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Abstract 

Post-mortem alteration of trace elements can complicate the interpretation of original biogenic signals 

related to diet, environment and enamel maturation processes. This study describes gradients in element 

concentrations for modern and archaeological deciduous incisor teeth to identify diagenetic variations in 

specific elements. 

Fifteen human deciduous incisors (six modern and nine archaeological) were prepared for synchrotron 

radiation micro X-ray fluorescence (SR µ-XRF) analysis targeting the minerals Ca, P, and selected trace 

elements Zn, Fe, Mn, Cu, and Ba. Standard histological methods were employed to produce thin sections. 

Element concentrations, expressed in parts per million (ppm) and as a ratio of calcium (Ca), were measured 

from the outer enamel surface (OES), into the enamel, across the Neonatal Line (NNL) and enamel-dentin 

junction (EDJ), and into the dentin. 

Diagenesis was most pronounced on the external surfaces of enamel and dentin, with notable variability in 

Fe, Mn, Cu, and Ba. In contrast, Ca, P, and Zn levels remained stable across samples, with a slight increase 

in Zn at the NNL. There was no enrichment of Zn at the OES in enamel not yet matured (less than 33-37 

postnatal days), suggesting that initial zinc incorporation is overshadowed by further deposition during 

maturation. 

Diagenetic alteration of the Fe, Mn, Cu, and Ba elements in deciduous incisor enamel appears to affect their 

concentration in regions of the archaeological teeth. The observed Ca and Zn distribution pattern reflects 

distinct enamel maturation stages, highlighting the need to consider both diagenetic influences and 

developmental processes in trace element analyses of ancient dental samples. 
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1. Introduction 

The inorganic fraction of tooth enamel consists mainly of apatite crystals of Ca and P with small amounts 

of trace elements. Histologically controlled trace element analysis is increasingly utilized to obtain 

information about the diet and environment of ancient humans and fossil hominins (Humphrey, 2014; 

Humphrey et al., 2008; Kubat et al., 2023; Lugli et al., 2019).  Enamel is often utilized for this purpose as 

it is less susceptible to diagenetic change compared to bone (Hinz & Kohn, 2010; Hoppe et al., 2003). Yet, 

post-mortem addition of elements from the burial environment, as well as the maturation stage of enamel, 

can still alter trace element compositions and affect interpretations of the original biogenic signal (e.g., 

Kamenov et al., 2018; Müller et al., 2019).  Previous studies have employed whole crown elemental 

mapping techniques to analyze the distribution patterns of biogenic elements related to retrospective 

evidence of the forming enamel front indicated by successive incremental and accentuated growth lines 

(Austin et al., 2013; Smith et al., 2022). These developmentally informed approaches using laser ablation 

inductively coupled plasma mass spectrometry (LA-ICP-MS) offer valuable insight into the spatial and 

temporal variation of chemical elements. Here, we utilize synchrotron radiation micro X-ray fluorescence 

(SR μ-XRF) (e.g., Dean et al., 2019, 2023). We selected SR μ-XRF as this can provide a finer scale and 

better detection capabilities of trace elements in teeth compared to LA-ICP-MS (Specht et al., 2025).  

This study focuses on human deciduous teeth, which start to form before birth, making them crucial for 

understanding the pre- and postnatal distribution of elements (Arora et al., 2011, 2012; Dean et al., 2019; 

Jensen et al., 2023), and for reconstructing diet just after birth (Nava et al., 2020). We map the concentration 

and distribution of Ca, P, and selected trace elements (Mn, Zn, Fe, Cu, Ba) in samples of human deciduous 

incisors that date to the 20th century AD and two archaeological periods (Medieval 5th-8th centuries AD; 

Iberian Iron Age 4th-3rd centuries BC). The aim was to identify variation in elements through time, and to 

determine whether temporal variation is consistent across all elements. Element concentrations were 

measured in the dentin, across the enamel dentin junction (EDJ), into prenatal enamel, across the birth 

neonatal line (NNL) and into the postnatal enamel. Using SR μ-XRF at the ID21 beamline of the European 

Synchrotron Radiation Facility (ESRF), we achieve ppm-level elemental analysis with a spatial resolution 

of 1 µm. Element concentrations were expressed as ppm, and as a ratio of Ca.  

 

1.1 Enamel formation 

Enamel formation commences in human central deciduous incisors in the second trimester of pregnancy 

and continues in deciduous second molars until early in the second year after birth (Mahoney, 2015). 

Formation is conducted in two stages by enamel forming cells, named ameloblasts (Boyde, 1997). In the 

first secretory stage, ameloblasts secrete a protein-rich matrix primarily composed of amelogenin, along 

with smaller quantities of other proteins. Within this matrix, inorganic hydroxyapatite (HA) crystals, 

consisting of calcium and phosphate, are deposited (Nanci, 2018). As enamel formation progresses, the 

crystals are organised into rods by the distal portion of ameloblasts, named Tomes process (Simmer et al., 

2011). These rods, about 5 µm in width, extend over hundreds of micrometers, from the EDJ towards the 

future outer enamel surface (Beniash et al., 2019).  
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In the second stage of enamel formation, named the maturation stage, about 25% of ameloblasts are lost, 

and the activity of proteins and enzymes changes (Lacruz et al., 2017; Simmer et al., 2012). Enamel prisms 

elongate and existing crystals widen as proteins are removed from the matrix (Beniash et al., 2019; 

Josephsen et al., 2010). Proteases such as KLK-4 play crucial roles in degrading enamel proteins during 

maturation (Beniash et al., 2019; Lu et al., 2008). Thus, a substantial increase in enamel mineralisation 

takes place during the maturation stage of enamel growth (Humphrey, 2014). 

Enamel formation follows a circadian rhythm, producing daily incremental markings known as enamel 

cross-striations (Zheng et al., 2013, 2014) that are routinely drawn upon in studies of enamel histology 

Antoine et al., 2009; Kierdorf et al., 2021; Macchiarelli et al., 2006; McFarlane et al., 2021; Witzel et al., 

2008). Systemic disturbances, such as birth, can alter enamel secretion, leading to the formation of 

Accentuated Lines (ALs). The NNL is a distinctive AL that typically appears in the enamel of human 

deciduous teeth during birth or shortly afterward (Mahoney, 2011, 2012; Nava et al., 2017). 

1.2 Element incorporation into forming enamel 

Trace elements can enter the human body through food, water or the environment (Bentley, 2006).  The 

mineral component of enamel and dentin is a type of biological apatite in the form of carbonated 

hydroxyapatite (Ca₁₀(PO₄)₆(OH)₂₋ₓ(CO₃)ₓ.). Biological apatite contains trace elements in small quantities 

that are incorporated during the secretion and maturation stages of mineralization (Pajor et al., 2019; Shaik 

et al., 2021; Sharma et al., 2020). Different element ions, such as Mg2+, K+, Na+, Zn2+, Mn2+, SiO4
4− and 

Cl−, can either substitute for Ca, P, or hydroxyl ions in the HA crystal structure, or reside within the hydrated 

surface layer of the crystals (Hughes and Rakovan, 2015; Pajor et al., 2019; Sarna-Boś et al., 2022). For 

example, manganese (Mn) replaces Ca in the hydroxyapatite structure, occupying specific sites within the 

crystal lattice (Liu et al., 2021; Mayer et al., 2010). Similarly, iron (Fe2+) and copper (Cu2+) incorporate 

into HA by occupying positions within the hexagonal channels of the structure (Saito et al., 2023). 

