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I. [bookmark: _Toc183848365]Bulk rock geochemistry and mineralogy 

[bookmark: _Hlk137116634]Bulk rock geochemical and mineralogical composition were analyzed at the ElMiE-Lab at the German Centre for Geosciences (GFZ, Potsdam). The samples were crushed and powdered in an agate mill to a grain size of < 62 μm. Sulphur (S) was determined using an Element Analyzer (CS 2000, Eltra). The concentrations of CO2 and H2O were analyzed using an Element Analyzer (Euro). Two samples, C595-105 and C600-97, with S contents >10 wt.%, were excluded from borate fusion (see below). These samples were digested by sodium peroxide fusion (after Bokhari and Meisel 2017). In brief, the samples were fused with Na2O2 in a vitreous carbon crucible at 480°C. The sinter cake was dissolved in ultrapure water. Undissolved residues were separated by centrifugation, dissolved in HCl, and added to the supernatant. Concentrations were determined using standard addition.  Major element oxides (except for Na2O) were determined by inductively coupled plasma optical emission spectrometry (ICP-OES, 5110 Agilent Technologies). 
For all other samples, major element oxides (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5) and minor elements (Ba, Cr, Ga, Nb, Ni, Rb, Sr, V, Y, Zn, Zr) were analyzed on fused disks after borate fusion using wavelength-dispersive X-ray fluorescence spectrometry (XRF, Axios Advanced, Malvern-PANalytical). The measured concentrations of S, CO2, and H2O were used to compensate for the loss of ignition (LOI), i.e., the weight difference before and after fusion of the sample.  
For the analysis of Fluoride concentrations, F was extracted by pyrohydrolysis and brought into an aqueous solution. The F concentration was then determined in aqueous solution by potentiometric titration using an F-selective electrode (DX 219 with InLab® Reference Plus, Mettler-Toledo).  
Additional trace element concentrations (As, Ba, Be, Bi, Cd, Co, Cr, Cs, Cu, Ga, Hf, Li, Mo, Ni, Pb, Rb, REE, Sb, Sc, Sn, Sr, Th, Tl, U, V, Zn, Zr) were determined by high-resolution inductively coupled plasma mass spectrometry (HR-ICP-MS, Element 2XR, Thermo Fisher). Samples were digested using the common 4-Acid digestion (HF, HCl-HNO3, HClO4), e.g., Pretorius et al. (2006) and Romer and Hahne (2010).  Reproducibility was ensured by digestion of certified reference material (crm) JR-1, JA-1 (rhyolite and andesite powder, respectively; Geological Survey of Japan, Tsukuba, Japan), DR-N (diorite powder; Centre de Recherches Petrographiques et Geochimiques, France) and SCO-1 (cody shale powder; U.S. Geological Survey, USA). Dissolved samples were spiked with 1 µg/kg-1 Indium as an internal standard to correct for instrumental drift. The acid blank was subtracted from each measurement. The procedural blank was negligible compared to sample concentration. For data processing purposes, we used elements acquired by ICP-MS for elements that were analyzed by both techniques (XRF and ICP-MS). The whole procedural precision, including repeatability, analytical precision, and reproducibility for the geochemical determinations, is within 10%. 
For quantification of the bulk rock mineral composition, the samples were homogenized to a grain size of < 10 mm with a micromill, and the powder was loaded from the back side of the sample holder in random orientation. XRD analyses were performed using an X-ray diffractometer (XRD, Empyrean, Malvern-PANalytical), operating with Bragg-Brentano geometry at 40mA and 40kV with CuKalpha radiation and a PIXel3D detector at a sept size of 0.013°2theta from 4.6 to 85 °2theta and 60s per step. 
The EVA software (version 11.0.0.3) by Bruker was used to determine the mineralogy of the rock samples. Rietveld refinement for quantitative mineralogy was further performed using the program BGMN and the graphical user interface Profex 5.0.2 (Doebelin and Kleeberg 2015) calibrated accordingly to the used diffractometer. The uncertainty of the quantitative mineralogy was better than 3 wt.% for individual phases. 

