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The Supplementary information of the article provides further details of field and samples description, methodology and analytical data including electron probe microanalyses (EPMA) of cryptomelane and Ar-Ar degassing spectra and isochron diagrams.
Western Ghats of Peninsular India host numerous Mn ore deposits formed at depth in thick profiles developed from lateritic weathering of phyllites, argilites and cherts, which form structural morpho-geological strips of a greenstones complex (See Figs 2a-b from the main article). At regional scale, the Western Ghats landscape is composed of three main geomorphological surfaces bearing specific lateritic profiles including bauxite (S1), Al-Fe laterites (S2) and manganese ore deposits mostly hosted by a pediment surface (S3) (see Figs. 2c and 3 from the main article).

Five Mn ore deposits (see location on the Figure 2 of the main article) were sampled for collecting cyptomelane (K-Mn oxide) suitable for Ar-Ar dating. Number, location, description and mineralogical composition of samples collected in these five sites are given in the table DR1.
Field and samples description

Most of manganese rich weathering profiles are also composed of ferruginous and even aluminous lateritic duricrusts in upper parts (Figs. DR2 and DR3). The Diggi and Terali Mn ore deposits show massive colloform manganese concentrations formed by infiltration in lateritic iron duricrust (Figs. DR2a-d). The Nagari Mn ore deposit displays also a massive ore (NAG-1, Fig. DR2e-f). The samples collected in the Illva and Pradhani Mn ore deposits show various petrographical structures (Tab. DR1 and Fig. DR3). Macroscopic observations of the Illva Mn deposit samples (Fig. DR3a) show botryoidally colloform-mineralized structures (sample ILV-2). They are rich in cryptomelane and other Mn oxides, as well as secondary goethite, and also display many quartz grains attesting to the quartzitic nature of the parent rock (Fig. DR3b). The upper bench of Illva Mn deposit shows many allochthonous clasts (up to 10 cm in size) of rocks, quartz and iron or Mn rich duricrusts, which have also been collected for cyptomelane sampling (ILV-3, Fig. DR3c-d). In the Pradhani Mn ore deposit (Fig. DR3e), samples were collected either from a massive ore (PRA-1; Fig. DR3f), which formed into a soft phyllitic weathering matrix, or from an ore preserving the parent rock meta-sedimentary structure (PRA-2).
Material and methods
Characterization of cryptomelane 

Polished thin sections of collected samples were observed with a Leica DM-RXP equipped with a camera, the images being processed by the LAS V4 software. These observations allow identifying areas potentially rich in cryptomelane to be analysed by Micro X-ray fluorescence, μ-XRF using a Horiba XGT-7000 X-ray analytical microscope producing a high-intensity beam with a 100 μm spot size, Rh X-ray tube, accelerating voltage of 30 kV and current of 1 mA. The μ-XRF analysis produces elemental maps of Fe, K and Mn, wich are stacked on a single image using ImageJ software by assigning a distinct colour code to each element (respectively in red, green and blue). 

X-ray diffraction analysis was performed with a Panalytical X'Pert Pro MPD with a Co Kα X-ray source (λ = 1.79 Å) operating at 40 kV and 40 mA. The diffraction spectra obtained for each subsample were then analysed and interpreted based on a database (Highscore – Panalytical, Degen et al., 2014) for cryptomelane and other minerals.
Electron Probe Micro-Analysis (EPMA) of minerals in polished thin sections was performed using the Castaing microprobe on all samples where cryptomelane was identified by XRD (40 samples). The used microprobe CAMECA SX100 is equipped with five wavelength dispersion spectrometers (WDS). This analysis provided the micro chemical (stoichiometric) composition of cryptomelane (obtained in oxide weight percentage) with sensitivity between 500 and 100 ppm depending on the analysed element. 

