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A B S T R A C T   

In this work, there were analyzed dental remains of a Toxodon sp. (Mammalia, Notoungulata) specimen rescued 
from the riverbank of the Ypané River in Paraguay. Several techniques were used to analyze the different 
geological aspects of the samples, thus providing keys to the understanding of fossilization processes and the 
implications of paleoenvironmental conditions in the apatites present in the dental remains. The identification of 
the chemical substances present in the sample was made by Raman and Fourier Transform Infrared (FTIR) 
spectroscopy, the chemical composition of the samples was determined using energy dispersive X-ray fluores-
cence (EDXRF) and X-ray photoelectron spectroscopy (XPS), and the mineralogy by X-ray Diffraction (XRD). It is 
worth mentioning that this work is the first in the area of Paleometry carried out in Paraguay.   

1. Introduction 

Bones and teeth have organic and mineral compounds consisting 
mainly of calcium phosphates (CaP). The chemical structure of these 
materials varies according to factors such as species type, density, and 
composition [1–4]. 

Hydroxyapatite (HA) is the main mineral existing in bones and teeth. 
Its chemical formula is Ca10(PO4)6(OH)2 [5,6]. This mineral absorbs 
easily different types of metallic and non-metallic elements from the 
environment, which are incorporated within its structure [7–12]. 

The processes of diagenesis by which the fossil remains can be 
exposed are numerous and vary according to the environmental factors 
existing at the time of burial in addition to other intrinsic structural 
characteristics of the original material. In recent years, numerous works 
have analyzed the chemical, the elemental, and structural composition 
of fossil remains to understand and get to know better the bone 

structures of extinct animals and organics compounds [13–16]. 
Physical and chemical characterization of bones allows us to un-

derstand and explain the diagenetic process during their transformation 
to fossils and their interaction with the environment [13,17,18], and it 
also allows us to compare between extinct and modern specimens [19, 
20]. 

In this work the dental remains of a Toxodon sp. (Mammalia, 
Notoungulata) from Quaternary sedimentary levels of Paraguay [21] 
were thoroughly characterized by multiple physical and chemical 
characterization techniques. 

2. Methodology 

2.1. Samples 

For the analysis, were selected two fragments of dental remains 
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belonging to Toxodon sp [22], which are deposited in the collections of 
the Paleontology Laboratory of the Facultad de Ciencias Exactas y 
Naturales (FACEN UNA) of Paraguay with codes Facen-vert-0113-A and 
Facen-vert-0113-B (Fig. 1.b). 

The fragments correspond to sections of an upper left incisive and a 
molar that were collected on the right bank of the Paraguay River 
(23◦35′S; 57◦27′W) from a Quaternary sedimentary level, near Puerto 
Santa Rosa, department of San Pedro, very close to its border with the 
department of Concepción of Paraguay [21]. 

These remains were considered viable for analysis since they were 
not contaminated with chemicals generally used for conservation 
(consolidators, glues, etc.). Also, due to their lack of preparation, it was 
possible to extract small fragments that would then be pulverized for 
their corresponding characterization. 

2.2. Characterization studies 

The powder surface characterization was determined by X-Ray 
photoelectron Spectroscopy (XPS) with PHOIBOS 100/150 analyzer 
manufactured by SPECS co. With aluminum X-Ray tube (Kα Al 1486 eV). 
Data processing was performed using the Casa-XPS software. 

Energy Dispersive X-Ray Fluorescence (EDXRF) system model EDX- 
7000 with Rh target manufactured by Shimadzu was used for the 
semi-qualitative analysis of the elements that make up the entire parts 
analyzed. There were chosen 5 random points from the samples and then 
was calculated the average. 

The Raman and Infrared Absorption characterization of the 

vibrational properties of samples by Fourier transform Infrared Spec-
troscopy (FTIR) was made using a spectrometer model Nicolet™ iS5. 
The samples, that were pelletized under a 2 ton. pressure, with KBr, were 
FTIR analyzed under absorbance mode within the 400 to 4000 cm− 1 

range, with a resolution of 4 cm− 1. 
The Raman spectra were recorded using a Raman BWS415− 785S 

system (B&WTek), with a 785 nm, 300 mW laser that was directly shone 
on the flat surfaces of the fossil remains by contact of the acquisition 
probe with a measurement range from 250 to 3000cm− 1 and a resolu-
tion of 4 cm− 1. The acquisitions time was adjusted for spectrum 
optimization. 

X-ray diffraction patterns were collected with a Panalytical XPert 
PRO system with Cu Kα-radiation (λ =1.5418 Å). The measurements 
were done with powder material and the crystalline phases identified by 
comparison of the calculated reflections with the ICSD (Inorganic 
Crystal Structures Database), with code 26204 that indicates the theo-
retical position of the crystalline phases of the structural model. 

