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Supplementary Note 1: Extended discussion of the NEXAFS data: Determining a precise chemical signature of GPS and OC is hampered by the fact that these compounds are resistant to hydrolysis, and thus difficult to analyse via traditional techniques1, 2, resulting in >70% of OC in sediments being classed as the molecularly uncharacterised component (MUC) 3. Many analytical techniques also generate artifacts of the same chemical signatures that might be expected for complex organics1. In this study we use the non-destructive method of near-edge X-ray absorption fine structure (NEXAFS) spectroscopy to compare the chemical signature of our GPS to both total OC and N in margin sediments from a global sample set (Fig. 1 main text; Supplementary Table 2). We chemically characterise the GPS present in the experimental solutions (separated from their respective catalyst) and also any OC and N associated with the solid residue in the ferrihydrite catalysed experiments. We compare these to sediment OC and N from continental shelf settings (water depth <200 m) across a range of latitudes from 76o N (Arctic) to 54o S (Sub-Antarctic) and a range of ages from modern (Sub-Antarctic, Uruguay, Eastern Mediterranean, Chesapeake Bay, Celtic Sea and Arctic) to Miocene sediments (Monterey Formation deposited between 6-17 Ma) which represent a spectrum of organic sources and ages (Fig. 1 main text; Supplementary Table 2). 
The C 1s NEXAFS spectra of our GPS present in the experimental solutions (Fig. 1a main text) show three broad peaks in regions corresponding to (Supplementary Table 3):
aromatic C (C region 1: comprising C 1s π* transitions associated with C=C at 284.9 – 285.5 eV); 
aromatic, aromatic N-substituted, ketonic, carbonyl and/or phenolic C (C region 2: comprising C 1s π* transitions associated with aromatic and aromatic N-substituted C=C, C=O, C-N, C=N at 286 – 286.5 eV, and with aromatic, ketonic, carbonyl and phenolic C=O, R-(C=O)-R’, C=C-OH at 286.5 – 287.4 eV); 
carboxyl, carbonyl and/or amide C (C region 3: comprising C 1s π* transitions associated with R-COOH, COO, C=O, NH2-C=O, R-(NH2)-R’ at 287.7 – 289.0 eV). 
The N 1s NEXAFS spectra of our GPS (Fig. 1b main text) show two broad peaks in regions corresponding to (Supplementary Table 4):
aromatic N (N region 1: comprising N 1s π* transitions associated with pyridinic, pyrazinic and pyramidinic N=C at 398.6 – 402.2 eV, and with pyrrolic, pyrazolic and imadazolic N-C at 400 – 403.5 eV);
amino N (N region 2: comprising N 1s σ* transitions associated with N-C, N-H at 405.5 – 409.7 eV)  . 
End products of the Maillard reaction are very complex and not yet completely characterised4, but are reported to contain aromatic C compounds in the form of furans (heterocyclic 5-membered aromatic rings, containing 4 C and 1 O) consistent with C region 1, carbonyl compounds (C=O) consistent with C region 2, and a variety of heterocyclic N-substituted aromatic rings, including pyridines (heterocyclic 6-membered aromatic rings, containing 5 C and 1 N), pyrazines (heterocyclic 6-membered aromatic rings, containing 4 C and 2 N) and pyrroles (heterocyclic 5-membered aromatic rings, containing 4 C and 1 N) all consistent with the presence of one broad or multiple more defined peaks in N region 14-7. 
We therefore assign peaks or significant spectral content in C region 1 and 2 to aromatic C and carbonyl compounds, respectively. Similarly we assign peaks or significant spectral content in N region 1 to heterocyclic N compounds. The C peaks in C region 3 (carboxylic, carbonyl and/or amide C) and the N peaks in N region 2 (amino N) likely reflect structural features (i.e., carboxyl C and amino N) retained in the GPS from the glycine reactant. Crucially, the C peaks in regions 1 and 2 and the N peaks in region 1, reflect increased complexity and do not appear in the glucose and glycine reactants. 
The C spectral fingerprint of our GPS in solution (Fig. 2a main text) closely resembles the C spectroscopic signature of dissolved OC, which also exhibits strong peaks in the C spectral regions expected for OC transformation products formed via the Maillard reaction (Fig. 1c main text). We were unable to collect high quality N NEXAFS for the dissolved organic sample. 