Zinc (Zn2+) can substitute for calcium (Ca²⁺) in the HA of teeth and bones (Hughes and Rakovan, 2015; 

Pajor et al., 2019; Sarna-Boś et al., 2022). The substitution influences tooth mineralization and enzyme 

activity related to tissue maintenance and repair (Müller et al., 2019). Zn distribution in enamel reflects the 

composition if mineral formed during both early secretory and late maturation phases (Dean et al., 2023; 

Hubbard, 2000). Fluctuations in Zn concentrations follow the incremental formation pattern of teeth (Dean 

et al., 2023; Donangelo and King, 2012; Terrin et al., 2015). 

1.3 Previous research on the distribution of trace elements in human teeth  

The study of Zn in relation to the NNL has offered insights into developmental processes associated with 

birth. Dean et al. (2019) utilized SXRF to analyzed Zn and Ca in erupted deciduous canines and molars, 

identifying a distinct peak in Zn at the NNL. This peak was related to high Zn concentrations during early 

lactation, independent of maternal diet, and a reduced and disordered crystallinity.  Their subsequent work 

in primates, including Neandertal specimens, revealed consistent peaks in Zn at the NNL, that was linked 

to a high Zn content in colostrum and release of this element at birth (Dean et al., 2023). Additionally, they 

observed a significant Zn enrichment at the outer enamel surface (Dean et al., 2023). This supports earlier 

findings that KLK-4, a key enzyme in enamel maturation with Zn binding motifs, accumulates at the enamel 
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surface during matrix degradation, explaining an  increase in Zn towards the OES (Müller et al., 2019). In 

a previous study, we analyzed Zn, Ca, and Cu distributions to examine the relationships of the NNL to these 

elements (Martirosyan et al., 2024). Other have using LA-ICP-MS to revealing variations in elements such 

as Ba and Zn across the NNL, which was used to reconstruct birth and nursing histories in human and non-

human primate dental samples (e.g., Austin et al., 2013; Smith et al., 2023).  

Using atomic absorption spectrophotometry, Fosse and Justesen (1978) observed that Cu concentrations in 

deciduous teeth vary significantly between urban and rural environments, underscoring the influence of 

environmental exposure during early development. Unlike Cu, Zn concentrations in teeth show greater 

stability across different geographical contexts (Fosse and Justesen, 1978). Research by Derise and Ritchey 

(1974) reported that while elements like Pb, Mn, Cu, Zn, and Sr concentrate in the enamel, other elements 

such as Fe and F are more abundant in dentin.  

Dantas et al (2020) and Sabel et al. (2008) explored mineral distribution in exfoliated primary deciduous 

teeth using quantitative birefringence and SEM, respectively. Sabel et al. (2008) found that the highest 

concentrations of Ca and P occurred at the EDJ, gradually decreasing toward the tooth surface. Dantas et 

al. (2020), compared prenatal and postnatal enamel, reporting that prenatal enamel was more calcified, less 

organic, and contained more water than postnatal enamel. Both studies identified hypomineralized NNLs.  

1.4 Previous research investigating diagenetic changes in archaeological teeth  

Even though teeth are generally more resistant to diagenetic change than bone, certain trace elements that 

have been incorporated into enamel and dentin are still susceptible to diagenesis after burial (Huang et al., 

2023; Kendall et al., 2018; Micó et al., 2024; Rey et al., 2022). Weber et al. (2021) found that dentin is 

particularly susceptible to changes in Ca, Sr, Zn, and Mn, while enamel generally maintains its original 

structure.  A study of medieval teeth revealed elevated levels of Fe, Ba, Mn, and Pb compared to modern-

day samples which was attributed to uptake from the soil during burial (Carvalho et al., 2007). In the same 

study, Sr and Zn values were generally similar in both the modern and medieval samples suggesting limited 

diagenetic change in these trace elements (Carvalho et al., 2007). Williams and Siegele (2014) found higher 

Fe concentrations in medieval enamel, and suggested that the outer enamel layers are more affected by 

diagenetic change. A similar finding was reported by Kamenov et al (2018) for archaeological samples of 

teeth, that had increased concentrations of Fe, as well as Mn and rare earth elements. Rey et al. (2022) 

analysed more ancient fossil enamel, revealing diagenetic alteration involving Sr, Mn, and uranium linked 

to secondary mineral phases like calcite. Together, these studies demonstrate that burial environments can 

markedly alter the chemical composition of dental enamel, particularly affecting elements such as Fe and 

Mn. Understanding these diagenetic processes is crucial for interpreting archaeological data accurately. 
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2. Materials and Methods 

2.1 Samples                

Fifteen deciduous incisors (n= 9 central, n= 6 lateral) were selected, representing modern and 

archaeological samples (Table 1). Six incisors were from the skeletal collection of infants (20th century 

AD) curated at the Department of Legal Medicine, Toxicology, and Physical Anthropology, of the 

University of Granada, Spain (Alemán et al., 2012). These individuals were buried in sealed niches, a 

practice that contributed to the remarkable preservation of their skeletal remains. The age-at-death was 

known for the six samples (Table 1). The protocol for studying these bone remains was approved by the 

ethics committee of the University of Granada and complied strictly with national regulations (Law 

14/2007, 3rd July) on the protection of personal privacy and confidential treatment of personal data in 

biomedical research.  The remaining incisors were from the  recent Early Middle Ages (Sant Pere de 

Terrassa) and more ancient Iberian Iron Age (Olèrdola). All archaeological samples are unerupted, except 

for one individual (SPUF68_52) whose age-at-death was estimated to be 1 year after birth (Jordana et al., 

2019). All teeth were identified using the FDI World Dental Federation notation (ISO, 2016). 

Sant Pere de Terrassa (SP) is a monumental religious complex located in Terrassa, Barcelona (Spain) that 

includes the Romanesque churches of Santa Maria, Sant Miquel, and Sant Pere. Excavations conducted 

from 1995 to 2003 revealed that these structures were built over an earlier Visigothic Episcopal cathedral 

from the fifth to eighth centuries AD (Garcia et al., 2003). The site's necropolis was used continuously from 

the fourth century to the modern era, providing a well-defined chronology of graves (Jordana et al., 2019). 

For this study, three incisors from different individuals were analyzed. SPUF396.2 and SPUF582.1 were 

buried in simple burial pits without a coffin, while SPUF68 was interred in a tegulae coffin made with 

Roman roof tiles. 

