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Methods
Sampling
	Drill cores retrieved from the Lagoa do Riacho deposit, specifically Ocr-1, 4, and 8, provided the graphite-manganese bearing rocks examined in this study. These rock formations encompass various classifications, including silicate-manganese ores (SMO), manganese-oxide ores (OMO), garnetites, quartzites, and pelitic gneisses. The sampling process favored fresh, unaltered rock without indications of supergene enrichment or late hydrothermal effects (such as veining).

Petrography
	Petrographic analyses were conducted utilizing both transmitted and reflected light microscopy techniques on thin and polished sections of representative samples. These studies were carried out at the Microscopic Lab of the Institute of Geosciences, University of Campinas, and at the SEM Lab of the Federal University of Ceará, employing a Leica model DM 50P polarizing microscope. Complementing these investigations, scanning electron microscopy (SEM) was employed, utilizing a JEOL JXA-8230 superprobe, operated with a 15kV acceleration voltage and 20 nA beam current at the Federal University of Ouro Preto (UFOP).	

Raman thermometry 
Raman spectroscopy was employed to assess the crystallization temperature of the carbonaceous matter (graphite) in association with manganese-bearing rocks, using fifty graphite crystals sourced from the rock matrix and graphite-bearing pelitic gneisses. The Raman spectra of these carbonaceous materials were acquired utilizing a Renishaw Raman microscope (inVia Reflex) coupled with a Leica DM2500M microscope at the Astrolab of the Chemistry Institute, University of São Paulo (USP). To generate Raman shift spectra (2000-1100 cm-1), the selected crystals within polished thin sections were directly exposed to an Ar laser (532 nm) for 5 seconds at a power of 10 mW. Ten spectra were recorded from different crystals for each polished thin section. Subsequently, the data, encompassing peak position, G, D1 and D2 band area, and full width at half maximum (FWHM), were processed using an open-source computer program called Fityk. In the Raman spectrum of graphite, two distinct regions exist: the first-order region spans from 1100 to 1800 cm-1, often utilized in thermobarometric studies of carbonaceous materials1 (Beyssac et al., 2002). Within this region, well-ordered graphite typically exhibits a prominent graphite band around 1580 cm-1 (G-band). Conversely, disordered graphite manifests neighboring bands at 1350 cm-1 (D1), 1620 cm-1 (D2), and 1500 cm-1 (D3). Utilizing parameters outlined by 1Beyssac et al. (2002) in Equation I, the metamorphic temperature can be calculated.

(I) T(ºC)=−455ºC x D1/(G+D1+D2) band area ratio + 641.

This equation is applicable within the temperature range of 330 to 650°C, encompassing the metamorphic field from greenschist to amphibolite facies, and providing an absolute accuracy of ± 50°C. The thermometer itself is associated with an estimated error of ± 50°C. While graphitization typically represents an irreversible process, thereby consistently recording a peak temperature, mechanical deformation can potentially diminish the recorded temperature 2,3(Barzoi, 2015; Kirilova et al., 2018). Hence, to mitigate the impact of deformation, we incorporate a correction factor derived from 2Barzoi (2015) in conjunction with the conventional thermometer proposed by 1Beyssac et al. (2002). The resultant corrected temperature is determined using Equation II:

 (II) Tcorrected=T[i] / ζstrain

where ζstrain represent positive values, with a maximum of 1 for high strained graphite samples, and T[i] is the temperature extracted from the equation I above.

Carbon isotope analyses
	Carbon isotope ratios were measured using a DELTA V Plus mass spectrometer equipped with an autosampler at the Stable Isotope Laboratory of the Institute of Geosciences (LAIS) at UnB, Brasília. The samples were loaded onto tin capsules and introduced into the furnace with a flow of O2 and He. The released CO2 was then analyzed using the Flash EA device. Results were reported relative to the V-PDB (Vienna-Pee Dee Belemnites) standard in the conventional per mil (‰) notation, with an associated error of 0.05‰ for δ13C values. 

