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Table S1: Experimental conditions for electron microprobe analyses, including element distribution across spectrometers (detectors), peak and background counting times, and the standards used for each element.
	Conditions: 15 kV, 100 nA current, 5 µm beam

	Element/Emission line
	Crystal/Channel
	 Peak (s)
	Background (s)
	Standard

	Al/Kα
	TAP/1
	15
	7.5
	Spinel

	Si/Kα
	TAP/1
	20
	10
	Diopside

	Fe/Kα
	LIFL/2
	10
	5
	Fayalite

	Mn/Kα
	LIFL/2
	40
	20
	Fayalite

	Ni/Kα
	LIFL/2
	40
	20
	Glass rhyolitic

	La/Lα
	LIFL/2
	30
	15
	Lanthanum phosphate

	Co/Kα
	LIFL/2
	60
	30
	Glass rhyolitic

	S/Kα
	PETJ/3
	5
	2.5
	Meionite

	P/Kα
	PETJ/3
	10
	5
	Fluorapatite

	Ca/Kα
	PETJ/3
	20
	10
	Calcite

	K/Kα
	PETJ/3
	10
	5
	Standard sample

	Pb/Mα
	PETJ/3
	60
	30
	Glass rhyolitic

	Ti/Kα
	LIFL/4
	20
	10
	Rutile

	Cr/Kα
	LIFL/4
	30
	15
	Chromite

	Zn/Kα
	LIFL/4
	40
	20
	Willemite

	Ce/Lα
	LIFL/4
	45
	22.5
	Cerium phosphate

	Cu/Kα
	LIFL/4
	30
	15
	Copper

	Mg/Kα
	TAPH/5
	20
	10
	Diopside

	Na/Kα
	TAPH/5
	30
	15
	Albite














Figure S1. SEM-EDS micrographs and spectra obtained from a cross-section of sample RGR4. (a) EDS elemental maps of Ca, Fe and Mn of a dentin tubule (sample RGR4) coated with FMO. It shows the composition of the first layer of toroidal Fe oxide (green), in contact with tooth bioapatite, and the second generation of orange globular FMO, indicating the mixture of Fe oxides (green) and Mn oxides (red). Panel (a) corresponds to the elemental map presented in Figure 2(e). Its details (d and e) and spectra (b and c) are also presented here. In (b), globular FMO structures present peaks of Fe, Mn, Ca, Mg, Al, Si, P, along with minor amounts of Cl, S, K, Ti, Na, Co and Ni. These Mn-enriched oxides were identified as lithiophorite. In (c), spectra reveal that goethite main peaks are Fe, Ca, Si, P, Mg, Al, with minor peaks of Cl, S, K and Ti associated with the toroidal Fe oxides (goethite). (d) and (e) show textural details of the FMO observed and the acicular texture of lithiophorite.
[image: ]
Figure S2. SEM micrographs and EDS spectra obtained from cross-sections of samples RGR4 (a-d) and RGR5 (e-f). (a) Microborings in tooth bioapatite coated by incipient Fe and Mn oxides. (b-d) Spectra showing compositional features of the FMO observed in (a), which are chemically similar to the oxides shown in S1, except for (b), that is influenced by the bioapatite chemistry with high Ca-P content. In (c), filamentous structures presented peaks of Mn, Ca, Mg, Al, P and K along with minor amounts of Na, Co and Ni. Because these Mn-enriched oxides are rare in RGR5, they were not characterized by Raman spectroscopy or EPMA as in sample RGR4. In (d), spectra reveal that globular goethite main peaks are Fe, Ca, Si, P, Mg and Al, with a minor peak of Mn. (e-f) Botryoidal Mn-enriched oxides with acicular texture. These images show an exceptional area in the sample RGR5 presenting micrometric Mn-enriched oxides, whereas all the other analyzed surfaces only presented more developed goethite formations, with minor amounts of Mn.
[image: ]





Table S2: EPMA point analyses of FMO in samples RGR4 and RGR5, reported as oxide weight percentages (wt%). Analytical locations are shown in Fig. 6. Spots 9, 10 and 12 are enriched in Ca and P, indicating incipient replacement of bioapatite by goethite. Minor- and trace-element concentrations derived from LA-ICP-MS measurements are provided in Table S4.
	Sample RGR4 – Mn-rich

	nº
	Al2O3
	SiO2
	Fe2O3
	MnO
	NiO
	CoO
	P2O5
	CaO
	K2O
	TiO2
	ZnO
	CuO
	MgO
	Na2O
	Mn/Fe
	Co/Zn
	Fe/Ti