Sant Miquel d’Olèrdola (OLE) is an archaeological site in Olèrdola (Alt Penedès, Barcelona, Spain) with 

evidence of a settlement dating back to the early Iron Age (8th - early 6th centuries BC). Between the 5th 

and 1st centuries BC, the area was occupied by the Cessetans, an Iberian people of the Catalan coastal 

region. Excavations revealed intramural inhumations in simple burial pits, containing the remains of at least 

11 perinatal individuals, datable to between the mid-fourth century BC and the early second century BC. 

Six incisors from different individuals in this study originate from this site and were not analyzed by SXRF 

in our previous publication (Martirosyan et al., 2024). 

2.2 Section preparation 

Teeth were embedded in ExpoxiCureTM 2 mounting resin (Buehler) and cut along the mid-sagittal plane 

using a minitom equipped with a diamond cut-off wheel (Struers). One resulting section from each tooth 

was preserved for synchrotron analysis, while the other was used to obtain thin sections following standard 

methodologies (Martirosyan et al., 2024). Sections for synchrotron analysis underwent successive polishing 

steps using diamond suspensions of 6µm, 3µm, 1µm, and 0.25 µm. The histological sections were examined 

under a transmission petrographic optical microscope equipped with a Leica DM2700 P dual polarisation 

system at magnifications of 5X, 10X, and 20X, facilitated by Micrometrics SE Premium Software. 

Photomontages of the images were crafted using MosaicJ (Schindelin et al., 2012).  
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2.3 Neonatal Line Study and Crown Formation Time  

The NNL was identified as the first Accentuated Line (AL) that was visible along a minimum of 75% of 

its length (FitzGerald & Saunders, 2005). It is typically distinguished from other accentuated lines by its 

prominence and clear disruption to enamel prisms. The NNL appears as a dark, sharp band against the 

lighter surrounding enamel when viewed under a light microscope (Hurnanen et al., 2017; Kurek et al., 

2016; Zanolli et al., 2011).  

To determine the prenatal Crown Formation Time (pCFT) of the incisors, we followed standard methods 

(e.g., Martirosyan et al., 2024; Nava et al., 2017; Peripoli et al., 2023). A 200 µm line was traced from the 

EDJ following the pathway of enamel prisms until reaching the NNL (Birch and Dean, 2014; Dean et al., 

2020; Mahoney, 2011, 2012). The length of the prisms was divided by mean local daily secretion rates 

(DSRs), using the 95% confidence interval (CI) for each tooth zone (upper, middle, and lower) to provide 

maximum and minimum pCFT values. If the NNL is present, chronological age is calculated by measuring 

the prism length from the EDJ to the enamel surface and dividing by the mean DSR of region at the NNL-

EDJ meeting point. If the NNL is absent, tracing continues throughout the entire crown. 

2.4 Data acquisition, processing, and analysis of μ-XRF maps 

Elemental data were acquired from a path across the thin section that commenced at the OES, traveling 

across the postnatal enamel, enamel NNL, the prenatal enamel, EDJ, prenatal dentin, dentin NNL (when 

visible), and postnatal dentin. 

µ-XRF maps were acquired at the ID21 beamline of the European Synchrotron Radiation Facility (ESRF) 

(Cotte et al., 2017). Utilizing an undulator, X-rays were generated, and their energy was precisely calibrated 

with a Si(311) double-crystal monochromator. To achieve optimal sample analysis, the beam was focused 

to dimensions of 0.5 μm × 0.9 μm (vertical × horizontal) through the implementation of a Kirkpatrick Baez 

mirror system. During experimentation, the samples were positioned with an angle of 62 with respect to 

the incident X-ray beam within a vacuum environment, ensuring controlled conditions for XRF. 

To enhance data accuracy, the acquired XRF spectra underwent deadtime correction and correction for 

beam intensity fluctuations, continuously monitored with a photodiode positioned upstream of the sample. 

Over the 2D µ-XRF maps, specific points of interest were then identified. 

During the initial phase, we generated a preliminary map with a pixel size ranging from 2 to 6 μm. Upon 

identifying the optimal region where the NNL was distinctly visible, we uniformly adjusted the width of µ-

XRF maps to 50 μm and the height such to cover from outside the enamel surface down to beyond the 

dentin surface (Fig.2). XRF quantification was performed using PyMCA (Solé et al., 2007). 

From the mapping obtained by µ-XRF at ID21-ESRF, we generated chemical profiles of P, Ca, Ba, Mn, 

Fe, Cu, and Zn from the enamel to dentin, perpendicular to the tooth surface. To enhance the interpretability 

of the graphs and ensure data comparability, the distances of the 1D line scans were normalized 

(Supplementary Material). In all the samples, position 0 corresponds to EDJ. The NNL of the enamel and 

dentin was standardized to -50 and 50 (arbitrary unit), respectively, with the OES set at -100. Not all 

samples included data extending to the outer dentin surface (ODS). Thus, this postnatal dentin region was 
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not normalized. For archaeological samples, the enamel NNL was positioned at -50. When a visible NNL 

in the dentin was absent, normalization was not applied at this point. In these cases, data were available up 

to the OES (-100) and the ODS (100).   

Although Ca and P are not trace elements. They were included in the analysis as reference components of 

the hydroxyapatite matrix. Their inclusion helps contextualize the relative distribution and signal intensity 

of elements with lower concentrations such as Zn or Ba. To facilitate comparison across sample types, 

average concentrations of each element were calculated for modern (n=5), Sant Pere de Terrassa (n=2), and 

Olèrdola samples with (n=2) and without (n=5) NNL. Due to the high variability in iron concentration in 

the archaeological samples, individual values were used for this element to ensure a more accurate 

representation in the graphs. Enamel thickness was thinner in Olèrdola samples compared to those from 

Sant Pere de Terrassa, as they are at an earlier stage of enamel formation. Therefore, the data were analyzed 

separately for each site. 

Graphs were created in Excel, and all statistical analyses to investigate correlations were performed using 

R (R Core Team, 2022). 

3. Results 

3.1 Histological and Elemental Analysis 

A neonatal line was present in the enamel of n=6/6 modern incisors, n=2/3 of the Sant Pere de Terrassa 

incisors, and n=2/6 of the Olèrdola incisors. Five archaeological samples did not have NNLs, and two were 

likely preterm births (OLE03 and OLE07). This assumption is based upon the absence of root growth in 

these five samples, and relatively short crown formation times (Table 1). Table 2 provides the mean values 

and standard deviations for the concentrations of P, Ca, Mn, Zn, Fe, Cu, and Ba in the modern and 

archaeological samples. 
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Table 1: Samples. Provenance, chronology, ID_Tooth (sample identification), and tooth used in this study (FDI nomenclature), 

minimum and maximum confidence intervals (CI) for prenatal crown formation time (pCFT) in days, minimum and maximum 

confidence intervals (CI) for histological age in days*, presence of Neonatal Line (NNL), and known age at death for modern samples. 