3. Results 

The Apatitic nature of the samples were demonstrated by X-ray 
diffraction, the typical patterns of the samples Facen-vert-0113-A and 
Facen-vert-0113-B are shown in Fig. 2, the patterns are indexed with the 
main lines of reflections. 

The presence of (PO4)3− the functional groups were detected by FTIR 
and Raman spectroscopy in addition to the presence of organic groups 
and carbonates, as seen in Figs. 3 and 4. 

Fig. 1. a) The location of the fossil site in Puerto Santa Rosa and the Ypané river basin b) Dental fragments belonging of Toxodon sp.  
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Raman spectra of the Facen-vert-0113-A samples showed the pres-
ence of organic components (Amide I, Amide II and Amide III) and 
carbonates while the Facen-vert-0113-B sample lacks (Table 1). 

FTIR spectra also indicate the presence of (PO4)3− phosphate groups, 
(CO3)2- carbonates, in addition to the presence of Organic groups such as 
Amide I and Amide II (Table 2). 

FTIR characterization, which spectra and band assignment are dis-
played in Fig. 4 and Table 2, respectively. FTIR spectra of the samples 
further indicates the presence of phosphate and carbonate groups in the 
samples. 

The surface analysis of the powder samples was done by XPS, the Ca, 
P, O, Zn and C elements characteristic peaks of interest were distin-
guished as commonly found in bio-apatite [43,44]. The survey spectra 
and the acquired spectra of high resolution of elements of interest are 
presented in Figs. 5 and 6. 

The O 1s, Ca 2p and P 2p high resolution spectra, recorded from the 
Facen-vert-0113-A samples and displayed in Fig. 5, allowed the identi-
fication, of the probable surface chemical composition present in the 
fossilized samples. The O 1s region was found to be deconvoluted into 
two peaks which centroids are at 530.9 eV and 528.6 eV. The former 
deconvoluted peak may be correlated with oxygen in (PO4)3− , OH- and 
(CO3)2- groups. The latter peak is associated with the contributions of 
other elements with chemical bonds with O [45–48]. This can cause a 
dislocation in the spectra, which interferes with the identification of the 
tested compounds. 

In the case of P 2p3/2, the center of the adjustment peak is 132.9 eV, 
which is associated with the group (PO4)3− usually encountered in the 
apatite structures [46–48]. 

The center of the adjustment peak of Ca 2p3/2 in 347.1 eV may be 
attributed to Ca-O, Ca–OH bonds and to Ca-Ca structures [46–48]. 

The Facen-vert-0113-B high resolution spectra of O 1s, have two 
peaks of adjustments that were necessary for the deconvolution, the first 
with center at 330.8 eV associated to (PO4)3− , OH- groups and (CO3)2- 

[45–47], and the second with center at 528.7 eV are due to the contri-
bution of the other elements present in the sample. In the P 2p3/2 high 
resolution spectrum the center of the adjustment peak is 132.8 eV, 
which is associated with the (PO4)3− group, usually encountered in 
apatite structures [46–48]. The center of the adjustment peak of Ca 
2p3/2 in 346.1 eV can be attributed to Ca-O, Ca-OH bonds and to Ca-Ca 
structures [46–48]. 

The elements Zn, O, Ca, C and P were identified in the analyzed 
samples as indicated in Figs. 4 and 5. A belonging to Survey, the utilized 

Fig. 2. XRD patterns of the Facen-vert-0113-A and Facen-vert-0113-B samples 
compared with the calculated reflections of ICSD 26,204 for (λ =1.5418 Å, 
corresponding to Cu-Kα). 

Fig. 3. Raman spectra of a) Facen-vert-0113-A and b) Facen-vert-0113-B 
indicating the active bands. 

Fig. 4. FTIR spectra of a) Facen-vert-0113–A and b) Facen-vert-0113- 
B samples. 

Table 1 
Raman-active bands found in Facen-vert-0113-A and Facen-vert-0113-B 
samples.  