	1
	8.85
	8.57
	4.43
	36.14
	1.61
	0.22
	0.21
	0.86
	1.21
	0.64
	0.16
	0.40
	10.99
	0.46
	8.158
	1.37
	6.94

	2
	10.15
	12.45
	5.29
	30.47
	1.59
	0.53
	0.29
	0.58
	2.07
	0.27
	0.12
	0.15
	7.47
	0.21
	5.760
	4.60
	19.87

	3
	11.09
	7.27
	4.56
	33.64
	1.93
	0.44
	0.29
	0.64
	1.15
	0.49
	0.10
	0.31
	11.46
	0.23
	7.377
	4.14
	9.23

	4
	9.85
	9.46
	5.03
	30.06
	1.75
	0.58
	0.30
	0.55
	1.65
	0.37
	0.07
	0.15
	8.48
	0.19
	5.976
	8.56
	13.60

	5
	10.59
	5.45
	4.95
	34.29
	2.18
	0.46
	0.36
	0.61
	0.80
	0.32
	0.09
	0.24
	12.88
	0.24
	6.927
	4.99
	15.30

	Sample RGR4 – Fe-rich

	nº
	Al2O3
	SiO2
	Fe2O3
	MnO
	NiO
	CoO
	P2O5
	CaO
	K2O
	TiO2
	ZnO
	CuO
	MgO
	Na2O
	Mn/Fe
	Co/Zn
	Fe/Ti

	6
	4.93
	4.27
	61.28
	0.20
	0.04
	0.09
	1.89
	1.61
	0.18
	0.87
	0.10
	0.16
	3.01
	0.12
	0.00
	0.84
	70.32

	7
	5.29
	4.56
	41.31
	9.59
	0.20
	0.30
	1.68
	1.17
	0.26
	1.20
	0.10
	0.04
	3.17
	0.09
	0.23
	3.11
	34.30

	8
	5.72
	4.48
	62.50
	1.48
	0.05
	0.11
	1.91
	1.05
	0.24
	1.47
	0.10
	0.12
	2.83
	0.15
	0.02
	1.13
	42.53

	Sample RGR5 - Fe-rich

	nº
	Al2O3
	SiO2
	Fe2O3
	MnO
	NiO
	CoO
	P2O5
	CaO
	K2O
	TiO2
	ZnO
	CuO
	MgO
	Na2O
	Mn/Fe
	Co/Zn
	Fe/Ti

	9
	3.61
	1.41
	39.56
	0.07
	0.06
	0.09
	10.32
	18.69
	0.06
	1.32
	0.10
	0.03
	2.16
	0.66
	0.002
	0.83
	30.07

	10
	5.21
	4.09
	57.56
	0.21
	0.07
	0.16
	3.49
	7.40
	0.26
	0.17
	0.21
	0.04
	2.52
	0.28
	0.004
	0.74
	336.01

	11
	3.96
	3.55
	68.92
	0.23
	0.07
	0.15
	1.49
	0.44
	0.14
	0.26
	0.21
	0.01
	2.53
	0.14
	0.003
	0.73
	270.27

	12
	3.18
	3.52
	25.21
	0.05
	0.04
	0.05
	13.37
	28.25
	0.35
	0.28
	0.06
	0.00
	1.41
	0.97
	0.002
	0.81
	91.54

	13
	10.69
	2.87
	63.33
	0.26
	0.09
	0.16
	1.46
	0.76
	0.09
	0.07
	0.17
	0.00
	2.11
	0.18
	0.004
	0.96
	923.17

	14
	11.24
	3.00
	68.93
	0.25
	0.09
	0.14
	1.44
	0.75
	0.09
	0.05
	0.15
	0.00
	2.24
	0.18
	0.004
	0.99
	1454.2

	15
	5.87
	3.11
	67.80
	0.23
	0.10
	0.18
	1.75
	1.03
	0.07
	0.04
	0.14
	0.00
	2.12
	0.18
	0.003
	1.27
	1618.1

	16
	4.30
	2.95
	67.07
	0.25
	0.09
	0.18
	2.34
	2.52
	0.07
	0.05
	0.16
	0.00
	2.12
	0.24
	0.004
	1.15
	1474.0

	17
	5.19
	2.97
	65.74
	0.21
	0.08
	0.15
	2.17
	1.65
	0.09
	1.17
	0.19
	0.03
	2.90
	0.21
	0.003
	0.77
	56.212



Table S3: Elemental compositions of EPMA spots containing nanocrystalline clay minerals in sample RGR4, reported as oxide weight percentages (wt%). Analytical locations are shown in Fig. S3.
	 