Provenance Chronology ID_Tooth Tooth pCFT in days (CI min - CI 
max) 

NNL 
presence 

Histological postnatal days (CI 
min - CI max) 

Known Age at 
Death (days) 

Olèrdola 
Site1 

350 to 200 BC OLE01_62 62 164-190 Yes 20-24 - 

OLE03_81 81 106-115 No 0 - 

OLE04_61 61 163-186 Yes 9-10 - 

OLE06_81 81 117-134 No 0 - 

OLE07_61 61 93-101 No 0 - 

OLE08_71 71 145-159 No 0 - 

Sant Pere de 
Terrassa 
Site2 

5th - 10th 
centuries AD 

SPUF396.2_71 71 156-182 No 0 - 

SPUF582.1_61 61 168-183 Yes 33-37 - 

SPUF68_52 52 161-177 Yes 67-74* - 

University of 
Granada3  

20th century 
AD 
  

G190_72 72 158-186 Yes 62-74* 263 

G200_72 72 154-175 Yes 44-48* 579 

G308_81 81 198-227 Yes 59-65* 164 

G380_61 61 156-179 Yes 77-90* 116 

G393_52 52 135-147 Yes 78-89* 91 

G414_61 61 158-174 Yes 45-53* 78 

1= Subirà and Molist (2007). 2= Jordana et al. (2019). 3= Alemán et al. (2012) 

* The known age-at-death is later than the histological age. Histological postnatal days shows the crown formation time, not the age- 

at-death.  

 

3.2 Calcium, phosphorus and zinc  

The mean concentration of calcium and phosphorus in the modern samples is greater in enamel than in 

dentin, with the greatest enrichment of both Ca and P occurring at the EDJ (Fig. 1; see Supplementary 

Material for individual profiles from XRF maps for each of the n=5 incisors). Both elements exhibit a 

generally consistent concentration from the OES to the prenatal enamel, increasing towards the EDJ. There 

is a decrease in calcium across the enamel NNL by a mean of 16165 ppm, compared with prenatal enamel, 

followed by a slight increase of 3413 ppm in postnatal enamel. The mean concentration of Ca and P is 

slightly higher in prenatal compared to postnatal dentin (Table 2).  

The outermost enamel is zinc-rich, with a substantial decrease in the concentration of Zn in enamel towards 

the NNL (Fig. 1, blue line). However, a slight enrichment of Zn is observed at the enamel NNL. The mean 

concentration of Zn in prenatal enamel remains stable and is lower than in dentin. Zinc enrichment rises 

steeply towards the EDJ and rises again in prenatal dentin before declining into postnatal dentin. A slightly 

greater enrichment (relative to enamel) occurs across the dentin NNL, with an increase of 20 ppm and 41 

ppm compared to the prenatal and postnatal dentin, respectively. These Zn distribution patterns in modern 

samples are illustrated in Figure 2, which shows Zn XRF maps of both modern and archaeological teeth. 

The distribution of calcium and phosphorus in the postnatal enamel of the Sant Pere samples is similar to 

the modern samples (Fig. 1b). The EDJ is enriched in both elements relative to the enamel, though the 

increase in concentration is not as great as that observed in the modern samples. On average, dentin shows 

a lower concentration of both elements compared to enamel, which is similar to the modern samples. 
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However, unlike the modern samples, there are regions of dentin that display steep increases and decreases 

in concentration that might be due to an edge effect, coinciding with fracture zones of the sample. 

 

Table 2: Mean values and standard deviations (shown in brackets) are presented in parts per million (ppm) for Ca, P, Zn, Fe, Mn, Cu, 

and Ba. Data correspond to modern samples from the University of Granada (modern samples with NNL), Sant Pere de Terrassa with 

NNL (SP), Olèrdola with NNL (OLE), and combined archaeological samples without NNL (SP+OLE without NNL). The calcium-

to-element ratios for each of these elements are provided in Supplementary Material. 

Element Sample type Enamel EDJ  Dentin 

Postnatal Enamel  Enamel NNL  Prenatal Enamel  Prenatal Dentin  Dentin NNL  Postnatal Dentin  

Ca  Modern 354443 [5045] 351030 [6479] 367195 [17944] 425500 [29173] 337989 [7598] 332359 [2664] 330677 [1992] 

 SP with NNL 363557 [8333] 348916 [4446] 357931 [6284] 344149 [35182] 337893 [21127]* 

  OLE with NNL 441575 [21090] 453669 [4157] 422272 [11634] 394149 [33354] 359050 [7749]* 

  
SP+OLE without 
NNL   359873 [19667] 382232 [2723] 363141 [10937]    

P  Modern 258611 [3677] 259359 [5333] 264459 [6916] 294447 [14573] 231796 [6143] 227260 [4757] 228069 [4306] 

  SP with NNL 217768 [5344] 218502 [5502] 232258 [11000] 216048 [33062] 203309 [18413]* 

  OLE with NNL 186582 [10189] 213465 [6978] 241759 [23135] 234277 [26810] 206084 [6620]* 

  
SP+OLE without 
NNL     214727 [25179] 243413 [6079] 207357 [12815]     

Zn  Modern 311 [198] 140 [4] 130 [5] 236 [77] 284 [26] 248 [6] 231 [6] 

 SP with NNL 315 [78] 243 [18] 195 [10] 213 [38] 259 [24]* 

  OLE with NNL 746 [97] 902 [20] 702 [108] 526 [9] 562 [30]* 

  
SP+OLE without 
NNL   466 [45] 461 [10] 499 [46]    

Fe  Modern 521 [128] 359 [8] 302 [36] 158 [12] 118 [15] 112 [2] 112 [4] 

  SP with NNL 1179 [613] 2834 [1766] 1016 [585] 519 [158] 345 [177]* 

  OLE with NNL 5869 [1148] 2853 [530] 1271 [449] 439 [37] 380 [130]* 

  
SP+OLE without 
NNL     1343 [800] 469 [95] 816 [928]     

Mn  Modern 43 [4] 51 [4] 51 [6] 71 [9] 52 [4] 50 [2] 48 [4] 

  SP with NNL 159 [146] 110 [61] 92 [38] 121 [64] 89 [22]* 

  OLE with NNL 259 [36] 247 [20] 157 [50] 66 [15] 50 [10]* 

  
SP+OLE without 
NNL   113 [35] 83 [4] 75 [11]    

Cu  Modern 53 [2] 52 [3] 51 [3] 45 [2] 51 [2] 53 [1] 53 [3] 

  SP with NNL 64 [5] 68 [5] 69 [7] 75 [8] 94 [5]* 

  OLE with NNL 101 [9] 101 [10] 76 [12] 60 [5] 68 [5]* 

  
SP+OLE without 
NNL     80 [6] 67 [5] 78 [8]     

Ba  Modern 1216 [79] 1038 [57] 1277 [168] 1555 [215] 1066 [92] 1142 [56] 1115 [83] 

  SP with NNL 1509 [130] 1578 [111] 1411 [126] 1298 [160] 1327 [154]* 

  OLE with NNL 2922 [148] 2588 [201] 2037 [254] 1672 [127] 1495 [129]* 

  
SP+OLE without 
NNL     1405 [97] 1460 [78] 1424 [100]     

 

*These samples lacked a visible NNL, preventing prenatal and postnatal dentin differentiation. As a result, the data represents the 

entire dentin. 

