Supplementary information

Stable organic carbon formation accelerated by manganese oxide mineral reduction and the implications for the global carbon cycle

S-1: Description and background of the Marine and terrestrial sample used in this investigation 

The Mn-Fe nodules used in this study were collected from the ocean floor during RV/SONNE cruise SO205 in 2010, within the German exploration license area for the eastern Pacific Ocean, in the Clarion and Clipperton Zone (Fig S1) from a water depth of 4000 to 4500 m. The sediments in this area consist of pelagic clay and siliceous ooze and are almost devoid of carbonates since these sites are slightly below the carbonate compensation depth 1,2. The sediments are oxic down to 2–3 mbsf, with a suboxic front that occurs from that depth and to greater depths (Mewes et al., 2014). 

The marine Mn-nodules used in this study consist of Mn-Fe-(oxy)hydroxide concretions that form by the episodic addition of nm to µm thick layers of material around a nucleus to produce concentrically layered structures (Figs S2 and S3) 3,4 in water depths between 3000 and 6000 m in almost every ocean across the globe 2,3. Mineralogically, these structures consist of turbostratic phyllomanganates such as 7 Å and 10 Å phyllomanganates 5. Since 84% of the nodules have a growth rate between 1 to 7 mm.Ma-1, with a modal growth rate of 1 to 2 mm.Ma-1 and nodules sampled in this investigation were ~100 mm diameter of the sample, the material used in this investigation had precipitated ~14-100 Mya ago but was likely to be ~50-100 Ma.

The nodules form by the precipitation of metals in either hydrogenetic or suboxic-diagenetic conditions on, or close to, the sediment floor. Hydrogenetic concretion occurs close to the sediment floor and within oxic sediment pore water where the oxygen levels in the water are >5µmol O2/l. Whereas suboxic-diagenetic concretion occurs where the oxygen levels <5µmol O2/l 3,4. The hydrogenetic structures formed under oxic conditions have low Mn/Fe ratios (<3) with Mn concentrations that range from between 6 to 33 wt.% and Fe concentrations that range from between 5 to 29 wt.%. Additionally, these nodules have low concentrations of Ni (<1.1 wt.%) and Cu (<0.3 wt.%) and up to 0.9 wt.% Co 4. Mineralogically these growth structures consist of vernadite (δMnO2), which are intermixed with an amorphous FeOOH phase during formation 5,6. In contrast, the suboxic-diagenetic structures that concrete in oxygen-depleted waters have a composition that with high Mn/Fe ratios (up to 900) and Mn concentrations that range between 23 to 51 wt.% and Fe and 0.1 to 4 wt.%. Furthermore, these concretions have high Ni and Cu concentrations (up to 6 wt.%) but lower Co levels (<0.5 wt.%)4. 

Fig S1: Location of the eastern German license area (E1) for the exploration of polymetallic nodules in the Clarion and the Clipperton Zone (CCZ) in the Pacific Ocean. All samples investigated during this study are from E1 (see Fig. 2). B) Locality of the CCZ and the Peru Basin (PB) in the Pacific Ocean4. 
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	Box corer. The box has a size of 50 x 50 x 50 cm which is pushed into the sediment and it brings out a cube of sediment as well as nodules on the sediment surface. 
	Nodules on the sediment surface taken with a box corer. 
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Fig S2a: showing the upper area of Nodule from the study area. The red dot marks the surface of the nodule, which was in contact with the water close to the sediment floor. Fig S2b: Side elevation of a nodule showing the botryoidal rim. The lower rim surface was embedded within the sediment and the upper surface was in contact with the water close to the sediment floor. The material for this investigation was sampled at approximately at the intercept of the Red and yellow dots. 