II. [bookmark: _Toc183848366]Footwall sequence – Corvo orebody and Tin corridor

The samples studied in this work include volcanic and volcaniclastic rocks (or metasediments with volcanic contribution) as well as black shales from the footwall sequence of the Corvo orebody, which hosts the central stockwork for the massive sulfides and from the massive cassiterite-related stockwork (Tin’s corridor). Figure S1 displays the results from the bulk mineralogical composition; for the quantification, we only considered phases whose amounts are greater than 5 wt.%. The felsic volcanic rocks are highly altered rhyolites mainly composed of primary quartz phenocrysts (40-70%) and altered to an assemblage of chlorite (mostly 20-40%), sericite (fine-grained muscovite <10%), and albitic plagioclase (around 7%) (Fig. S1). Accessory amounts of prehnite (1-3%), calcite (1-4%), and fluor-apatite (1-2%) could be identified in the XRD spectra; however, they were not included in Fig. S1 due to the uncertainty in their quantification. Some samples contain up to 5% pyrite, which occurs either disseminated or in veinlets with carbonates or chlorite. The mineralized felsic volcanic rock from the V2 unit (C595-105) associated with the central copper stockwork is composed of 30% of quartz, 22% of chlorite, 27% of pyrite, 6% of chalcopyrite, and 8% of sphalerite. Minor siderite, albite, and fluor-apatite could also be detected by XRD (<4%). The volcaniclastic rocks have similar proportions of quartz and chlorite (40-42%) and <20% of other phases, with sericite, illite, and carbonates as the most abundant accessory phases.
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Figure S1 Mineralogical composition of samples from the Corvo orebody deposit. The bar plot of individual samples is split by lithology.

The sample from the massive sulfide footwall (C610-57) is likely a black shale or metasediment with volcanic contribution and is mainly composed of quartz (30%), sericite (27%), and kaolinite (29%). Accessory phases include chlorite, illite, and siderite. In contrast, the black shale sampled in the tin stockwork (C727-169) has 50% of quartz and 40% of chlorite, with the remaining 10% including sericite, illite, and calcite. The mineralized black shale hosting the massive sulfide mineralization has 46% chlorite and 30% sulfides (pyrite and chalcopyrite). Illite, siderite, ankerite, and fluorapatite constitute accessory phases in this sample. 

III. [bookmark: _Toc183848367]Whole rock chemistry of the footwall sequence

The eleven analyzed samples cover the lithostratigraphic interval hosting the mineralization at the Corvo orebody, including the deeper coherent volcanic facies (V2) and the overlying volcaniclastic facies (V1) that constitute the immediate footwall to the massive sulfides. Our results have been compared in Fig. S2 with published values from Neves Corvo (Relvas 2000; Relvas et al. 2006; Rosa 2007) and unmineralized/unaltered regional volcanic rocks [Albernoa-Roxo area: Rosa et al. (2004) and Codeço et al. (2018) and various other locations within the Portuguese and Spanish sectors of the IPB: Munhá and Kerrich (1980), Munhá (1982, 1983), Leistel et al. (1997), Mitjavila et al. (1997), Almodóvar et al. (1998), Sánchez-España et al. (2000), Thiéblemont et al. (2002) and Boulter et al. (2004). Figure S2 shows that felsic volcanics from Neves have lower TiO2, Al2O3, MgO, CaO, Na2O, K2O, and P2O5, and higher Fe2O3 compared with their unaltered counterparts, suggesting that, without exception, all major elements were mobile under hydrothermal conditions. As shown in section II, the samples contain alteration minerals such as chlorite, sericite, carbonates (ankerite, calcite, siderite), and sulfides (pyrite, chalcopyrite, sphalerite). The absence of Na2O is indicative of feldspar destruction or replacement, whereas CaO is lost due to the destruction of plagioclase and its replacement by sericite or chlorite (Figs. S2a, b). On the other hand, samples from Neves Corvo have high Fe2O3 and low MgO, indicating the presence of Fe-rich chlorite (chamosite) and high Fe-rich sulfide contents (Figs. S2c, d). On the other hand, the relatively low K2O contents (Figs. S2e) imply that sericitization is minor, which confirms the results obtained by XRD (section II). Another indicator of alteration is elevated loss on ignition (LOI) values [> 2%, Le Maitre (2002): see Table D2 (Codeço et al. 2025)], which accounts for CO2, water, and S contents of the rock.  Phosphorus contents in the volcanic rocks are almost negligible (<0.05 %) in comparison with most regional samples (Fig. S2f), except for one sample (CFw4), where we identified fluorapatite (2.5%) with XRD. This is also compatible with the high contents in fluorine (1122 ppm) and CaO (1.39 wt.%) in comparison with the other samples (Table D2 (Codeço et al. 2025), Alumina and TiO2, typically considered immobile elements, have much lower concentrations than their regional counterparts (Figs. S2g, h), thus suggesting that some Ti and Al were lost during metasomatic processes. Expectably, in such hydrothermal alteration conditions, the MnO contents are consistently low in all samples analyzed in this study, especially in the felsic volcanic rocks of the V2 unit (Figs. S2i).
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Figure S2 Hacker-type diagrams for felsic volcanic and volcaniclastic rocks, and black shales from Neves Corvo. Literature data from Neves Corvo (*) and a regional database (**) were added for comparison (see text for the references).