 

There are different levels of calcification in the enamel of the Olèrdola incisors, which were not observed 

in the modern incisors (Fig.1c). There are generally higher levels of Ca in the postnatal enamel, followed 

by a steep decrease in concentration after the neonatal line. Both Ca and P show an increased concentration 

towards the EDJ. 
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The archaeological samples without the NNL show a gradient of increasing concentration of both Ca and 

P towards the EDJ (Fig.1d), but there is no discernible peak in these values at the EDJ. The lowest P levels 

occur at the OES, which was also observed in the Olèrdola incisors.  

The Zn distribution pattern in the enamel and dentin of the Sant Pere de Terrassa samples with a NNL 

closely mirrors that of modern samples, showing a marked decrease in concentration approaching the NNL 

(Fig. 1b, blue line). In contrast, the Olèrdola samples, which have a lower chronological age, do not follow 

this trend (Fig. 1c, blue line). Instead, they display a significant increase in Zn concentration towards the 

NNL, followed by a decline towards the EDJ. Interestingly, the average Zn concentration in the modern 

and Sant Pere de Terrassa samples is 307 ppm and 256 ppm, respectively, while Olèrdola samples exhibit 

a much higher average of 746 ppm.  

 

 

 

Fig. 1 SXRF 1D line scans of mean calcium, phosphorus and zinc distribution from the outer enamel surface (OES to the left), the 

EDJ to the dentin or ODS (ODS, near pulp chamber to the right) in a) n=5 modern deciduous incisors, b) n=2  Sant Pere de Terrassa 

(SP) samples with NNL, c) n=2 Olèrdola (OLE) samples with NNL, d) n= 5 archaeological (SP+OLE) samples without NNL. NNL= 

neonatal line. The individual profiles from XRF maps for each incisor are in the Supplementary Material.  
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Fig 2.  Zinc SXRF maps: A) Modern lower deciduous incisor (sample G-190) and B) Archaeological upper deciduous incisor (sample 

OLE04), merged with a detailed histological image at 10x magnification. The amplification of the histological image is shown on 

the left. Enamel neonatal lines (NNL) are indicated by arrows. 
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Profiles were normalized by relative enamel thickness, meaning that the OES represents the left side of the 

profile regardless of the final crown thickness or the degree of enamel development. Therefore, the OES of 

teeth that have not completed enamel secretion does not correspond to the OES of teeth with fully formed 

crowns.  In Figure 3, the distribution of Zn across archeological teeth at various stages of development is 

depicted, corresponding to survival times of 10, 22, 35 days, during which the crowns are still forming, and 

more than 1 year, when the crown is fully formed. In the individual that survived 10 days after birth, the 

Zn profile in the enamel shows a pronounced broad increase around the NNL. In the individual that survived 

~22 days, this broad increase is still present but becomes less intense. In the individual that survived ~35 

days, the Zn profile becomes relatively flat but retains a sharp peak at the NNL. Finally, in the individual 

with 1 year of survival, a clear diffusion profile of Zn is observed, extending from the OES towards the 

EDJ, with a distinct Zn peak at the NNL. The Zn content is higher in the enamel of teeth that have survived 

fewer days. Regarding the EDJ, there is a marked increase in Zn at 1 year, whereas the increase is less 

pronounced at 35 and 22 days, and no Zn peak is observed at the EDJ in the 10-day-old tooth. Slightly 

different patterns are also observed in the distribution of Zn in the dentin. Fig. 3 shows no enrichment of 

Zn at the OES in enamel that has not reached the maturation process (less than 33-37 days), showing that 

the initial input of zinc appears to be overprinted by more zinc in the outer enamel during the maturation 

process for the child who lived till one year. 

 

3.3 Iron 

As with zinc, the highest concentration of iron occurs at the OES followed by a gradual decline in ppm 

across the NNL and prenatal enamel, with the lowest values occurring in dentin (Fig. 4a). There is a 

Fig 3. SXRF 1D line scans of zinc distribution from the outer enamel surface (OES to the left), the EDJ to the dentin or ODS (ODS, 

near pulp chamber to the right) in n=4 archeological deciduous incisors with NNL. Age of each individual is represented in a box, with 

OLE04 = 9-10 days, OLE01= 20-24 days, SPUF582= 33-37 days, and SPUF68 > 1 year. 
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substantial decrease in Fe from the mean prenatal enamel value of 302ppm to 158ppm at the EDJ (Fig. 5a). 

The mean NNLs are not enriched or depleted in iron relative to either the enamel or dentin side. 

The iron concentration in the enamel of the SPUF68 sample follows the same pattern as the modern 

samples, with similar Fe content, while OLE04 shows the same trend but at higher concentrations (Fig. 4b 

and c; refer to the individual profiles in the Supplementary Material for a clearer view of lower values). 

The other samples have anomalous iron contents with very pronounced peaks that appear to correspond to 

contamination during burial. In these samples, the concentration is elevated almost ten times higher, with 

values reaching   8̴000 ppm (Fig. 5a). This is further illustrated by the Fe ratios in postnatal enamel 

(Supplementary material). Iron values close to the enamel NNL of Sant Pere de Terrassa samples show two 

peaks, one of 3951 ppm and the other of 6725 ppm. In the more ancient Olèrdola samples with NNL, the 

highest concentration of Fe occurs in the postnatal enamel, closer to the OES, with a mean value of 7970 

ppm. 

 

 

 

Fig. 4 SXRF 1D line scans of mean iron distribution from the outer enamel surface (OES to the left), the EDJ to the dentin or ODS 

(ODS, near pulp chamber to the right) in a) n=5 modern deciduous incisors, b) n=2  Sant Pere de Terrassa (SP) samples with NNL, 

c) n=2 Olèrdola (OLE) samples with NNL, d) n= 5 archaeological (SP+OLE) samples without NNL. NNL= neonatal line.  
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3.4 Manganese and Copper 

The concentration gradient in enamel for Mn contrasts with the gradient observed for Cu. The graph 

indicates that Mn concentration decreases postnatally, while Cu concentration increases, suggesting distinct 

changes in elemental incorporation after birth (Fig. 6a).  

Postnatal enamel and dentin exhibit lower Mn values compared to prenatal levels, with a slight enrichment 

observed at both NNLs and the highest concentrations at the EDJ (Fig. 6, orange line). Cu postnatal enamel 

values surpass prenatal enamel levels, with a decline at the EDJ, and remaining stable in dentin (Fig. 6, 

purple line). 