Samples Assignment Reference 

Facen-vert-0113 –A  
ne Flexion mode (ν2) of the (PO4) group [23–26] 
581 Triple degenerate folding mode (v4) of group (PO4) 

(bond O− P− O)  
[24,27,28] 

958 P-O stretch mode (v1) of the (PO4) group  [23,24,29] 
1049 Stretch mode P-O (v3) of the (PO4) group  [23,24] 
1210 Amide III [30,31,32, 

33] 
1280 Amide III [30,31,32, 

33] 
1400 (CO3)2− [30,34,35] 
1554 Amide II [36,37] 
1706 Amide I [30,31]  

Facen-vert-0113-B  
438 P-O stretch mode (ν2)of the (PO4) group [23–26] 
580 Triple degenerate folding mode (ν4) of group (PO4) 

(bond O− P− O) 
[24,27,28] 

958 P-O stretch mode (ν1) of the (PO4) group [23,24,29] 
1049 Stretch mode P-O (ν3)of the (PO4) group [23,24]  
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regions are indicated to the quantification of the mentioned elements 
and presented with their respective deviations in the Table 3 in (At%). 

Through the obtained values in Table 3, proportions of Ca and P were 
calculated for the Facen-vert-0113-A and Facen-vert-0113-B samples 
resulting in 1.59 and 1.58. 

Semi-quantitative analysis by EDXRF of the elements in the samples 
was performed. The characteristic (Fig. 7), and the major element in-
tensity calculated are shown in Table 4. 

4. Discussion 

The XRD allows us to identify the crystalline shape structure of the 
analyzed samples, on which both HA were identified. A more detailed 
analysis with this technique using a Rietveld refinement can calculate 
the unitary cell parameters of the analyzed material and provide infor-
mation of substitutions and/or defects of the crystalline analyzed ma-
terial. This analytical process escapes the limitations of the authors. 

The probable presence of calcite may correspond to the events of 
material deposition through external environmental factors and may not 
have its origin in the fossil. The material analyzed was obtained in a 
flood zone near the Paraguay River, which is subject to periodic rises and 
falls in water levels. These factors favored the precipitation of calcite 
that could penetrate the pores of the analyzed material and its surface 
since in periods of low water level it would remain stagnant with the 
carbonate concentrations [49–51]. 

The relations of Ca/P in both samples indicate that they are apatite’s 
due to the proportion of Ca/P they possess [52]. The presence of Zn can 

also be due to the inclusion of this abundant element in the environment 
during the processes that the dents were subdued during the diagenesis 
and/or the presence of this element in the original structure of the 
analyzed samples [5,53–55]. 

The XPS and XRF techniques provide information about the 
elemental and the binding energies of elements in the analyzed material 
in the case of XPS. The results exposed in Tables 3 and 4 show that the 
amount of detected and quantified elements is reduced in the XPS 
compared to the EDXRF. This is because XPS is a surface technique. 
Besides having lower sensitivity to heavy elements and higher to light 
elements, the EDXRF technique allows us to measure the sample at bulk, 
and it possesses high sensitivity to heavy elements but not to the light 
elements. 

As dental material, the detection of F was a possibility, but it was not 
detected in the XPS and the EDXRF does not have the sensitivity to 
detect it. 

The presence of elements such as U, Ba, Y and Sr in the EDXRF may 
be correlated to the fossil outcrop, which in turn is limited by the 
morphogenetic conditions of the area. To explain the presence of these 
elements attached to the remains, it must be considered a much broader 
geographic context than the fossil lying area (Fig. 1. Map of the basin). 
We considered two fundamental factors; first, the morphological 
expression of the remains, which suffered a low or medium intensity 
water transport. Second, the presence of the Ypané river basin, which 
empties into the Paraguay river in the form of a currently stabilized river 
fan and considerable dimensions in the vicinity of the fossil site. 

Considering the good state of conservation of the fossil dental re-
mains, they were found probably not very far from the primary depo-
sitional site. It cannot be elucidated whether the deposit is genetically 
related to the Paraguay river or the Ypané river delta since they are both 
connected in certain seasonal events. The Ypané river basin has a linear 
extension of more than 180 km, beginning in the limits with Brazil, in 
the eastern sector of the northeast of Eastern Paraguay and drains in the 
W direction until ending in the Paraguay river in the form of a fluvial 
fan. The head of the basin is located to the east of the Alkaline Province 
of Amambay where the previously mentioned elements are much more 
common [56–62]. 

Physical-chemical analyzes mentioned that the mineralogy of the 
fossils is totally modified by the diagenetic process, but that the results 
also reveal that the composition of the bones is similar to the deposits 
from which they were extracted. Therefore, it is not strange that the 
deposit, being within the Ypané River Basin, reflects the presence of 
elements outside the final deposition site, since these could come from 
the contribution areas of the large hydrographic basin, where they are 
located. They are 1 st, 2nd and 3rd order tributaries that practically 
cross the alkaline subcircular intrusive bodies "Cerro Sarambí and Cerro 
Guazú" in the northeast of the Eastern Region (Fig. 1, map of the basin). 