The Rare Earth Element (REE) patterns for both the felsic volcanic and volcaniclastic rocks are shown in Fig. S3 and were normalized to the chondrite values of McDonough and Sun (1995). In general, all samples have a moderate enrichment in the LREE but near flat middle to heavy REE; however, the felsic volcanic rocks have lower REE contents than the volcaniclastic rocks and black shales. The samples with lower LREE contents correspond to the samples where higher apatite contents were identified with XRD (i.e., CFW-4, C595-105, and C610-53). Interestingly, the felsic volcanic mineralized sample (C595-105) registers among the lowest REE enrichment in the data set, whereas the mineralized black shale, even though presenting higher LREE contents, displays the lowest MREE and HREE values. Similarly to the felsic volcanics, the apatite is present in the mineralized shale and absent in the unmineralized counterparts. The unmineralized black shales and volcaniclastic rocks generally have high LREE and relatively high MREE and HREE. As shown in Fig S3, these samples have greater amounts of chlorite, sericite, and clays. Barrett et al. (2008) have suggested that REEs are increased by net mass loss resulting from chloritization and sericitization of the Aljustrel rhyolites (IPB). 
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Figure S3 (a) Rare Earth Element (REE) plots for the felsic volcanic and volcaniclastic rocks and black shales from Neves Corvo. Mineralized samples are indicated on the plot (dashed lines). The data was chondrite normalized to the values of McDonough and Sun (1995). (b) Zr/Ti–Nb/Y discrimination diagram for rock classification plot from Pearce (1996) modified after Winchester and Floyd (1977). Literature data from Neves Corvo and a regional database were added as shadowed areas in (a) or symbols in (b) for comparison (see text above for the list of references used).

In a Zr/Ti versus Nb/Y discrimination plot (Fig. S3b), most felsic volcanic rocks fall within the rhyolite/dacite fields, whereas the volcaniclastic samples plot within the andesite/basalt and alkali-basalt fields. As noted above, these samples likely experienced intense alteration and, therefore, similarly to LREE, the Zr, Ti, Nb, and Y may experience some degree of alteration. 


IV. [bookmark: _Toc183848368]Electron probe microanalyzer (EPMA)

Quantitative analyses of apatite, xenotime, and florencite were performed using a JEOL Hyperprobe JXA-8530F+ EPMA at GFZ Potsdam, equipped with a thermal field emission cathode and five wavelength-dispersive spectrometers. The operating conditions for apatite and florencite were 15 kV, 20 nA using a probe size of 15 μm where applicable in order to minimize beam-induced volatile (F, Cl) diffusion (Stormer et al. 1993; Goldoff et al. 2012). Also, volatiles were measured simultaneously and prior to other elements. Natural Astimex standards were used for calibration such as orthoclase (Si, Al), fluorite (F), tugtupite (Cl), celestine (Sr), barite (Ba, S), hematite (F), sphalerite (Zn), rhodonite (Mn), copper metal (Cu) as well as the Durango apatite (Ca, P) and artificial Smithsonian standards for REY phosphates. Detection limits were ca. 200 to 300 ppm for all elements analyzed except Pr (≈790 ppm) and Nd (≈460 ppm) for apatite, whereas those for florencite were <100 ppm, except for Zn (≈150 ppm), Mn (≈178 ppm) and Mg (≈205 ppm). Analyses of xenotime were carried out using a 20 kV, 40nA, and a 1-2µm probe size. In addition to the previously mentioned calibration material, metal oxides of U, Th, and Pb from Cannon standardization material were also used. Peak overlap corrections for X-rays affecting Er, Ho, Dy, and Tb were performed. Detection limits are ≈180 ppm for the MREEs and HREEs, ≈130 ppm for Th, and < 100 ppm for U and Pb. Background counting times were half to peak measurement time. Backgrounds were set carefully elementwise, partly directly on the material itself, to avoid peak-background overlaps. Table D3 (Codeço et al. 2025), provides the complete microprobe dataset.