Manganese and carbon whole-rock geochemistry
	To determine the manganese content (wt%) through whole rock analysis, approximately 400 grams of fresh lithotypes were initially crushed and ground to a particle size finer than 200 mesh. This process was carried out using both a jaw crusher and an agate mill at the Institute of Geosciences (UNICAMP). The subsequent step involved digesting powdered sample portions (0.2 grams each) with a combination of acids (HF+HClO4+HCl+NO3), followed by fusion with lithium borate or lithium metaborate/tertraborate. The resulting fusion was then dissolved with HNO3 (5%). Geochemical analyses were carried out at ALS Global Laboratories Ltd. (offices in Minas Gerais, Brazil and Lima, Peru). Concentration measurements were performed using inductively coupled plasma atomic emission spectrometry (ICP-AES) or inductively coupled plasma mass spectrometry (ICP-MS) after the necessary chemical treatments. More detailed geochemical methods are available online (www.alsglobal.com).
To ensure the accuracy and reliability of the analyses, certified reference materials from various rock matrices (GBM908-10 low Cu oxide, GRE-3 carbonatite, SY-4 diorite gneiss, OREAS-45c soil developed over a Ni-Cu-PGE mineralized contact, OREAS 146 mineralized REE + Y hornblende-biotite schist, OREAS 602 Au-Ag-Cu bearing ore mixed with argillic rhyodacite, NCSDC71301 rock) were used. The reported results for these reference materials fell within their recommended ranges (median ± STD), with analytical recoveries ranging from 90% to 109% of the mean. Additionally, duplicate analyses of selected samples showed values within a 5% relative standard deviation (RSD).
Carbon determination was performed at the SGS-GEOSOL laboratory using combustion and CO2 infrared detector techniques in a LECO model CS-775 instrument. According to the international standard GGC-04, the external precision and detection limit were both less than 0.05%.
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Table S1: Summary of Raman spectrum parameters of graphite and estimated temperatures.
Lithotype	Sample	Gcenter	GFWHM	Garea	D1 area	D2 area	R2(D1/(G+D1+D2)area ratio)	Estimated temperature (TºC)	Average (TºC)
10024-1	1581.74	13.2321	287220	239098	52912.4	0.41	647.40
10024-2	1582.84	13.2321	262091	212883	28541	0.42	640.90
10024-3	1582.84	14.0099	186303	178944	30395.5	0.45	621.73
10024-4	1581.74	13.2321	250616	185996	22477.4	0.41	652.37
10024-5	1581.74	13.2321	242851	202988	42921.4	0.42	645.76



OMO


10024-6	1581.74	13.2321	265775	173513	53473.9	0.35	686.83
10024-7	1581.74	11.6751	338393	222805	73997.4	0.35	687.72
10024-8	1580.64	13.2348	371061	224978	62961.7	0.34	693.81
10024-9	1581.74	13.2321	278077	165847	53555.1	0.33	699.02
10024-10	1581.74	13.2321	384259	315110	67902.3	0.41	648.77


662.43










Garnet quartzite


10029A-1	1581.74	12.4557	339893	163352	49433.2	0.30	633.15
10029A-2	1581.74	13.2321	328243	266923	51187.8	0.41	647.29
10029A-3	1580.64	13.2321	245050	185250	48843.3	0.39	664.41
10029A-4	1581.74	13.2321	319992	246860	27715.8	0.42	645.84
10029A-5	1582.84	14.0099	143411	180521	23601.5	0.52	578.08
10029A-6	1581.74	12.4515	348704	307577	83831.5	0.42	645.59
10029A-7	1581.74	12.4515	273860	224148	54952.7	0.41	652.23
10029A-8	1581.74	13.2321	305514	260310	54565.3	0.42	642.98
10029A-9	1581.74	13.2321	193222	160148	38339.7	0.41	649.97
10029A-10	1582.84	12.4515	330702	211701	50386.4	0.36	683.58









644.31









Graphite-bearing pelitic gneiss


10029B-1	1581.74	11.6751	313728	204860	58946.2	0.35	685.15
10029B-2	1581.74	12.4515	304103	252370	68825.6	0.40	653.37
10029B-3	1581.74	12.4515	247755	182372	45547.7	0.38	666.51
10029B-4	1581.74	13.2321	210112	170276	42247.7	0.40	653.84
10029B-5	1581.74	13.2321	262092	188047	46920.2	0.38	669.81
10029B-6	1581.74	14.0099	269333	241172	26418.1	0.45	623.75
10029B-7	1581.74	12.4515	202638	147634	46145.8	0.37	673.64
10029B-8	1581.74	13.2321	260522	234868	48535.2	0.43	635.04
10029B-9	1581.74	13.2321	363095	269388	70623.7	0.38	666.67
10029B-10	1581.74	13.2321	270380	234934	37390.1	0.43	634.33