The C and N spectral fingerprints for our GPS associated with ferrihydrite (Fig. 1a, b main text) closely resemble the C and N spectroscopic signatures of continental margin sediment, which also exhibit peaks or significant spectral content in the spectral regions expected for OC transformation products formed via the Maillard reaction (Fig. 1c, d main text). The C spectral fingerprint for GPS associated with ferrihydrite shows a marked amplitude dampening of the carbonyl peak (C region 2) and a shift of the carboxyl peak (C region 3) to lower energy, compared to our GPS in solution (Fig. 1a main text). Deconvolution of the carbonyl and carboxyl peak is complicated by the dominance of the latter, and it is therefore inconclusive as to whether the carbonyl peak has also been broadened and/or shifted into the carboxyl peak. Either way, a dampening, broadening and/or shifting of the carbonyl and carboxyl peaks indicate that the C=O and COOH functional groups are interacting with the mineral surface8. Complex organics (ciprofloxacin and norfloxacin) are reported to sorb to Fe (oxyhydr)oxides through ligand exchange between the oxygens of the carbonyl and carboxyl groups and the oxygens of mineral –FeOH sorption sites9,10. The carboxyl-mineral bonds may also result in a broadening of the carbonyl peak as a result of the electron-withdrawing nature of the carboxyl-iron bonds, as is shown to occur with other similarly complex organic molecules (gatifloxacin and ciprofloxacin) 11,12. Alternatively, electrostatic interactions such as hydrogen bonding or ion-dipole interactions are shown to occur between the ketone group and the hydroxylated surfaces of clay minerals13,14. Interactions such as these would weaken the C=O bond, which is shown to shift the carbonyl peak in Fourier transform infrared (FTIR) spectroscopy14. 
The N spectral fingerprint for our GPS associated with ferrihydrite also shows a marked amplitude dampening of the aromatic peak region (N region 1) and both a dampening and a shift of the amino peak (N region 2) to lower energy, compared to our GPS in solution (Fig. 1b main text). Amino acids are known to interact with metal oxide surfaces via strong electrostatic interactions15-18 and similar changes and shifts in the amino peak are observed in FTIR spectra of amino acids sorbed to mineral oxides19,20. The concentrations of C and N associated with birnessite are too low to collect NEXAFS (Supplementary Table 1).
The spectroscopic similarity we show between our GPS, dissolved OC and both total OC and N in continental margin sediments (Fig. 1 main text), indicates that geopolymerisation via a Maillard-type reaction is one viable formation pathway for refractory dissolved OC molecules21 and complex humic-like substances in marine sediments22-24; the latter of which show a very similar C NEXAFS spectroscopic chemical fingerprint to our GPS and continental margin sediment samples, most notably with the presence of significant spectral content in C region 224. In marine sediments however, geopolymerisation is unlikely to constitute the only formation pathway for refractory dissolved OC and complex sedimentary OC, and several others possible formation pathways are suggested2. Perhaps most obviously, peaks or significant spectral content in the spectral regions expected for Maillard reaction products (C region 2 and N region 1) might also result from the presence of primary biomolecules and their constituent parts. It is worth noting however, that the spectral signatures of dissolved OC and both sediment OC and N are difficult to construct using a combination of only these molecules. Significant spectral content in the carbonyl C region (C region 2) is inconsistent with the primary biomolecules (proteins, polysaccharides and lipids) 24, and content in both C region 2 and N region 1 is also inconsistent with the most prevalent amino acids in marine sediments (aspartic acid, glycine, alanine) 25 (Supplementary Fig. 2c). Some aromatic amino acids (most notably histidine) show peaks in C region 2 (Supplementary Fig. 2c) and N region 1 (Supplementary Fig. 2d), the latter attributable to pyramidinic N26, but these do not comprise a significant fraction of the sediment amino acid profile25. Spectral content in C region 2 and N region 1 may also result from the presence of nucleic acids or nucleic acid fragments, whose nucleobase building blocks contain carbonyl C at ~286.6 eV that can be shifted up to ~289 eV when N is added to the carbonyl group27,28, and both pyramidinic and imadazolic N that also manifest as peaks in the pyridinic, pyrazinic and pyrrolic N region29,30 (Supplementary Fig. 2d). Nucleic acids and nucleobases are extremely labile however, and their persistence as a significant component of sedimentary organics is unlikely31. Instead GPS and other geopolymerised complex organics might form from the constituent parts of nucleic acids during abiotic conversion reactions that occur during their decomposition23. 