The Terrestrial sequence consists of virtually pure hausmannite with a manganese-content of ~72% and other minerals such as andradite, hematite, and chlorite present as minor impurities although it contains no carbonate minerals.
S-2: Details of the Thermogravimetric Analysis (TGA)

The TGA  analysis of the synthetic δMnO2 (Fig S3a) showed that there was an initial production of m/z 18 ions, which are consistent with water, and a simultaneous loss of 10% of the total mass can be attributed to the vapourisation of traces of moisture that was in the sample before analysis. However, this was concurrent with the production of m/z 44 ions consistent with CO2 with intensities ranging from 0.0 to 4.0 × 10-14. The simultaneous H2O and CO2 production and an exothermic reaction were associated with the oxidation of carbon, and hydrogen, therefore, can be attributed to the combustion of organic material, some of which was in the form of hydrocarbons. This combustion occurred at temperatures ranging from 27 ˚C to 300 ˚C. m/z 44 ions (CO2) was observed at temperatures between 300 ˚C and 350 ˚C however m/z 18 (H2O) was not measured in this temperature range and no further combustion of organics was observed at temperatures greater than this.
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Fig S3 a-c: TG-DSC-QMS analysis of δMnO2 rich geological samples (a) Synthetic δMnO2 (b) Marine Fe/Mn nodule (c).Terrestrial δMnO2 from Terrestrial mine tailings blue shaded area: labile organic material. Red shaded area refractory organic material. 

The analysis of the marine Fe/Mn nodule (Fig S3b) showed that m/z 44 ions consistent with CO2 these ions had intensities ranging from 0.3 to 1.5 × 10-11 and as such were in the order of magnitude 102 greater than the intensities measured in the synthetic δMnO2 sample between 27.0 ˚C and 500.0 ˚C.  The detection of m/z 18 and m/z 44 (CO2 and H2O) concurrent with the detection of an exothermic reaction and the observed decrease in the mass implied that labile organic material, some of which was in the form of hydrocarbons underwent combustion between 27 ˚C and 500 ˚C. In addition to this labile material m/z 44 (CO2) continued to be detected at a temperature greater than 500 ˚C, while this was evident to 750 ˚C, the signal:noise ratio made it uncertain whether traces of m/z 44 were still present or not at temperatures greater than this.

The analysis of the Terrestrial mine tailings (Fig S3c) showed that m/z 44 ions (CO2) ions had intensities ranging from 0.0 to 1.7 × 10-11 with the concurrent detection of m/z 18 (H2O) and the observed exothermic reactions between 27 ˚C and 500 ˚C suggested that this sample possessed a similar level of labile organic material to the Fe/Mn marine nodules, some of which was also in the form of hydrocarbons. In contrast, to the synthetic δMnO2 and the Fe/Mn marine nodules, the HH spectra showed a significant m/z 44 (CO2) peak between 500 ˚C and 750 ˚C, however, while that was no concurrent m/z 18 (H2O) a simultaneous exothermic reaction consistent with combustion was observed.

S-3 Synthetic component fitting to X-ray photoelectron Spectra
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Fig S4 (a-i): C1s high-resolution XPS analysis of the synthetic δMnO2, Marine δMnO2 and samples in their as-received condition following heat treatment to 500 °C and 950 °C. See Tables S1 for the key to the synthetic δMnO2, S2 for Marine δMnO2, and S3 for terrestrial annotations for the components fitted to the XPS spectra.

	Synthetic δMnO2,
	
	
	(a)
	(d)
	(g)

	component key
	Bond
	Assignment
	Position (eV)
	As received
	500 °C
	950°C

	i
	C=C
	(i) aromatic/alkene
	284.8
	37.98
	38.2
	38.2

	ii
	C-C
	(ii) aliphatic
	285.5
	23.88
	20.4
	20.4

	iii
	C-O
	(iii) carboxyl
	286.4
	14.16
	13.2
	13.2

	iv
	C-O-C
	(iv) furan/ether
	287.5
	12.46
	0
	0

	v
	C=O
	(v) Carbonyl
	288.6
	10.96
	28.1
	28.1

	vi
	CO3
	(vi) Carbonate
	289.9
	0
	0
	0

	C1s surface concn(At%)
	 
	 
	 
	8.8
	7.7
	7.7


Table S1: XPS C1s synthetic δMnO2peak component assignments with their areas for the synthetic δMnO2 samples in their as received condition and following heat treatment to 500 °C and 950 °C. At% = atomic percent.