5. Conclusion 

The characterizations performed by XRD, XRF, Raman, FTIR and XPS 
spectroscopies on dental fragments of Toxodon sp. indicate that material 
is made up of apatite of similar chemical and mineral composition. The 
FTIR bands of the analyzed materials and the presence of other elements 
detected in the XPS and XRF measurements suggest that there is a 
probability of partial substitutions in the original bio-apatite. With FTIR 
and Raman spectroscopies, it is possible to rapidly and reliably identify 
the presence of the group (PO4)3− and organics compounds that are 
common in bones and fossils. For the identification of substitutions and/ 
or presence of other crystalline calcium phosphates, other analyzes are 
necessary. 

We propose that the uncommon elements in the bio-apatite of the 
analyzed fossils could come from alkaline subcircular intrusive bodies 
and that, after being transported for more than 180 km in a SW direction 
they reached the Paraguay river, were incorporated into the bed of the 
Ypané river basin, near the site from which the fossils were extracted. 

Table 2 
Assignation in the FTIR bands of the Facen-vert-0113-A and Facen-vert-0113-B.  

Samples Assignment Reference 

Facen-vert-0113-A 
462 Double degenerated bending mode (ν2) of the O-P-O O-P- 

Obonds of the (PO4) 
[29,38, 
39] 

563 Triply degenerated bending mode, (ν4), of the O-P-O bonds 
of the (PO4) group 

[29,38] 

603 Triply degenerated bending mode, (ν4), of the O-P-O bonds 
of the (PO4) group 

[29,38] 

870 Characteristic peak of hydrogen phosphate group 
(nondistinguishable peak) 

[6,40] 

960 Non degenerated symmetric stretching mode, (ν1), of the P- 
O bonds of the (PO4) 

[40,41] 

1033 Triply degenerated asymmetric stretching mode, (ν3), of 
the P-O bond of the (PO4) 

[29,38] 

1096 Occur in non-stoichiometric apatites containing (HPO4)2- 

ions or (CO3)2- 
[29,39] 

1416 Stretching mode (ν1) of the group (CO3)2− and CH2 wag 
(Organic) 

[42] 

1468 Amide II (Organic) [29,39] 
1634 Amide I (Organic) [29,39] 
3482 ν OH− [29,39]  

Facen-vert-0113 -B 
462 Double degenerated bending mode (ν2) of the O-P-O bonds 

of the (PO4) 
[29,38, 
39] 

564 Triply degenerated bending mode, (ν4), of the O-P-O bonds 
of the (PO4) group 

[29,38, 
39] 

602 Triply degenerated bending mode, (ν4), of the O-P-O bonds 
of the (PO4) group 

[29,38] 

871 Characteristic peak of hydrogen phosphate group 
(nondistinguishable peak) 

[40,41] 

960 Non degenerated symmetric stretching mode, (ν1), of the P- 
O bonds of the (PO4) 

[40,41] 

1034 Triply degenerated asymmetric stretching mode, (ν3), of 
the P-O bond of the (PO4) 

[29,38] 

1097 Triply degenerated asymmetric stretching mode, (ν3), of 
the P-O bond of the (PO4) 

[29,39] 

1416 Stretching mode (ν1) of the group (1d436;1d442;3)2− and 
CH2 wag (Organic) 

[42] 

1456 Amide II (Organic) [29,39] 
1633 Amide I (Organic) [29,39] 
3456 ν OH− [29,39]  
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Fig. 5. XPS spectra of Facen-vert-0113-A samples a) survey spectra, high resolution spectra with their respective deconvolutions of b) O 1s, c) Ca 2p and d) P 2p.  

Fig. 6. XPS spectra of Facen-vert-0113-B samples a) survey spectra, high resolution spectra with their respective deconvolutions of b) O 1s, c) Ca 2p and d) P 2p.  
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The obtained results allow us to establish a precedent regarding the 
physicochemical characterization studies on fossil remains of the South 
American quaternary and provide clues about the development of 
diagenesis processes and their composition. 
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Ca 656.32 ± 158.55 766.58 ± 165.29 
Ti — 1.44 ± 1.80 
Mn 192.57 ± 133.40 126.17 ± 244.09 
Fe 116.22 ± 127.72 104.31 ± 135.58 
Cu 2.65 ± 0.33 2.93 ± 0.78 
Zn 4.65 ± 3.37 5.21 ± 2.91 
Sr 26.41 ± 7.05 35.29 ± 18.71 
Y 1.26 ± 0.44 ND 
Ba 10.15 ± 8.81 3.35 ± 6.61 
U 2.05 ± 1.32 3.98 ± 0.24  
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