Supplementary Note 2: Extended discussion of the application of experimental reaction rates to continental margin sediments: It is important to note that our estimate for Fe and Mn mineral-catalysed geopolymerisation in continental margin sediments carries a number of limitations and uncertainties inherent in the application of our experimentally determined GPS production rates to natural sediments. Here we provide a thorough discussion of the primary limitations and uncertainties associated with our scale-up and suggest how further work might address these.
To initiate the Maillard reaction in our experiments we use the monomeric reducing sugar glucose and the free amino acid glycine as reactants. We use glucose and glycine as representative moieties for all monomeric reducing sugars and all free amino acids, respectively, because all reducing sugars and free amino acids can take part in the Maillard reaction4,32, and we use these representatives at millimolar concentration (50 mmol L-1). Glucose and glycine are commonly present in margin porewaters (glucose is normally the major monomeric sugar33 and glycine is one of the most common free amino acids within marine sediments3) but their specific reactivity towards the Maillard reaction may not be representative of other reactant pairings within the monomeric reducing sugar and free amino acid reactant classes, and in margin porewaters glucose and glycine and their respective reactant classes are present at micromolar to sub-micromolar concentration34-36. Because reaction rates can be a function of reactant properties and concentrations, the application of our experimental GPS production rates, determined using glucose and glycine at elevated concentration, to margin sediments containing a mixture of monomeric reducing sugars and free amino acids at reduced concentration, therefore contains an inherent uncertainty. 
Determining Maillard reaction kinetics is difficult because the reaction is extremely complex4. For many reactant pairings, formation of the more stable intermediate and advanced Maillard products are reported to obey zero-order kinetics with respect to the reactants, and colour formation (which is the most studied aspect of the Maillard reaction) is also typically modelled as a zero-order reaction37. The occurrence of a zero-order reaction is due to the fact that the concentration of reactants present is usually quite high compared to the concentration of intermediates and advanced products formed, hence the concentration of reactants is essentially constant relative to the products37. In our experiments the concentration of glucose and glycine (50 mmol L-1) is very high compared to the concentration of GPS formed (a few nmol L-1 GPS, Figure 2 main text) and suggests that our glucose and glycine reactant pairing also obeys zero-order kinetics, in which the reaction rate is independent of the concentration of reactants, providing a critical threshold concentration of reactants is met. 

The critical threshold concentration of glucose and glycine required to sustain our sum experimental GPS production rate is ~2 micromolar of both glucose and glycine (calculated using the average molecular weight of our GPS (27067 g mol-1; Supplementary Table 5) and considering that glucose (180 g mol-1) and glycine (75 g mol-1) are combined in a ~1:1 ratio in a GPS unit (Supplementary Table 1) such that a GPS unit equates to ~255 g mol-1, (although Fe mineral catalysts have also been shown to catalyse glucose-glucose polymerisation38), and every 1 mole of GPS contains ~106 GPS units and thus ~53 moles of both glucose and glycine; therefore our average GPS production rates via Fe and Mn mineral catalysis (15.5 x 10-9 mol L-1 yr-1 for Fe-catalysed and 17.1 x 10-9 mol L-1 yr-1 for Mn-catalysed presented in Supplementary Table 6) require ~8 x 10-7 mol L-1 yr-1 of both glucose and glycine (for Fe-catalysed) and ~9 x 10-7 mol L-1 yr-1 of both glucose and glycine (for Mn-catalysed)). Approximately 2 micromolar probably exceeds the concentration of glucose and almost certainly exceeds the concentration of glycine in typical margin porewaters (field measurements of individual monomeric reducing sugars and free amino acids are extremely scarce but for the available data glycine concentrations are micromolar to sub-micromolar35). It is thus unlikely that our experimental GPS production rates are applicable to margin sediments considering the Maillard reaction of only glucose and glycine. Approximately ~2 micromolar however, is within the range of concentrations reported for the monomeric reducing sugar and free amino acid reactant classes in margin porewaters (field measurements for these reactant classes are particularly scarce in oxic margin sediments within which we postulate our GPS production to occur, but glucose can comprise the majority of dissolved free carbohydrates in oxic margin porewater up to ~6 micromolar34 while free amino acids at oxic sites can be up to ~10 micromolar35). We therefore posit that our experimental GPS production rates are applicable to margin sediments considering the Maillard reaction of monomeric reducing sugars and free amino acids, and to try and account for natural variability in the specific reactivity of different reactant pairings within these reactant classes, we include a range of Maillard reaction activation energies for a range of different reactant pairings (including reducing sugars, amino acids and proteins) 37, which we increase by plus/minus one standard deviation in our Monte Carlo approach to further account for natural variability (see Methods).