	Marine δMnO2,
	
	
	(b)
	(e)
	(h)

	Component key
	Bond
	Assignment
	Position (eV)
	As received
	500 °C
	950°C

	i
	C=C
	(i) aromatic/alkene
	284.8
	15.4
	44.6
	44.6

	ii
	C-C
	(ii) aliphatic
	285.5
	18.3
	25.2
	25.2

	iii
	C-O
	(iii) carboxyl
	286.4
	27.3
	13.4
	13.4

	iv
	C-O-C
	(iv) furan/ether
	287.5
	18
	8.1
	8.1

	v
	C=O
	(v) Carbonyl
	288.6
	13.5
	4.8
	4.8

	vi
	CO3
	(vi) Carbonate
	289.9
	7.3
	4
	4

	C1s surface concn(At%)
	 
	 
	 
	45.2
	5.1
	5.1


Table S2: XPS C1s marine δMnO2peak component assignments with their areas for the synthetic δMnO2 samples in their as received condition and following heat treatment to 500 °C and 950 °C. At% = atomic percent.

	Terrestrial δMnO2,
	
	
	(c)
	(f)
	(i)

	Component key
	Bond
	Assignment
	Position
	As received
	500 °C
	950°C

	i
	C=C
	(i) aromatic/alkene
	284.8
	36.7
	62.5
	62.5

	ii
	C-C
	(ii) aliphatic
	285.5
	23.4
	16.4
	16.4

	iii
	C-O
	(iii) carboxyl
	286.4
	16.6
	7
	7

	iv
	C-O-C
	(iv) furan/ether
	287.5
	12.1
	0
	0

	v
	C=O
	(v) Carbonyl
	288.6
	11.6
	14.2
	14.2

	vi
	CO3
	(vi) Carbonate
	289.9
	0
	0
	0

	C1s surface concn(At%)
	 
	 
	 
	8.4
	7
	7


Table S3: XPS C1s terrestrial δMnO2 peak component assignments with their areas for the synthetic δMnO2 samples in their as received condition and following heat treatment to 500 °C and 950 °C. At% = atomic percent.

A difference in the chemical composition between the as received samples and the samples heat-treated to 500 °C the in marine and terrestrial δMnO2 samples, where the as received organic carbon contained a higher proportion of C=C bonds (component i), compared to the relative proportions of the carbon oxygen bonds. Additionally, the marine samples also indicated the presence of an additional component at 289.9 eV that could be assigned to carbonates (component iv), which was consistent with the precipitation of dissolved CaCO3 marine water.  Component (i), at 2  9.0 eV, corresponded to the detection of sp2 bonds that are potentially from both alkene or aromatic bonds (C=C chemistry) and this ambiguity can be resolved by the detection of satellite peaks at 291.0 eV that are diagnostic of aromatic compounds can be used resolve this. However, the presence or absence of such satellite peaks could not be established from the spectra and therefore the component (i) in Figs S3 a-i could not be assigned unequivocally to either alkenes or aromatic compounds.   

The XPS analysis of the as received samples (Figs S4 a-c) showed that the same five synthetic components could be fitted to the spectra that could be assigned to the organic chemical states that were described in Tables S-1 to S-3. The as received organic carbon represented the combined chemical composition of labile, refractory and ultra-refractory organic material.  