V. [bookmark: _Toc183848369]Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) and scanning electron microscopy (SEM)

A total of 63 apatite analyses for apatite major, minor, and trace element concentrations were carried out at the EleMap LA-ICP-MS Lab (GFZ Potsdam) by laser ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) using a Teledyne Analyte Excite, 193 nm ArF excimer laser, equipped with a HelEx II 2-volume ablation cell and coupled to a quadrupole-ICP-MS iCAP-RQ from Thermo Scientific. Helium (0.95 LPM) was used as a carrier gas for aerosol transport from the sample surface to the ICP-MS and was mixed downstream with Ar (ca. 0.9 Lmin-1) as a make-up gas before entering the plasma. A laser repetition rate of 10 Hz and a spot diameter of 25 μm were used. The laser was run in voltage mode, at 1.1 kV and 50% laser output, resulting in a fluence at the sample from 3.5 to 4.0 Jcm-2. The baseline was analyzed for 20s, followed by 60s of ablation and 45s washout. The following isotopes were analyzed: 7Li, 23Na, 24Mg, 27Al, 29Si, 31P, 32S, 35Cl, 39K, 43Ca, 44Ca, 45Sc, 47Ti, 51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 75As, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 95Mo, 111Cd, 118Sn, 121Sb, 137Ba, 139La, 140Ce, 141Pr, 143Nd,  146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 167Er, 169Tm, 172Yb, 175Lu, 178Hf, 182W, 206Pb, 208Pb, 209Bi, 232Th and 238U. The dwell times were 0.20s for Th, U, and REE (except La and Ce, 0.50s) and 0.10s for the remaining elements.
The concentration of the major, minor, and trace elements in apatite was calculated based on external calibration against the primary reference materials NIST SRM 612 for all elements except for 31P, 47Ti, 57Fe, 60Ni, 63Cu, 66Zn, 75As, and 137Ba, which were calculated based on GSE-2G (Wilson 2019) and 32S on NIST SRM 610. The Ca concentrations obtained by EPMA were used as an internal standard.
Primary reference materials were measured twelve times as brackets over 5 to 10 unknown samples. Furthermore, with each reference material block, an internal secondary reference material was measured (GFZ-Ap) in order to assess and control analytical quality. The optimal ablation intervals were selected for each ablated pit by individual inspection of the time-resolved intensities and elemental and/or isotopic ratios and processed using Iolite software v. 4 (Paton et al. 2011) and the data reduction scheme “Trace Elements” (Woodhead et al. 2007). Possible interferences were assessed and corrected for, when necessary, by measuring non-interfering isotopes of the same elements and assuming natural abundances.
Scanning Electron Microscope (SEM) imaging in both BSE and SE mode was obtained after the LA-ICP-MS session to check the location and the features of the laser pits. This procedure is important to verify whether the desired domains were analyzed and if variation in the time-resolved intensities can be linked to mixed domains, fractures, or hit other features/phases that could make the analysis unreliable. The SEM images were collected using a Quanta 3D field emission scanning electron microscope (Thermo Fischer Scientific) operated at 15 kV and a beam current of 4 nA at GFZ Potsdam. Prior to SEM analysis, the samples were cleaned with ethanol and subsequently coated with carbon.
LA-ICP-MS data was then screened for contamination by other mineral phases, in particular, quartz, florencite, sericite, chlorite, sulfides, and cassiterite, by using a combination of SEM imaging and the elements Si, Al, Mg, Na, K, Fe, S, La, Ce, Pr, Nd, Sn, and W. Analyses with high concentrations of these elements were evaluated individually and signals were integrated around the potential inclusion (see Fig. S4). Despite a thorough screening and integration around the contaminated time-resolved signals, it was not always possible to remove contamination from the signal (see Fig. S5), and therefore, the major elements will not be presented in the manuscript, and any potential contamination of other elements will be discussed accordingly. 
The minimum limits of detection (LOD) were obtained from Iolite using the method of Pettke et al. (2005) , and the uncertainty (2SE) was calculated following the formulation of Paton et al. (2011). All results, LOD, and 2SE, are presented in Table D4 (Codeço et al. 2025).
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Figure S4 Time-resolved laser ablation inductively coupled plasma mass spectrometer (LA-ICP-MS) signals derived from the ablation of different grains of apatite, showing the contamination by inclusions in sample (FT01) in comparison with sample FT02B where microporosity is lower. The apatite reference material (RM) is shown for comparison.
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Figure S5 Box and whisker plot of apatite major and trace element contents from the Corvo orebody. Data was plotted after screening for inclusions and contamination (see text for details).
2


