group OH or a possible

adsorbed water band

53,54,63,64

Buzarquis Arias et al. 5



for synthetic hydroxyapatites. This observation aligns with

the inversely proportional relationship between FWHM

values and their crystallite size; a narrower FWHM indicates

higher crystallinity, while broader peaks suggest an increase in

amorphous content.2

Considering the XRD pattern, it confirms the apatitic

nature of the material and indicates the presence of silicates.

The phase similar to hydroxyapatite is the most abundant,

accompanied by quartz and illite. The crystallinity of illite is

a crucial indicator of metamorphic grade in clay-rich rocks

that have transformed between diagenesis and low-grade

metamorphism,71 which coincides with the soil condition

of the Paraguayan Chaco.72 In the EDXRF analysis, for the

elemental composition, prominent peaks of phosphorus

and calcium are visible, which makes sense considering the

apatitic structure of bones. The silicon peak is also notewor-

thy, emphasizing the quartz phase found in the XRD analysis.

Trace elements like Sr, Cu, Zn, and Ni accumulate in

bones, reflecting possible environmental conditions and diet

during life. Metals such as Mn and Zn are influenced by

Table II. FT-IR band assignments of the GDM from the ROI, 700–400 cm−1.

Band Center Area

Full width half-maximum

(FWHM) Assignation References

A 540.78 1.19225 21.1635 Bending modes of the phosphate group PO4 (O−P−O bond) 65

B 563.883 7.20892 23.3731 Triply degenerated bending modes (ν4) of the phosphate group

PO4 (O−P−O bond)

45,50,58

C 582.437 3.16674 19.1294 Triply degenerated bending modes (ν4) of the phosphate group

PO4 (O−P−O bond)

45,50,58

D 605.257 6.188 23.6065 Triply degenerated bending modes (ν4) of the phosphate group

PO4 (O−P−O bond)

45,50,58

E 630.45 1.54041 26.357 Librational mode (νL) of the hydroxyl group 50

Table III. FT-IR band assignments of the GDM from the ROI, 1300 to 800 cm−1.

Band Center Area FWHM Assignation References

A 873.225 1.58788 18.3809 Non-apatitic stretching mode (ν2) of the carbonate group CO3
45

B 912.806 1.58248 37.1082 Stretching mode (ν1) of the phosphate group PO4
55

C 958.498 8.75716 44.8985 Non-degenerate symmetric stretching mode (ν1) of the phosphate PO4 (P–O bond) 50,66

D 998.484 12.1656 43.9676 PO4 in an apatitic environment 66

E 1031.53 33.764 54.9225 Triply degenerate asymmetric stretching mode (ν3) of the phosphate PO4 (P–O

bond)

50,58

F 1080.91 33.6672 76.2595 Triply degenerate asymmetric stretching mode (ν3) of the phosphate PO4 (P–O

bond)

50

G 1125.63 19.1723 97.2591 Due to the presence of HPO4
66

Figure 3. (a) X-ray diffractogram and (b) EDXRF spectrum of FACEN-PVert-0064.
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both environmental factors and postmortem chemical

changes.73,74 After burial, bones undergo chemical changes,

increasing metal concentrations like Mn and Ni through

sediment interactions.73 On the other hand, sediment con-

centration of Mn, Cr, Ti, Cu, Zn, and Rb vary by location

and environmental conditions, often impacted by human

activities or natural geological processes.74–76

The high percentage of Si, along with the trace elements

could be due to the inclusion, surface deposition, and pene-

tration through the pores of the fossil material, originating

from the sediment (Figure S1, Figure S2, and Table S1,

Supplemental Material) incorporated into the analyzed mate-

rial as well as biogenic changes due to the diagenesis process.

As a pioneering study on glyptodont carapace charac-

terization, drawing parallels with modern relatives like

armadillos helps shed light on the incorporation of various

elements. A comparison between the modern armadillo and

Neosclerocalyptus sp. armor reveals that both are primarily

composed of hydroxyapatite, with collagen also present for

Table IV. Estimation of the percentage weight composition of

FACEN-PVert-0064 using the fundamental parameter method in

EDXRF.

Element Result (%wt) Standard error (3σ) Intensity

Si 41.37 0.128 2.9672

Ca 20.927 0.023 25.1892

Al 16.032 0.137 0.2544

P 12.128 0.049 1.3526

Fe 4.739 0.007 97.3695

K 3.57 0.01 2.9936

Traces 1.234

Figure 4. (a) Low magnification and recognition of the area for examination; (b) SEM image of the zone to analyze; (c) EDS elemental

mapping analysis.
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this modern relative and potentially preserved in the case of

the glyptodont carapace. The similarities in elemental compo-

sition and chemical structure suggest a shared fundamental

framework, with any observed differences likely attributable

to diagenetic processes during fossilization. The glyptodont

osteoderms show evidence of mineralization influenced by

elements such as Si, Ca, and Fe, which reflects postmortem

alterations rather than intrinsic differences in their original

composition. In contrast, the armadillo osteoderms retain

their well-organized hydroxyapatite structure, reinforced by

collagen fibers for flexibility.77

Similarly, concerning the morphological structure revealed

through SEM analysis, the identified elements might be asso-

ciated with enrichment or supergene processes subsequent

to the burial of the material. Additionally, the fossil exhibits

an amorphous and perforated surface, attributed to bioero-

sion and an extensive diagenesis process. It is plausible that

these minerals constituted a significant component of the

sedimentary layer at the extraction site of Neosclerocalyptus
sp. in Neuland town, suggesting a combination of the apatitic

nature of the osseous shell and silicates.