Mn and Cu concentration values in archaeological samples follow a different pattern compared to the 

modern samples, with the archaeological samples showing generally higher values (Fig. 6b, c, and d). Mn 

in enamel is characterized by a decrease towards the EDJ and numerous concentration peaks. An increase 

in Cu is observed in the postnatal enamel compared to prenatal enamel in Olèrdola samples with NNL (Fig. 

6c, blue line), but this pattern is not seen in Sant Pere de Terrassa samples (Fig. 6 b, purple line). 

The concentration of both Mn and Cu are higher in the archaeological samples, with values reaching  ̴ 900 

ppm and  ̴ 110 ppm, respectively (Fig. 5c and d). This trend is reflected in the elemental ratios in postnatal 

enamel, which increase from 0.00012 for Mn and 0.000152 for Cu in modern incisors to 0.0006 and 0.0002, 

respectively, in the medieval Sant Pere de Terrassa samples, and further to 0.0007 and 0.0003 in the older 

Iberian incisors (see Supplementary Material).  

Fig 5. Graphical representation of the mean 1D line scans across modern, medieval (Sant Pere de Terrasa) and Iberian (Olèrdola) 

deciduous incisors, illustrating the enamel (left in the respective graphs) and dentin (right in the respective graphs) as well as the NNL 

in the enamel for a) Fe, b) Mn, c) Cu and d) Ba. 



 16 

 

3.5 Barium 

The modern samples exhibit a distinct Ba pattern, characterized by a decrease from the OES towards the 

enamel NNL, followed by an increase towards the EDJ, and then a decrease in the prenatal dentin, followed 

by a moderate increase in the postnatal dentin. The highest Ba concentration is observed at the EDJ, with a 

mean value of 1517 ppm (Fig. 5d). A drop in Ba concentration occurs at the enamel NNL, with higher 

prenatal values compared to postnatal ones, showing an increment of 177 ppm from the NNL to the 

postnatal enamel. In the dentin, Ba concentrations display a different pattern, with prenatal values lower 

than postnatal ones. Additionally, there is a significant increase in Ba from the dentin NNL, with a rise of 

55 ppm compared to prenatal dentin. 

A notable difference was observed between Sant Pere de Terrassa and Olèrdola samples. The concentration 

is elevated in the archaeological samples with values reaching  ̴3300 ppm (Fig. 5d).  The Ba/Ca ratios in 

postnatal enamel increase from 0.0035 in modern incisors to 0.005 in the medieval Sant Pere de Terrassa 

samples, and further to 0.007 in the older Iberian incisors (see Supplementary Material). 

Fig. 6 SXRF 1D line scans of mean manganese and copper distribution from the outer enamel surface (OES to the left), the EDJ to 

the dentin or ODS (ODS, near pulp chamber to the right) in a) n=5 modern deciduous incisors, b) n=2  Sant Pere de Terrassa (SP) 

samples with NNL, c) n=2 Olèrdola (OLE) samples with NNL, d) n= 5 archaeological (SP+OLE) samples without NNL. NNL= 

neonatal line. The individual profiles from XRF maps for each incisor are in the Supplementary Material.  
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The Ba concentration in Sant Pere de Terrassa samples shows values similar to modern samples, ranging 

from approximately 600 ppm to 1800 ppm. However, the distribution of the element differs from the 

modern samples. There is an increase from the OES to the NNL in the enamel, followed by a subsequent 

decrease until the EDJ. In the dentin, the pattern is similar, with an increase towards the ODS. In contrast, 

Olèrdola samples exhibit higher Ba concentrations, with values peaking at 3358 ppm in the postnatal 

enamel and reaching a lower value of 1219 ppm in the dentin. In these samples, Ba concentration steadily 

decreases until the EDJ, where it then stabilizes in the dentin with occasional peaks. 

3.6 Neonatal Line 

There is a decrease in Ca, P, and Ba at the enamel NNL compared to the prenatal enamel, with reductions 

of  2̴7,556 ppm,  ̴16,585 ppm, and   ̴385 ppm, respectively (Fig. 2 and 5d). Additionally, the Fe/Ca ratios in 

samples G-308_72 and G-393_52 indicate Fe enrichment (see Supplementary Material).  

Both the Sant Pere de Terrassa and Olèrdola samples show a decrease in P and an increase in zinc at the 

NNL (Fig. 2b and c, and Fig.3b and c). The findings for calcium are mixed in that the Sant Pere de Terrassa 

samples exhibit no discernible peak in concentration, whereas Olèrdola samples demonstrate an increase 

(Fig. 2b and c). Those samples with observable NNL samples show higher enrichment of Zn at the enamel 

NNL compared to modern samples, with increases of 48 ppm and 200 ppm, respectively, whereas no 

changes in Zn are observed in archaeological samples without NNL (Fig. 3b and c). 

4. Discussion 

This study investigated the distribution of trace elements in 15 deciduous incisors from modern and 

archaeological contexts, focusing on the pre- and postnatal regions of enamel and dentin. Trace elements 

are incorporated into dental tissues by different mechanisms. Essential elements such as Zn are under tight 

physiological regulation and play active roles in biomineralization, while others, like Ba, may be passively 

incorporated or reflect external environmental exposure (Müller et al., 2019, 2024). This distinction is 

important when interpreting enamel signals, particularly in archaeological contexts where postmortem 

alteration can further affect non-essential elements (Humphrey et al., 2008; Kamenov et al., 2018). 

As expected, our results indicate that enamel is relatively hypercalcified compared to dentin, which is 

reflected by the higher Ca and P concentrations in both modern and archaeological teeth (Table 2). These 

results align with the findings of Dean et al. (2019) who reported a significant difference in the distribution 

of calcium with enamel exhibiting higher calcification levels than dentin. Additionally, we observed higher 

calcification levels at the EDJ which aligns with previous studies on human teeth (Dean et al., 2019; Sabel 

et al., 2008). 

There were differences in elemental concentrations between prenatal and postnatal enamel. In the Sant Pere 

de Terrassa and Olèrdola archaeological samples, postnatal enamel exhibited higher Ca concentrations than 

prenatal enamel. This contrasts with our modern data, where prenatal enamel and dentin are consistently 

hypercalcified (Fig. 2; see Supplementary Material for individual maps, n = 5 incisors). Dean et al. (2019) 

found no clear demarcation in calcification between prenatal and postnatal enamel or dentin, whereas 

Dantas et al. (2020) reported higher calcification in the prenatal enamel of modern samples. These 
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discrepancies between our modern and archaeological samples may relate to differences in their maturation 

stage (discussed further below). 