VI. [bookmark: _Toc183848370]Raman Spectroscopy

Raman spectra were acquired using a HORIBA Jobin Yvon LabRAM HR800 Vis Raman spectrometer (grating 1800 lines/mm, focal length 800 mm), equipped with a Synapse back-illuminated CCD detector (2048 × 512 pixels) and an Olympus BXFM microscope with a motorized XYZ sample stage. The spectra were recorded in backscattering geometry in the wavenumber range from 980 to 1150 cm-1 (average of 20 or 10 accumulations of 20 s each) using an Olympus MPlan 10× objective (numerical aperture 0.25) for apatite crystals or an Olympus MPlanFL N 100× objective (numerical aperture 0.90) for apatites in the polished section. A COBOLT Blues™ DPSS laser (wavelength 473 nm, power stability <2%) was used for excitation of Raman scattering. The Raman results are provided in Table D5 (Codeço et al. 2025),

VII. [bookmark: _Toc183848371]Fourier transform infrared (FTIR) spectroscopy

Fluorapatite from Mount Mica Quarry, Maine (USA) was investigated by Fourier transform infrared spectroscopy in order to confirm or disprove the presence of carbonate ion (CO32-). For the infrared measurements, we used a Bruker VERTEX 80v FTIR spectrometer at GFZ Potsdam. We applied the KBr method: Two mg of sample was ground for several minutes in an agate mortar and subsequently homogeneously mixed with 450 mg of KBr. The sample was kept in the oven at 170°C overnight to eliminate absorbed water. The powdered homogenized sample was put in a special pressing tool to make pellets with 10 mm in diameter. The material was pressurized with a load of 7 to for ca. 20 min while the sample in the tool was under a vacuum. The same procedure was repeated for 450 mg of pure KBr, which served as a reference. The two samples were transferred to the oven at 170°C for two days. 
	MIR absorbance spectra were recorded internally in the FTIR spectrometer using a globar light source, a KBr beam splitter, and Deuterated Lanthanum -alanine doped TriGlycine sulfate (DLaTGs) detector.  The spectral resolution was 2 cm-1, and spectra averaged over 128 scans. 
The FTIR spectrum of the Mount Mica fluorapatite is shown in Figure S6, and the positions and assignments of the IR active modes are in Table S1 (the complete dataset is provided in Table D6 (Codeço et al. 2025). The most prominent bands found in the spectra are characteristic bands for different vibrational modes of the (PO4)3- functional group, which include: ν1 symmetric stretching at 965 cm-1, ν2 out-of-plane bending at 473 cm-1, ν3 antisymmetric stretching at 1044 and 1094 cm-1 and ν4 in-plane bending at 602 cm-1 (Freund and Knobel 1977; Koutsopoulos 2002; Fleet et al. 2004; Zhang et al. 2020; Marincea et al. 2022). Bands at 2056, 2011, and 1997 cm-1 likely correspond to ν1 + ν3 combination bands of the group (PO4)3- (Baddiel and Berry 1966). Carbon ion [(CO3)2-] doublet can be observed at 1430 and 1455 cm-1 corresponding to ν3 antisymmetric stretching bands (Freund and Knobel 1977; Marincea et al. 2022). These bands correspond to B-type substitution in apatite, i.e., CO3 substituting for PO4. An additional vibrational mode for (CO3)2- is registered at 865 cm-1 (ν2 out-of-plane bending) (e.g., Marincea et al. 2022). The peak observed at 1384 cm-1 probably corresponds to an artifact related to the KBr matrix (Abdu et al. 2018). In contrast, bands centered at 2961, 2925, and 2854 cm-1 likely correspond to impurities and are assigned as C-H stretching modes. The absorption peak at 746 cm-1 corresponds to the F-F-OH-F bending mode (Zhang et al. 2020). Vibrational bands observed at 2365 and 2340 cm-1 correspond to atmospheric carbon dioxide. A weak band identified at 1737 cm cm-1 could be assigned and likely corresponds to an impurity.
The bands in the high-frequency region of the FTIR spectra (3000-4000 cm-1) correspond to hydrogen-bounded (OH) groups, with the band at 3675 cm-1 corresponding to the F-OH symmetric stretching mode (e.g., Freund and Knobel 1977; Marincea et al. 2022), and 3538 cm-1 to the F-OH antisymmetric stretching (e.g., Freund and Knobel 1977; Marincea et al. 2022),  whereas 3571 and 3523 cm-1 to the OH-stretching mode (e.g., Koutsopoulos 2002; Fleet et al. 2004; Hassan et al. 2022). Adsorbed water band is relatively broad with peak maximum at ca. 3461 cm-1.
The investigation of Mount Mica fluorapatite by FTIR allowed us to confirm the presence of CO3 for comparison with the Raman results obtained for Mount Mica fluorapatite and samples FT01 and FT02B.  