The Table DR4 shows the electron probe microanalyses of the K-Mn oxides, cryptomélane (elements content in wt.%) using the CAMECA SX-100 electron microprobe equipped with five wavelength-dispersive X-ray spectrometers (WDS) from the laboratory of Geosciences – Montpellier 2.

Irradiation of cryptomelane grains and Ar-Ar dating

After ultrasonically cleaning in ethanol and conditioning in aluminium foil packets, cryptomelane grains have been irradiated. The irradiation took place during 50 h in the TRIGA Mark-II reactor of Pavia University (Italy). The J factors ranged from 0.0031518 ± 0.00000725 to 0.0032771 ± 0.00000590 for irradiations in 2016 and from 0.0037754 ± 0.00000906 to 0.0038329 ± 0.00000069 for irradiations in 2017. 

Irradiated cryptomelane grains were analysed and dated two months after irradiations. During isotopic analyses and dating process, the gas emitted has been then purified, ionised through an electron beam, accelerated and injected into the spectrometer. This operation was performed with a Thermofisher Argus VI multi-collection mass spectrometer (with 4 faradays for masses 40Ar-37Ar and ion counting on 36Ar). Mass discrimination and blank levels have been followed daily. The analytical procedure was controlled under Labview and the ages were calculated using ArArCALC software (Koppers, 2002). 
The Argon isotopes (40, 39, 38, 37 and 36) were measured with errors quoted at the 1σ level. The degassing spectra allowed measuring as many apparent or individual ages as heating steps, which were plotted against cumulative 39Ar release.  
The Table DR5 shows isotopic analytical data collected from the Argus IV spectrometers, (Geosciences – Montpellier 2) for each sample dated in Figures 5, 6 and 7 of the paper. These data have been used to construct 40Ar/39Ar age spectra, inverse isochrones and age probability curves of the Figure 11 of the main manuscript. 
Complementary Ar-Ar degassing spectra and isochrons

The figures DR6 and DR7 show Ar-Ar degassing and isochron diagrams that complement those presented in the figure 6, 7 and 8 from the main article.

The figure DR6 shows degassing spectra and isochrons for cryptomelane grains picked in samples from the Illva Mn ore deposit, which complement the figure 5 of the main article.
The grain ILV-3A-T1 (Fig. DR6) picked has a degassing spectrum allowing estimation only of a forced plateau age of c. 13 Ma, rather than a reliable age from a poorly fitted isochron. The grain ILV-3A-T3 picked in allochthonous Mn ore sample has a degassing spectrum allowing calculation of a plateau age of c. 14 Ma integrating more than 70 % 39Ar released. The grain ILV-1B-T5 (mostly from infiltration ore) has homogeneous degassing spectrum providing a plateau age of c. 12 Ma, integrating more than 70 % 39Ar released (Fig. DR6).
Two grains picked in a same thick plate (ILV-6B-T1 and -T3) have perturbed degassing spectra with a hump or a “saddle shape”, providing only pseudo-plateau age of c.11 and c.12 Ma, integrating 55 to 66 % of 39Ar released, respectively (Fig. DR6). Such spectra may result from a mixture of several supergene phases. The ages of the two grains ILV-6A-T1 and ILV-6B-T2 have been estimated either from forced plateaus or best-fitted isochrons providing ages of c. 11 Ma and 14 Ma, respectively (Fig. DR6).
The figure DR7 shows degassing spectra and/or isochrons for cryptomelane grains picked in samples from Mn ore deposits of Terali (Fig. DR8a), Nagari (Fig. DR8b) and Pradhani (Fig. DR8c) complementing the figure 7 of the main article.

Three grains (TER-1A-T2, PRA-1BT2 and -2B-T2) have degassing spectra allowing estimation of forced plateau ages with less than 50 % of 39Ar released (Fig. DR7), but these ages are better than ages from poorly fitted isochrons. The degassing system of the grain TER-1A-T2 is characterized by a marked hump shape owing to mixed generations of cryptomelane that only allows estimating a forced plateau age of c.32 Ma, which may be the minimum age of the oldest phase of the mixture (Fig. DR7a). 