Previous studies have concluded that most zinc absorption occurs before eruption, indicated by high Zn 

levels in unerupted teeth (Brudevold et al. 1963). Similar findings were reported by Dean et al. (2023) who 

observed a consistent pattern in the distribution of  Zn in erupted and unerupted teeth, indicating that Zn 

levels in external enamel are established before oral exposure and remain stable even after post-mortem 

diagenetic change. In our modern samples, we found the highest Zn levels in both unerupted (sample G-

414_51) and erupted teeth (sample G-190_81). Some of the archaeological samples (OLE01, OLE04, 

SPUF582, and SPUF396), with crowns that had not completed enamel formation, do not exhibit OES 

enrichment. Instead, these archaeological samples show higher Zn concentrations at the NNL, except for 

SPUF396, which lacks a NNL and has its highest Zn concentration in the dentin. The Zn concentration at 

the OES in the archaeological samples ranges from a minimum of 168 ppm to a maximum of 874 ppm (see 

Supplementary Material for individual sample values). No differences in OES Zn concentration values were 

observed between the erupted tooth (SPUF68_52) and unerupted teeth (Fig. 3).  

In our archaeological samples, the lowest Zn concentration (59 ppm) was found in the prenatal enamel of 

SPUF68_52, a fully erupted and mineralized tooth (see Supplementary Material). In contrast, other 

archaeological samples showed a greater-minimum Zn concentrations of 263 ppm in the prenatal enamel 

of teeth with a NNL, and a concentration of 234 ppm in teeth without a NNL. The higher Zn concentrations 

and the lack of Zn enrichment at the OES in unerupted and non-mineralized teeth (Fig.3) may indicate that 

these teeth have not yet reached the maturation stage of amelogenesis. This stage is crucial for enamel 

maturation, during which Zn enrichment at the OES may result from residual enzymatic degradation 

processes (Dean et al., 2023). Zinc accumulation at the OES may reflect its role as a binding group of KLK-

4, an enzyme concentrated at the enamel surface during enamel matrix degradation in the maturation stage 

(Müller et al., 2019; Simmer et al., 2011). Consequently, in those samples that have not yet reached the 

maturation stage, the enamel matrix would not have degraded, retaining breakdown products and water 

(Müller et al., 2019; Nanci, 2018). Dean et al. (2023) suggested that Zn enrichment at the EDJ might result 

from metalloprotease activity during enamel maturation. Our results show a notable Zn concentration 

increase at the EDJ, particularly in teeth that have undergone maturation (Fig. 3a and b, see Supplementary 

Material). These observations support the idea of differential Zn distribution linked to developmental 

stages. 

High Zn concentrations were observed in prenatal dentin of modern samples, corroborating findings from 

other studies (Clark et al., 2023; Dean et al., 2023). Maternal-fetal placental transfer of Zn is an active 

process, maintaining fetal Zn concentrations higher than maternal levels (Dean et al., 2023). This transfer 

is crucial during periods of high metabolic demand, like pregnancy and early development (Clark et al. 

2023; Chan et al. 1993). 

We observed Fe levels in the archaeological incisors were up to ten times higher than in modern samples, 

which indicates the environment likely served as a significant source for the uptake of this mineral after 

burial (Fig.5a). Modern teeth displayed Fe enrichment at the OES, decreasing toward the EDJ, while 

archaeological samples showed multiple peaks throughout the enamel and consistently higher overall Fe 
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concentrations (Fig. 4). For instance, sample SPUF582.1_61 displays significant peaks, one just after the 

NNL and another at the NNL, with the latter reaching a remarkable concentration of 16,948 ppm (see 

Supplementary Material). These peaks are accompanied by a decrease in Ca concentration, suggesting that 

hypocalcified zones within the enamel may retain more iron from the surrounding soil environment. 

The Mn concentrations in our modern samples decreased postnatally (Fig. 6a), which is consistent with 

other studies that reported Mn absorption is upregulated during early pregnancy but decreases dramatically 

after birth (Friedman et al., 2022; Jensen et al., 2023). This trend was not observed in the archaeological 

samples which is probably due to diagenesis, resulting in varying peak concentrations and a higher Mn 

concentration in the postnatal enamel of these samples (Fig. 6b, c, and d).   

The Cu in our modern samples showed a slight postnatal increase of 3 ppm in enamel and 2 ppm in dentin 

(Fig. 6a). Cu concentrations increase in women's blood during labor due to factors beyond dietary intake, 

such as increased ceruloplasmin synthesis and elevated maternal estrogen levels (Mbofung and Atinmo 

1985; Wasowicz et al. 2001). These levels return to normal shortly after childbirth (Wasowicz et al., 2001). 

Consistent with our findings, Fischer et al. (2008) reported a moderate (r=0.52) interaction between Mn 

and Cu in incisors. Again, the archaeological samples exhibited significantly higher Cu levels, up to 110 

ppm, likely reflecting a diagenetic contribution (Fig. 6b and c).  

Previous research into the distribution of barium in enamel proposed the placenta restricts prenatal barium 

transfer, but marked enrichment occurs immediately after birth from sources such as maternal milk or infant 

formulas, which contain higher Ba levels than umbilical cord serum (Austin et al., 2013; and also see Smith 

et al., 2021, 2022). Consequently, Ba/Ca ratios in enamel and dentin should increase at birth, remain 

elevated during exclusive breastfeeding, and rise further with the introduction of infant formula (Austin et 

al., 2013). This proposed variation in Ba/Ca has been supported by various studies (Clark et al., 2023; Smith 

et al., 2022, 2023). Similarly, studies have shown that in exclusively breastfed infants, Sr/Ca and Ba/Ca 

ratios decrease until formula and/or solid foods are introduced, whereas in formula-fed infants, these ratios 

increase until solid foods are introduced (Nava, 2024).  

Our findings reveal no change in the concentration of Ba in preterm individuals without a NNL (See 

Supplementary Material), which is consistent with the restricted transfer of barium by the placenta (Austin 

et al., 2013). However, our results provide partial support for the predicted postnatal increase in Ba. An 

increase after birth relative to prenatal enamel was observed in the Olèrdola samples (Fig. 5d). The 

predicted increase is more variable and less marked in the modern samples and the Sant Pere de Terrassa 

incisors (Fig. 5d). Variation in Ba content across individuals and lactation stages may contribute to 

differences in enamel Ba concentrations, as previously reported in modern human and primate samples 

(Krachler et al., 1999; Smith et al., 2022). Thus, although Ba levels can serve as indicators of early dietary 

transitions, our results suggest that interpretation of this element in human deciduous enamel must be made 

cautiously (Fig. 5d). 
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4. 1 Diagenetic changes in elements 

Our investigation reveals that Ca, P, and Zn demonstrate relatively greater stability over time in deciduous 

enamel compared to the distribution of Fe, Mn, Cu, and Ba which show less consistency on the external 

surface of the enamel and within the dentin. These latter elements tend to show significant alteration 

probably due to environmental and post-burial processes, which can affect the reliability of elemental 

analysis in archaeological contexts (Carvalho et al., 2007; Kamenov et al., 2018; Williams & Siegele, 

2014). A recent study using advanced analytical techniques has shown that elements such as Mn, Fe, and 

Ba can undergo postmortem alteration, particularly through interactions with secondary mineral phases like 

Fe/Mn oxides or detrital inputs from the burial environment (Müller et al., 2024). They provided a detailed 

overview of Mn as a highly diagenetic tracer, emphasizing its tendency to form secondary mineral phases 

such as oxides and carbonates, which often accumulate along exposed surfaces rather than following 

developmental structures. Our observations of elevated Fe, Mn, and Ba in certain archaeological samples 

align with these broader patterns of diagenetic overprint. 