	Al2O3
	SiO2
	Fe2O3
	MnO
	NiO
	CoO
	SO3 
	P2O5
	CaO
	K2O
	TiO2
	MgO 
	Na2O 
	Total 

	1 
	15.41 
	53.46 
	1.95 
	0.87 
	0.03
	0.03
	0.02
	0.37
	0.7
	0.69 
	0.09
	0.70 
	10.18
	84.65

	2 
	12.33 
	25.97 
	7.25 
	6.24 
	0.33
	0.15
	0.08
	0.20
	0.2
	2.83 
	0.94
	3.87 
	0.23
	60.77

	3
	13.36 
	29.19 
	7.71 
	1.84 
	0.10
	0.02
	0.11
	0.21
	0.2
	2.76 
	0.79
	2.75 
	0.15
	59.35






Figure S3. Backscattered electron micrograph showing the area of collection of points 1–3 (Table S3), using EPMA point analysis. The analyzed infillings consist of heterogeneous clay-mineral precipitates within the dentin tubules of sample RGR4.
[image: ]

Figure S4. Additional EPMA maps showing the unprocessed counts of Al, Si, Fe and Ti in the microstructure shown in Figure 6, obtained from a cross-section of sample RGR4. These images show the presence of an incipient clay mineral overlayed to the goethite layers and lithiophorite micronodule, demarcated by high Si counts. Al-rich precipitates are also observed, closely associated to Si, as well as a Ti-rich particle located at the nucleus of the lithiophorite micronodule. As described in the results, a Fe-rich layer (goethite) coats the tubule walls, preceding the Mn micronodule formation.
[image: ]

Figure S5. Additional EPMA maps show the unprocessed counts of Al, Ca, Mn, Ti  of goethite, bioapatite and minor unidentified infilling minerals within dentin tubules in sample RGR5, which are surrounded by microborings. Microborings are identified by the ~5 µm-wide circles and borings, respectively in Al and Ca counts, within the apatite matrix. This is the same area shown in Figure 6, presenting a 500 µm-wide tubule that contains a major goethite formation infilling, in the root of tooth RGR5. The presence of extremely low counts of Mn (see Table S2) occurs colocalized to goethite, overlayed to a Ti and Mg-enriched initial goethite layer. Minor Al-rich precipitates are also present, especially in the microborings and speckled in goethite. Calcium counts show altered apatite margins, consistent with bioapatite dissolution during bioerosion and/or early diagenetic alteration. Endolithic microborings are also observed around the burrow, coated by Si, Al or Fe-rich precipitates.
[image: ]










Figure S6. TEM micrographs show clay mineral precipitates. These crystals present parallel layers with 10 Å spacings. 
[image: ]






















Figure S7. Area M1 in sample RGR4 represents the microstructure analyzed in Figures 7, S8 and S9.
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Figure S8. Additional trace element maps collected in sample RGR4. Concentrations are given in ppm.
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Figure S9. LA-ICP-MS maps showing the complete REY distribution across the mineralized dentin tubule and adjacent bioapatite in RGR4. La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y display comparable enrichment within altered bioapatite along the FMO–bioapatite interface and in highly enriched domains associated with microborings. In contrast, Ce shows a distinct spatial distribution, with strong enrichment in FMO and relative depletion in the adjacent bioapatite and microboring-associated domains. This contrast documents selective Ce partitioning relative to the other REY at the mineralized interface. Concentrations are given in ppm.
[image: ]









Figure S10. (a) Fe K-edge XANES spectra from several reference standards measured in Carnaúba Beamline. (b) Fe K-edge XANES spectra of Fe-rich domains in sample RGR4. Spectra collected from three dentin-tubule spots (solid lines) are compared with selected ferrous and ferric reference compounds (dashed lines), respectively, FeO and hematite. (c) Fe K-edge XANES linear combination fitting.
[image: ]













Figure S11. (a) Mn K-edge reference library from Manceau et al. (2024). (b) Method validation comparing average Mn oxidation states (AOS) recovered using derivative Combo-fit and normalized-spectrum linear-combination fitting (LCF) against the independently known AOS of reference compounds. (c) Mn K-edge XANES spectra (solid lines) of Mn oxides and representative fit for Spot 3, with an AOS of 3.64.
[image: ]

Reference
Manceau, A., Liao, J., Li, Y. & Mathon, O. XANES spectra of manganese references. Recherche Data Gouv https://doi.org/10.57745/ZW6KTP (2024).
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