Figs S4 d-e presented the C1s high-resolution XPS of the δMnO2 samples that had been thermally treated to 500 °C, which removed the labile organic carbon component leaving the refractory and ultra-refractory components. The changes in the spectral profile resulted from the greater levels of decomposition organic carbon that was assigned to C-O and C-O-C chemistry components (iii) to (v), in comparison to the more thermally resistant refractory unsaturated/aromatic (C=C) and saturated (C-C) chemistry components. This corresponded to the detection of m/z 44 that was observed in the TG-DSC-QMS analysis between 27 ˚C and 500 ˚C that was attributed to the combustion of the labile organic material (blue shaded region in Figs S3 a-c). Therefore, the observed XPS spectra in Figs S4 d-f were the result of the remaining organic material that consisted of a combination of both refractory and ultra-refractory organic material. This material consisted of a higher proportion of C=C bonds (component i) relative to the other chemical states associated with organic chemistry (components ii to v). Component (ii), (iii) and (vi) were still present following the thermal treatment, which implied that the thermally refractory organics with C-C and C-O bonds and carbonates chemistry were both resistant to thermal decomposition at temperatures up to 500 ˚C. Whereas, component (iv) corresponding to C-O-C chemistry was significantly degraded in the organic material obtained from the marine and was not detected in the organic material derived from the Terrestrial and synthetic samples. However, the combined composition of the refractory and ultra-refractory organic material in the three MnO-rich samples shared a broadly similar chemical state.  
Figs S4 g-i presented the C1s high-resolution XPS of the δMnO2 samples thermally treated to 950 °C to remove the labile and refractory organic carbon. The C1s spectral profile of each of these samples was similar. Consequently, the synthetic components that were fitted were the same as the samples that were heated to 500 °C. This shows that the ultra-refractory organic carbon had an equivalent composition to the refractory organic material that was resistant to decomposition to 500 °C and that this ultra-refractory material was present but was undetected using TG-DSC-QMS, which heats the sample to a maximum of 1000 ˚C. Fig S-4h showed that component (vi) was lost as a result of thermal treatment, to 950 ˚C, this was consistent with the decomposition of CaCO3 that decomposes at 850 ˚C. A component of the organic material in the sample was ultra-refractory organic material and was resistant to thermal decomposition to temperatures greater than 950 ˚C. 

S-4 Conventional Pyrolysis-Gas Chromatography/Mass Spectrometry 
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Fig S-5 a-c. Total Ion Chromatograms of  (a) synthetic δMnO2 (b) Marine δMnO2 and (c) Terrestrial δMnO2, samples in their untreated (As Received condition, blue line) and following heat treatment to 950 °C followed by XPS analysis (red line).
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Fig S-6: Diagram of test used to confirm that the OC on the samples heat treated to 950 °C was resistant to further volatilisation at 1000 °C
Carbonaceous material was detected on the surface of the samples following heat treatment to 950 °C using XPS demonstrating that a component of the carbonaceous material on the mineral surfaces was resistant to thermal decomposition (i.e. ultra-refractory). This was confirmed using conventional flash pyrolysis-gas at 1000 °C coupled to chromatography/mass spectrometry (py-GC/MS) was carried out on the samples used in this study in their untreated condition and following heat treatment to 950 °C. The limits of detection (LOD) for GC/MS are typically quoted by manufacturers to be in the low femtogram (10-15 g) range7-9, although, py-GC/MS LOD  in real-world samples, can be an order of magnitude higher than the values quoted values. Based on the calculations used in S-6 used to estimate the accumulation of AC on inert surfaces we estimated that the 10 mg sample used for py-GC/MS contained levels of AC that were ca. 106 times greater than the LOD for organic material using py-GC/MS. Fig S-5, the red line shows that any signal that may have been obtained from organic material was indistinguishable from background noise. Therefore, it was anticipated that any organic material that thermally decomposes at < 950 °C (labile or refractory) that had been adsorbed onto the surface of the samples following thermal treatment and before XPS analysis would be present at levels that were within the detection limits of the GC/MS. However, py-GC/MS was unable to detect any organic material in the sample. This suggested that the carbonaceous material that was detected using XPS was resistant to thermal decomposition at temperatures above 950 °C (ultra-refractory).