656.21










SMO


10046-1	1581.74	13.2321	277703	144581	38445.3	0.31	622.77
10046-2	1581.74	12.4515	223069	164629	48712.8	0.38	670.51
10046-3	1581.74	12.4515	269957	195457	52872.4	0.38	670.59
10046-4	1580.64	13.2321	207285	157120	44460.5	0.38	665.93
10046-5	1582.84	13.2293	84667.7	134488	17205.7	0.57	545.87
10046-6	1582.84	12.4515	159159	206820	22774.9	0.53	569.91
10046-7	1581.74	14.0099	169005	142992	26806.7	0.42	641.38
10046-8	1581.74	12.4515	299336	209370	54005.6	0.37	673.87
10046-9	1581.74	12.4515	249472	207605	49328.2	0.41	649.24
10046-10	1582.84	12.4515	222493	220507	38471.2	0.46	618.02









632.81










Garnetite


10253-1	1581.74	12.4557	407411	290692	69360.4	0.38	669.51
10253-2	1581.74	12.4515	352675	255768	69115.5	0.38	670.35
10253-3	1581.74	12.4515	363646	312987	68548.7	0.42	642.70
10253-4	1582.84	12.4515	236412	177624	26751.8	0.40	653.78
10253-5	1581.74	11.6751	395239	268185	75338.2	0.36	679.75
10253-6	1581.74	13.2321	357201	244787	58769.6	0.37	674.91
10253-7	1581.74	13.2321	282010	214854	53186.8	0.39	661.82
10253-8	1581.74	12.4515	267525	210037	58469.3	0.39	661.02
10253-9	1581.74	13.2321	298144	261684	57623.3	0.42	640.24
10253-10	1581.74	13.2321	321706	269060	62013.1	0.41	647.80









660

Table S2: Summary of geochemistry data, including carbon and manganese content (wt%), isotopic values and  average raman temperature for the lithologies investigated.
	Lithology
	Sample
	Graphitic carbon (wt%)
	delta – C13
	MnO (wt%)
	Raman (TºC)

	OMO
	Ocr-13A
	2,86
	-18
	20,9
	 

	Garnet quartzite
	Ocr-13B
	 
	-17,5
	1,73
	 

	OMO
	Ocr-17
	1,33
	-17,1
	33,9
	 

	OMO
	Ocr-18
	1,94
	-17,3
	30,2
	 

	SMO
	Ocr-19A
	1,5
	-15,9
	29,1
	 

	SMO
	Ocr-19B
	2,12
	-16,5
	29,1
	 

	OMO
	Ocr-24A
	1,75
	-15
	25
	662,43

	Garnet quartzite
	Ocr-24B
	1,65
	-20,6
	15,3
	662,43

	Garnet quartzite
	Ocr-25
	1,63
	-15,7
	12,1
	 

	Graphite-bearing pelitic gneiss
	Ocr-29
	2,45
	-21,5
	1,54
	656,21

	OMO
	Ocr-40
	1,74
	-17,3
	27
	 

	OMO
	Ocr-44A
	2,58
	-17,3
	25,8
	 

	SMO
	Ocr-46
	2,45
	-16,5
	34,4
	632,81

	OMO
	Ocr-49
	3,09
	-17,3
	26
	 

	OMO
	Ocr-50A
	 
	-17
	28,9
	 

	OMO
	Ocr-51B
	2,99
	-16,9
	30,6
	 

	Garnet quartzite
	Ocr-52
	3,19
	-18,3
	6,79
	 

	SMO
	Ocr-243
	3,87
	-18,4
	35,5
	 

	SMO
	Ocr-246
	1,53
	-17,6
	21,6
	 

	SMO
	Ocr-247
	1,69
	-17,1
	28,5
	 

	Garnet quartzite
	Ocr-253A
	1,09
	-17,5
	6,82
	660,19

	Garnet quartzite
	Ocr-253B
	1,22
	-16,8
	2,24
	 