Table S1 Positions and assignments of the Mount Mica fluorapatite FTIR bands. References: Baddiel and Berry (1966), Freund and Knobel (1977), Ren et al. (2014), Abdu et al. (2018), Hammerli et al. (2021) and Marincea et al. (2022).
	Wavenumber (cm-1)
	Vibrational mode
	Structural Group

	3675
	F-OH symmetric stretching
	F-, (OH)-

	3571
	OH stretching mode
	(OH)-

	3538
	F-OH antisymmetric stretching 
	F-, (OH)-

	3522
	OH stretching mode
	(OH)-

	3461
	Adsorbed H2O
	H2O

	2961
	C-H stretching – possibly impurity
	?

	2925
	C-H stretching – possibly impurity
	?

	2854
	C-H stretching – possibly impurity
	?

	2365
	CO2 atmosphere
	-

	2340
	CO2 atmosphere
	-

	2056
	ν1 + ν3’ combination band
	(PO4)3−

	2011
	ν1 + ν3” combination band
	(PO4)3−

	1997
	?
	(PO4)3−

	1737
	impurity?
	-

	1455
	ν3 antisymmetric stretching, B type substitution
	(CO3)2−

	1430
	ν3 antisymmetric stretching, B type substitution
	(CO3)2−

	1384
	Artifact KBr matrix?
	-

	1094
	ν3 antisymmetric stretching
	(PO4)3−

	1044
	ν3’ antisymmetric stretching
	(PO4)3−

	965
	ν1 symmetric stretching
	(PO4)3−

	865
	ν2 out-of-plane bending (O-C-O)
	(CO3)2−

	746
	bending mode (F-F-OH-F)
	F-, (OH)-

	602
	ν4 in-plane bending (O-P-O)
	(PO4)3−

	576
	ν4’ in-plane bending (O-P-O)
	(PO4)3−

	473
	ν2 out-of-plane bending (O-P-O)
	(PO4)3−
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Figure S6 FTIR spectrum of a representative sample of fluorapatite from Mount Mica Quarry. 


VIII. [bookmark: _Toc183848372]Supplementary Figures
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Figure S7 (a) and (b) Backscatter Electron (BSE) images of apatite intergrown with cassiterite in sample FT01. (c) and (d) BSE images of zoned Mn-Mg-bearing siderite from the “in-situ type” cassiterite ore veins. Examples of EDX/EDS (Energy-Dispersive X-ray Spectroscopy) spectra are given in D1, showing the variation in Mn and Mg content. Abbreviations: Cst, cassiterite; Ccp, chalcopyrite; Mg-sid, Mg-bearing siderite; Mg-Mn-sid, Mg-Mn-bearing siderite, and Sid, siderite.
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Figure S8 Backscatter Electron (BSE) images showing (a) In-bearing chalcopyrite and xenotime inclusions in apatite and (b) numerous sulfide inclusions in zoned apatite. Corresponding EDX/EDS (Energy-Dispersive X-ray Spectroscopy) spectra are given in 1, 2, and 3. The major element variation of the zoned apatite is also shown. 
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Figure S9 Backscatter Electron (BSE) images of florencite zoning and its solid inclusions with the corresponding EDX/EDS (Energy-Dispersive X-ray Spectroscopy) semi-quantitative elemental composition. 
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Figure S10 (a) Ternary REE–Ca–Sr plot showing EPMA data for florencite to represent APS (aluminum phosphate-sulfate minerals) endmembers florencite–crandallite–goyazite based on A-site occupancy. (b)–(c) Binary diagrams of florencite showing variations of Ca+Sr vs. REE in the A-site and Al vs. Fe suggesting the potential substitution of Al by Fe. (d) Th+U+Si+Pb vs. REE+Y+P binary plot for xenotime showing minimal substitution of Y by Th and U.
[bookmark: _Toc183848373]References
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