S-5 The Deposition of Adventitious Carbon on a Quartzite Surface
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Fig S-7: Chart showing the increase in the area of the synthetic components fitted to C1s snap shot XPS spectra on quartz in ultra-high vacuum (10-9 Torr).  (e.g. Inset S-5(c) pink), indicating the deposition of adventitious carbon on the surface. Inset (a) 0 seconds, (b) 30 seconds and (c) 29 minutes and 30 seconds. 

Chart S-5 shows the carbon accumulated on the surface of the quartz under an ultra-high vacuum (10-9 Torr)to slow the process to an observable time. The snapshot scans used to acquire the XPS measurements coupled with the low carbon concentration resulted in a low signal-to-noise ratio, confounding the precise time when the carbon began to accumulate. However, the rate of accumulation appears to begin immediately, then accelerate after 5 minutes and then decelerate after 20 to 25 minutes. This could be interpreted as initial physisorption followed by crosslinking reactions (Fig S-8 e) that accelerate the deposition process followed by a deceleration of the rate of accumulation caused by the build-up of carbon (Fig S-8 h) resulting in a decrease in the area of fresh surfaces and the consequent decrease in the number of cross-linking reactions. While this can occur on any surface, it is our conjecture that on redox-active surfaces, such as birnessite, the deposition observed in Fig S-7 will occur more quickly and be sustained for a greater period due to chemisorption and greater levels of cross-linking resulting in the production of the ultra-refractory material. This is explained by the mechanism detailed in S-6, however, this requires further analysis.
S-6  Detailed Mechanism for the Production of Refractory Organic Carbon on Manganese Mineral Surfaces

Here we continue to develop the nascent mechanism that was initially proposed by Johnson et al. (2015)10 by integrating the initiation of surface-mediated reactions resulting in the assembly of (macromolecular) organic molecules11.

Naturally occurring and ubiquitous carbonaceous films have been detected on every surface since the surface analytical instruments that have been able to conduct analysis at nano-scale depths were first used12-15.  This accumulation is usually in the order of ng/year 16,17. However, the behaviour of all surfaces is different. Additionally, δMnO has been implicated in organic synthesis reactions, such as the polyphenol-Maillard reaction producing humic polymers that are unamenable to microbial decomposition in terrestrial systems 18,19.
Carbonaceous films form as a result of a continuous and dynamic interchange of low carbon number (i.e. the low molecular weight) organic compounds and water with the BET isotherm layers on all material surfaces. Previous investigations have demonstrated that free radicals can form from the traces of ozone that frequently decompose at the BET/air interface, introducing hydroxyl free radicals that serve to oxidise and crosslink these low carbon number organic compounds which result in the random assembly of organic macromolecules. The crosslinked carbonaceous material has a lower entropy and vapour pressure and which prevents its reintroduction to the environment and consequently persists within the BET layer.  Additional low molecular weight material is then adsorbed and the oxidation and cross-linking processes are repeated to form a highly crosslinked organic film.  Normally, this material remains within the BET layer and is in the order of nm thick, but as this process is continuous and given sufficient time, the organic film formation will accumulate levels of organic material that is thick enough such that the upper layers of accumulated material are above the BET isotherm and so are no longer interacts with the BET isotherm16,17.

This results in a material consisting of a mixture of aromatic and linear hydrocarbons, alcohol, ketone and carboxylic acid with the general formula C1 H 0,4 O0,1 to C1H1O0,1 that consists of a mixture of aromatic and linear hydrocarbons (C–H), alcohol (C–OH), ketone (C=O) and carboxylic acid (COOH) and has been described as possessing thermally refractory physical properties, that thermally decompose between 690 ˚C and 750 ˚C17, which is comparable to the organic material that was observed accumulating on the surface of the δMnO2 in this investigation (Fig S-3 b and c shaded orange). This observed accumulation of the (macromolecular) organic assemblies through oxidation and cross-linking of low molecular weight organic material reactions are usually slow due to the trace levels of ozone in the atmosphere and the accumulation on Pt-Ir was calculated to be between 10.47×10-9  and 26.17×10-9 g/ cm2/year derived from the Cumpson et al. (2013)16 results. 