The availability of different elements in the burial environment, influenced by soil composition and burial 

practices, may play a significant role in the diagenetic alterations observed. In this study, the SPUF68 

sample, associated with an individual buried in a tegula coffin, exhibited Fe, Mn, Cu, and Ba concentrations 

in enamel that were comparable to modern samples. In contrast, other archeological samples from 

individuals buried in simple burials displayed more pronounced variations in these elements. Our findings 

underscore the importance of considering burial practices and soil conditions in future studies to better 

differentiate between diagenetic changes related to burial conditions and those resulting from enamel 

maturation processes. 

4.2 Neonatal Line 

The NNL in the modern and Sant Pere de Terrassa samples showed clear hypocalcification and decreased 

P levels (Fig. 1a and b), which occurred a few days later than the Zn increment. This may be linked neonatal 

hypocalcemia, which has an effect 2–8 days after birth (Stimmler et al., 1973). Dean et al. (2019) observed 

minor Ca reduction at the NNL in a lower deciduous canine, nonetheless, they attributed it to the loss of 

more friable surface tissue due to the polishing process used in their study. Only samples G308_72 and 

G393_52 showed hypocalcification at the dentin NNL (see Supplementary Material). The reduction in 

calcification of the NNL relative to prenatal enamel was not present in the more ancient Olèrdola samples, 

which may be attributed to the maturation stage of these samples. 

Zn enrichment at the NNL was observed but was less pronounced than in Dean et al. (2019). This 

discrepancy may be attributed to interindividual differences or the fact that deciduous incisors, which were 

used in this study, complete crown formation earlier compared to the molars and canines (6–11 months) 

studied by Dean et al. (2019). The earlier completion could result in the OES enrichment being closer to 

the NNL. 

The decrease in Mn after birth in the modern samples could relate to the reduced physiological need for 

Mn after the prenatal period, during which Mn demand is highest due to rapid fetal growth and development 

(Bauer et al., 2024; Friedman et al., 2022; Jensen et al., 2023). The reduced Mn after birth was not present 
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in the archaeological samples, which may be attributed to diagenetic effects altering the Mn composition 

of the enamel, as manganese has been commonly used as a tracer for postmortem alteration (Kubat et al., 

2023; Müller et al., 2024). 

Our finding that Ba decreases at the enamel NNL (Fig. 5d) is consistent with other studies (Austin et al., 

2013, 2023). However, we have also found an increase in Ba concentration at birth in the Olèrdola samples, 

similar to that reported by other studies (Clark et al., 2023; Nava et al., 2020). Given these differing results, 

caution is advised when using Ba levels to identify the NNL or confirm birth events in archaeological 

samples.  

Recent archaeological studies have proposed that postnatal increases in elements such as Ba or Zn near the 

NNL provide reliable indicators of nursing initiation and neonatal survival (e.g., Dean et al., 2019, 2023; 

Nava et al., 2024; Smith et al., 2022, 2023). However, our samples did not consistently show the expected 

postnatal increase in Ba, which is commonly used to trace early-life dietary transitions, particularly in 

individuals from Sant Pere de Terrassa and the modern reference group. In the case of Zn, its detectability 

appears to depend on the developmental stage of the tooth, with clearer enrichment patterns emerging only 

in crowns that have completed the maturation phase. These findings suggest that interpretations based 

solely on these expected elemental trends should be cautiously approached, especially when enamel 

formation and diagenetic factors are not fully considered. Postmortem alteration can affect a wide range of 

trace elements, such as Ba, and distinguishing biogenic signals from diagenetic ones requires careful 

contextualization of biogenic signals (Müller et al., 2024). 

Although linear scanning does not capture the full enamel growth geometry, the profiles in this study offer 

higher resolution, better elemental sensitivity and are still related to the chronological formation of enamel 

(ie., prenatal vs postnatal; EDJ vs OES). Our data were acquired from corresponding crown regions and 

normalized to the EDJ and NNL, enabling cross-individual comparison. While this approach cannot resolve 

all intra-tooth variation, the patterns align with the expected biological behavior in modern teeth. Variability 

in archaeological samples is interpreted in relation to both enamel maturation and diagenetic overprint. 

Future research may benefit from integrating linear profiling of archaeological deciduous teeth with whole 

tooth mapping to refine spatial interpretations. 

5. Conclusion 

The distribution patterns of Ca, P, and Zn from the outer enamel surface to the EDJ in modern samples 

closely resemble those in more recent archaeological samples, suggesting stability in these elements over 

time. Across all samples, a slight increase in Zn and a decrease in P were observed at the NNL. In the 

archaeological samples, postnatal enamel had higher Ca concentrations than prenatal enamel, unlike 

modern teeth, where prenatal enamel is more calcified. These differences may be attributed to incomplete 

enamel maturation in the archaeological samples, rather than postmortem alteration. 

Zinc distribution follows a dynamic, temporally distinct pattern, progressively accumulating from the OES 

toward the EDJ, with a pronounced Zn peak at the NNL forming as early as 10 days after birth and 

intensifying into the first postnatal year. This maturation process is characterized by a flattening of the Zn 

profile at early stages (10–37 days) and a marked Zn enrichment at the EDJ and outer enamel by end of the 
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first year, suggesting a progressive overprinting of Zn as enamel matures. The distribution of Zn in teeth 

varies significantly depending on the stage of enamel maturation. In teeth that have not yet matured (less 

than 33-37 days in deciduous incisors), there is no Zn enrichment at the OES. The absence of Zn enrichment 

at the OES was only observed in crowns that had not yet completed enamel secretion, indicating that Zn 

incorporation at the OES occurs during maturation stages. As the enamel matures, particularly in children 

who lived for one year after birth, the Zn distribution changes markedly. At this stage, a clear diffusion 

profile of Zn is observed in the enamel, extending from the EDJ towards the OES. This profile includes a 

distinct peak at the NNL, indicating a significant accumulation of Zn during the maturation process. 

Our study reveals that trace elements such as Fe, Mn, Cu, and Ba exhibit higher concentrations in 

archaeological samples compared to modern ones, with diagenetic effects primarily impacting the outer 

enamel surface and dentin. This highlights the need for careful interpretation of these elements, as 

diagenetic changes can obscure biogenic signals. 
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