The identification of functional groups, crystalline phases,

element characterization,morphological structure andknowledge

of the extraction site of the fossil remains of theNeosclerocalyptus
sp. suggest a possible diagenetic pathway. Considering the sedi-

mentary rocks of the Paraguayan Chaco, the sediment can experi-

ence significant changes from the moment of deposition until its

transformation into sedimentary rock.78

The theoretical process of fossilization explains how bone

remains are preserved in sediments through permineraliza-

tion, where water enriched with various compounds (Si,

Fe, and Ca, among others) infiltrates and penetrate through

the pores of the material, allowing for precipitation. This

process strengthens the remains while preserving their orig-

inal structure. Therefore, diagenesis is influenced by the char-

acteristics of the sedimentary environment, which control

the geochemical conditions during fossilization.79–82 For the

osteoderm under study in this manuscript, we have consid-

ered two possible diagenetic pathways A and B (Figure 5),

inspired by the work of de Sousa et al.,2 that could, to

some extent, explain the process by which carbonate phases

were incorporated into the osteoderm.

In the first pathway, Route A (leaching), moisture from the

surface infiltrates through the soil, incorporating phases from

carbonate-rich layers, such as calcite, which are pedogeneti-

cally incorporated in the more superficial layers. This process

is influenced by relative humidity and biological activity,

which facilitate the formation of pedogenic carbonates.

Accumulation typically occurs in water-deficient areas,

where climatic conditions favor carbonate precipitation.83

Route B (capillarity) suggests that carbonates form from

deeper layers below the Neosclerocalyptus sp. site, unrelated

to biological activity. Instead, this process is linked to water

table fluctuations over long geological periods. The unsaturated

zone above the phreatic level has negative pressure relative to

local atmospheric pressure, causing moisture to rise via capillar-

ity. Water molecules move upward due to surface tension and

mineral attraction. When the capillary fringe reaches the

evapotranspiration zone, up to about 375 m, depending on

sediment, moisture loss leads to compound precipitation,

enriching surface zones with materials from deeper layers.84

The incorporation of carbonate ions into the bone matrix

is crucial for bone mineralization, particularly during recrystal-

lization. During diagenesis, carbonate ions from surrounding

sediments infiltrate the porous bone matrix, often substituting

for phosphate groups in hydroxyapatite crystals. Osteoblasts

transport calcium and phosphate into the extracellular matrix

to form hydroxyapatite crystals. During recrystallization, car-

bonate ions help transform amorphous calcium phosphate

into stable crystals, improving the resilience of the bone

matrix. Carbonates influence hydroxyapatite’s solubility, stabil-
ity, and the pH needed for effective mineralization.85–88

Figure 5. Model of possible diagenetic pathways according to the geological conditions of the fossil FACEN-PVert-0064.
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The results indicate vibrational modes corresponding to

carbonate groups, specifically large-sized crystal B-type car-

bonate, presumably formed by partial or total substitution

of CO3 for PO4,
89,90 and the organic amide group, which

may be responsible for the organic and collagen fractions.

These processes possibly lead to the formation of both stoi-

chiometric and non-stoichiometric calcium phosphates.

Finally, it is suggested that the recrystallization process

may have begun in the early stages of diagenesis, and that dur-

ing this process, up until late diagenesis, the total or partial

incorporation of other trace elements identified in both

the fossil and sediment may have occurred within the apatite

structure of the fossil, influenced by the surrounding environ-

mental conditions.91,92

Conclusion
Through FT-IR analyses, vibration modes corresponding to

phosphate, carbonate, hydroxyl, carboxyl, methyl, and amide

groups were identified, along with the presence of crystalline

phases and various elements.

The GDM allowed for the identification of individual

bands within overlapped vibration modes, providing detailed

bond information. Additionally, diffraction patterns con-

firmed the crystallinity and apatitic nature of the samples,

while fluorescence spectra assessed the integration of new

elements. SEM-EDS analysis provided a microstructural dis-

play of the surface and examined the elements present.

Notably, the appearance of a new crystalline phase (quartz),

along with changes in peak positions and FWHM values, indi-

cated alterations in mineral purity and crystallinity due to envi-

ronmental interactions. This suggests a diagenetic pathway

involving initial amorphous development followed by exposure

to calcium carbonate-rich water, leading to recrystallization of

hydroxyapatite, filtration of calcite into pores, and the total or

partial incorporation of other elements identified in both the

fossil remains and the surrounding sediment.
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