However, the behaviour of the materials that make up solid surfaces will be different and crucially the surfaces of any material that possess several oxidization states may have the potential to accelerate the accumulation of these organic matter accretions. Mn has the maximum number of unpaired electrons present in the d-subshell, which confers the widest range of oxidation states for any mineral. δMnO2 possesses unique surface charge 20,21, cation exchange 22,23, and redox 24 properties, which make it highly reactive concerning sorption phenomena 22,23 and it is particularly predisposed to organic carbon interactions 10,25–29.

In this investigation, the chemistry of the refractory and ultra-refractory organic material predominantly consists of unsaturated carbon chemistry (e.g., C=C) and carboxyl groups and this was also consistent with the carbonaceous carbon that was reported by Johnson et al., (2015)10. In Fig S4 a-i, the synthetic components (i) and (ii) of the C1s XPS analysis that was assigned to unsaturated/aromatic (C=C) and saturated (C-C) chemistry, respectively were resistant to thermal decomposition. Therefore, we propose that cross-linked organic material with these bonding environments is a further constituent of ultra-refractory organic material. Furthermore, the physical properties of the carbonaceous film have been described as possessing a mechanically resistant ‘coke-like’ composition that thermally decomposes between 680 ˚C and 750 ˚C30. Intriguingly, this is a similar temperature to the thermally refractory observed in the marine and terrestrial samples used in this investigation. Since organic material with similar chemistry was detected in fresh and marine water, in mine tailings and in synthesised material, this suggests the carbonaceous material for this process can be derived from both aqueously dissolved organic matter as well as from airborne particulate organic matter. 

Oxygen preferentially interacts with surfaces17, Thus, the low-molecular-weight organics from the environment that are preferentially anchoring to the δMnO surface via ligand exchange may more likely to occur preferentially between organic material’s oxygen-containing functional groups (e.g. hydroxyl, carboxyl and ketone) and the δMnO2 Mn(III)-OH hydroxyl groups. Consequently, the low molecular weight organic material from the environment preferentially interacts with the δMnO BET isotherm surface through carboxyl bridges and is observed as component (v) assigned to C-O in the XPS analysis, which is a constituent of ultra-refractory organic material. This anchoring of organic material to the δMnO2 through carboxyl bridges is then followed by efficient cross-linking by the oxidation of δMnO2 Mn(III)-OH hydroxyl groups to form (macromolecular) organic assemblies. 

The electron exchange step (1) of the δMnO-organic proposed by Johnson et al., (2015) is developed to include the formation of carbon radicals. 

>Mn(III/IV),ArOH ⇌ >Mn(II/III), ArO⸱ + H+


(1)

Where 

ArOH = phenol or other hydroxylated aromatic  

And  

ArO⸱ = phenoxy radical or other aromatics with an oxy radical 

We propose that reaction (1) permits the formation of carbon radicals that induce the crosslinking during interchange between organic material in the environment and BET isotherm of the δMnO.  The formation of radicals that result in cross-linking of low molecular weight organic compounds that were induced by ozone described by Cumpson et al. (2013) is rate limited by the low concentrations of ozone in the atmosphere. However, since reaction (1) is induced through the oxidation of δMnO then the cross-linking of the organic material occurs more frequently. Thus, the accretion of cross-linked organic material is accelerated on δMnO surfaces, in comparison to less redox-active materials.

Fig S8: Diagram of the proposed formation mechanism to produce refractory and ultra-refractory organic material from labile surface organic material on the surfaces of δMnO2 minerals. Blue lines represent the chemoadsorbtion of labile organic material resulting in the formation of ultra-refractory organic material. The orange lines represent where thermals decomposition can remove organic material to the temperatures used in this investigation. OC = organic carbon


Fig S8 illustrates this mechanism. 

(a) OC in the environment either in the form of dissolved organic matter or air-borne particles forms a layer of labile OC on the surface of the sample 

(b) OC is in dynamic flux with the BET isotherm of material surfaces, which in this case is redox active δMnO. 