To catalyse the Maillard reaction in our experiments we use synthetic ferrihydrite and birnessite. Whilst ferrihydrite and birnessite are present in oxygenated surficial margin sediments15, our synthetic versions may not be representative of the concentrations and reactivities of ferrihydrite and birnessite present in these settings. Because our experimental GPS production rates are a function of catalyst concentration, their application to margin sediments therefore contains an inherent uncertainty. Determining the concentration of ferrihydrite in sediments is difficult because the Fe (oxyhydr)oxide fraction is most usually targeted using the dithionite extraction, which isolates poorly crystalline phases like ferrihydrite as well as more crystalline Fe oxides, which might be less catalytically reactive39.  To our knowledge there are no down core global data sets for Fe extracted using a weaker treatment, such as Fe extracted by hydroxylamine-HCL, which is likely more suitable for constraining the concentration of ferrihydrite. Determining the concentration of birnessite in sediments is similarly difficult. In our experiments to try and approximate the concentration of ferrihydrite within margin sediments (i.e., within the OPD used for our scale-up – maximum 1.10 cm, average 0.66 cm) we consider that, hypothetically, if all dithionite extractable Fe in margin sediments (0.73 wt% Fe40) was ferrihydrite, this would equate to ~6.9 g L-1 ferrihydrite within these settings (calculated using a typical porosity of margin sediments of ~0.8 and thus a sediment-porewater ratio of  ~0.2:0.841,42, equating to 250 cm3 of sediment per 1 L of porewater; a typical density of dry shelf sediment of ~2.7 gdw cm-3 and thus ~675 gdw of sediment per 1 L of porewater; a dithionite-extractable Fe concentration of 0.73 wt% for margin sediments40 and thus a hypothetical (assuming all Fe is ferrihydrite) solid-solution ratio of ferrihydrite in typical margin sediments of ~6.9 g L-1 (based on a generic formula of Fe2O30.5H2O)). Then given that only some fraction of dithionite extractable Fe is ferrihydrite within margin sediments, we use our ferrihydrite catalyst over a concentration range (0.5 – 2.5 g L-1) that approximates the low end of dithionite extractable Fe within these settings. To approximate the concentration of birnessite within margin sediments we consider that, if the majority of ascorbic acid extractable Mn in surface oxic margin sediments (0.2 – 0.5 wt% Mn) 43 is birnessite (where birnessite has the generic formula: Na0.7Ca0.3Mn7O14·2.8H2O), this would equate to ~2.1 – 5.9 g L-1 birnessite within these settings. Then to facilitate comparison with the ferrihydrite experiments we also use our birnessite catalyst over a concentration range (0.5 – 2.5 g L-1) that approximates the low end of Mn concentrations within margin sediments.  
Further variability in ferrihydrite and birnessite concentrations and reactivities exist within oxygenated surficial margin sediments, for example, due to variations in oxygen concentrations within the oxic layer and the transformation of these poorly crystalline phases to more crystalline oxides with time before their burial below the oxic layer. The latter scenario is potentially mitigated to some extent because the sedimentary redox cycling of Fe during early diagenesis is estimated to occur hundreds of times prior to burial below the redoxcline and might therefore maintain mineral reactivity44. In our scale-up to try and account for natural variability in the concentration and reactivity of our ferrihydrite and birnessite catalysts, we increase the range of our experimental GPS production rates, initially determined over our experimental catalyst concentration ranges, by plus/minus one standard deviation in our Monte Carlo approach (Methods main text).