The degasing spectrum of grain NAG-1B-T2 yields two plateau ages c. 32 and c. 41 Ma, both integrating 50 % of 39Ar release but the best-fitted isochron allows calculating a preferred age of c. 32 Ma (Fig. DR7b). Grain NAG-3A-T3 has a very perturbed 39Ar release spectrum with a pronounced hump-shape typical of mixed generations of cryptomelane that does not allow calculation of a plateau age. However, the correlation diagram displays two possible isochrons, which the intercepts are very close to the mean air value of 40Ar/36Ar (298.56), and MSWD values comprised between 1.1 and 2.07. The ages derived from isochron of this mixed-phases sample possibly vary from c. 32 Ma, which could be the maximum age of the youngest generation, to c. 50 Ma, which would be the minimum age of the oldest generation (Fig. DR7b).

The grains PRA-1B-T2 and PRA-2B-T2 have ‘stair case’ degassing spectra allowing to estimate only forced plateau plateau ages c. 30 Ma and c. 22 Ma, respectively, with less than 50% 39ar released (Fig. DR7c).
References
Degen, T., Sadki, M., Bron, E., König, U. & Nénert, G. 2014. The High Score suite. Powder Diffraction, 29, S13–S18.

Koppers, A.A.P. 2002. ArArCALC - Software for 40Ar/39Ar age calculations. Computers & Geosciences, 28, 605–619.

FIGURES AND TABLES CAPTIONS
Table DR1. Field characteristics of the five Mn ore deposits and description of eleven samples collected in these deposits with cryptomelane grains picked in these samples. Mineral identification was performed by X-ray diffraction (XRD) on the thirty-height selected grains.
Figure DR2. Field characteristics and petrographic structures of samples collected in Mn ore deposits from the western and central morphogeological strips. (a) Terali Mn ore deposit with (b) sample TER-1 showing a massive Mn ore in iron duricrust; (c) Nagari Mn ore deposit with collected samples whose (d) NAG-1 shows a massive Mn ore.
Figure DR3. Field characteristics and petrographic structures of samples collected in Mn ore deposits from the eastern morphogeological strip. (a) Illva Mn ore deposit with samples collected in the lower benches of the open pit; (b) ILV2; (c) ILV-3 collected from the upper bench of allochthonous origin; (d) this sample is a massive Mn-rich Fe duricrust; (e) Open pit of Pradhani Mn ore deposit with samples collected; (f) massive Mn ore of PRA-1 sample.

Table DR4. Electron probe microanalyses with stoichiometric compositions of most of dated cryptomelane, identified in polished thin sections from Mn ore deposit samples. a) Cryptomelane from Diggi, Terali and Nagari manganese ore deposits; b) Cryptomelane from Illva manganese ore deposit; c) Cryptomelane from Pradhani manganese ore deposit.
Table DR5. Analytical results obtained for each irradiated and dated cryptomelane grains analysed using laser energy (in power %) of the spectrometer Argus VI. The concentrations (in molar volume, V) of 36Ar, 37Ar, 38Ar, 39Ar and 40Ar with their respective 1 error are provided for each step heating. The amount of 40Ar* (%), of 39Ar released (% 39Ar) and the K/Ca ratio (derived from 39Ar/37Ar) are also given, and also the sample parameters and the irradiation constants. Finally, this table show ratios 40Ar*/39Ark used to determine the corresponding apparent ages with their associated 2error. The different J-Factor values are also provided for each irradiated grains.
Figure DR6. 40Ar/39Ar age spectra and isochrones of cryptomelane grains collected in samples of Illva Mn ore deposit.

Figure DR7. 40Ar/39Ar age spectra and isochrones of cryptomelane grains collected in samples from Mn ore deposits of (a) Terali, (b) Nagari, and (c) Pradhani.
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