(c) oxidation of δMnO (III/IV) to δMnO (II/III) is concurrent with the formation of hydroxyl radicals according to reaction (1) but may also form radicals on aromatic rings. 

(d) The formation of Mn-O-Ar bonds that anchor the organic material to the surface, 

(e) This simultaneously induces cross-linking through carboxyl bond formation and the fusion of aromatic rings, which is observed as the ultra-refractory OC and reduces the OC vapour pressure and the entropy of the OC. 

(f) The Mn-O-C bonds along with the reduction in vapour pressure and entropy preferentially return lower molecular weight OC from the BET isotherm back to the environment. Thus the ultra-refractory material is enriched in cross-linked polycyclic aromatic hydrocarbons.

(g)  The movement of OC from the environment to the BET isotherm (b) continues, resulting in further cross-linking and ring fusion.

(h) As the accretion continues the upper layer of the OC is no longer within the BET isotherm and the Mn-O-C bonds are broken. This creates a layer of crosslinked OC between the ultra-refractory and the labile layers of OC. this is observed as the refractory material.

(i) Some of the weaker crosslinking bonds break through mechanical, physical or chemical processes that decouples the crosslinked molecules from the refractory layer.
Methods for Supplementary information

Conventional pyrolysis coupled to  gas chromatography/Mass Spectrometry

Samples were weighed (ca. 10 mg) into clean quartz pyrolysis tubes and then plugged with extracted silica wool. Conventional flash pyrolysis gas chromatography/mass spectrometry (py-GC/MS) was conducted at 500 C and 1000 C using a pulsed-mode open pyrolysis system, using a CDS 1000 pyroprobe unit (CDS Analytical, USA) fitted with a platinum coil and a CDS 1500 valved interface operated at 320 °C. This apparatus was connected to a Hewlett-Packard 6890GC split injector (320°C) linked to a Hewlett-Packard 5973MSD (electron voltage 70eV, filament current 220uA, source temperature 230 °C, quadrupole temperature 150 °C, multiplier 93 

voltage 2200 V., interface temperature 320 °C).THM was carried out at the experiment temperatures described in the results section for 10 s (20 °C.ms-1 temperature ramp). The pyroprobe interface was maintained at 320 °C with the products passing into an HP6890 gas chromatograph (GC) with a 60 m HP-5MS column (0.25 mm internal diameter, 0.25 um film thickness; J and W Scientific, USA). A helium carrier gas at a flow rate of 1 mL.min-1. The GC was held at 50 °C for 1 minute, was used, and then the temperature was ramped from 50°C to310 °C at 5 °C min-1 and held at final temperature for 15 minutes, for a total time of 65 minutes. Product detection was carried out using an HP5972 series mass selective detector in full scan mode (50-650 u). Peak identities have not been presented here, since the purpose of the GC/MS measurements was to detect the presence of organic carbonaceous material in the samples following heat treatment to 950 °C and XPS analysis.
The Deposition of Adventitious Carbon on a Quartzite Surface
A section of a block of quartzite (Geology Superstore, Bolton, UK) was trimmed to a block ca. 10mm × 10mm × 5mm. This was placed into a k-alpha X-ray spectrometer and exposed to 10 minutes of GCIB sputter etching at 4 KeV, to remove the adventitious carbon using the method adapted from Purvis et al. (2017). A survey scan was conducted, followed by a high-resolution scan (1.0 eV steps) in snapshot mode (5 scans) conducted every 30 seconds.  Scofield atomic sensitivity factors were used and the regions between 284.8 eV to 288.0 eV (C1s region) were created (blue area Fig S-6 a-c inset), and synthetic components were fitted using a Marquart l  east squares algorithm were fitted (e.g  Fig S-6 c inset) and the component peak areas were measured, when present, to quantify the accumulation of AC on a mineral surface. These areas were plotted in Fig S-5 then a line of best fit was applied.
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