Given our discussion of the primary limitations and uncertainties associated with our scale-up above, we present our scale-up as a first attempt to estimate the potential scale and significance of GPS production in oxygenated surface sediments on the continental margins. Each of the input variables to our scale-up are evidence-based but subject to debate, and their globally applicable ranges will ultimately only be resolved with further experimentation and/or field measurements. We suggest than in the first instance experimental efforts should focus on using reducing sugar and amino acid reactant moieties (including polymeric forms) at different concentrations and with different reactivity towards the Maillard reaction, and using other Fe oxide catalysts at different concentrations and with different crystallinity to constrain their catalytic activity. Field measurements could try to extend the available data for monomeric reducing sugar and free amino acid concentrations in margin porewaters, and more routinely use a weaker extraction treatment to more suitably target ferrihydrite in margin sediments. These data should help refine future estimates of GPS production in margin sediments and might decrease or increase the scale and significance of GPS production in these settings and thus the contribution of Fe and Mn minerals to the global carbon cycle. 

Supplementary Note 3: Effects of changes to the long-term organic carbon burial rate on Earth’s surface environment: In this study we estimate that 4.05  0.55 Tg C Yr-1 of global OC burial may be attributed to GPS formation, and thus may be controlled by mechanisms which are different to those commonly assumed for OC preservation. To explore what this might mean for the evolution of Earth’s surface conditions over geological time, we run the SCION (Spatial Continuous Integration) Earth Evolution Model45. SCION reconstructs long-term climate and biogeochemistry, in order to explore the processes which have regulated Earth’s surface conditions over the Phanerozoic Eon (the last ~540 million years). It is an extension of the COPSE46 and GEOCARB47 models which uses a climate component based on GEOCLIM48. For full description of the model and comparisons to the geological record see Mills et al45. 
Here we make a simple modification to SCION by splitting the OC preservation (= burial) flux into two fluxes. We assume that some fraction of OC preservation is driven by GPS formation, while the remainder follows the original model and is related to marine new production and sediment bioturbation. The total OC burial rate at the present day is therefore unchanged. To explore what effects the changes in GPS preservation over geological time might have, we run the model under a constant 5-fold increase or decrease in GPS preservation. This represents the likely maximum changes to the delivery of Fe to the oceans over Phanerozoic time, based on changes at subduction, ridge and rift boundaries (approx. 0.5 - 5 x present day49; or global erosion rates (approx. 0.2 – 1 x present day50).
The model results are shown in Supplementary Fig. 3. When OC preservation is increased, atmospheric O2 concentration is substantially higher in the model. This is because greater rates of OC burial result in greater net accumulation of oxygen. Carbon dioxide is also generally higher in this scenario because a higher O2 abundance results in a greater rate of continental OC oxidation, and limits the terrestrial biosphere through photorespiration and wildfire activity. Decreases in OC preservation have the opposite effect, but are less powerful because total OC preservation cannot be reduced by more than the entire GPS fraction. These changes can be more powerful between about 400 Ma and 150 Ma, where the largely arid supercontinent Pangaea weakened the silicate weathering feedback and resulted in poorer climate regulation. Before Devonian time the changes to the CO2 greenhouse and temperature are minimised due to the lack of a productive terrestrial biosphere, but O2 remains highly variable.
Our analysis here demonstrates that changing OC preservation independently of other processes can cause major changes in a long-term model of the global carbon cycle, even when other stabilizing feedbacks are considered. Moreover considering previously unrecognised variations in GPS preservation means that the mismatches between the model and the proxy record can potentially be better reconciled. For example, the modified model better matches the higher temperatures and oxygen levels suggested by proxies for the Mesozoic, indicating that high rates of hydrothermal Fe input (due to higher seafloor production51) may have played a role in raising organic carbon burial rates, oxygen concentrations and surface temperatures during this time. This preliminary analysis indicates that the greatest GPS-driven change to the Earth system may be achieved when hydrothermal or continental Fe fluxes are greatly elevated. This is especially intriguing during the Precambrian where hydrothermal fluxes may have been 10 or even 100 times greater than the present day52-54, and thus much greater Fe-promoted preservation of OC may have helped maintain relatively high atmospheric O2 levels despite the less productive55,56 primitive biosphere.


Supplementary Table 1. Bulk elemental analyses. Analyses of C and N for the experimental solutions (dialyte) from the dissolved Fe and Mn catalyst batch experiments, and the experimental solutions (dialyte) and solid residue (after centrifugation) from the Fe and Mn mineral catalyst batch experiments, after 28 days reaction time at 10oC. Uncertainty is shown as one standard error of the mean (1SEM), with all measurements performed in triplicate (n = 3); B.D. = below detection. 

The C/N ratio of our GPS (mean C/N 9.7) shows it is consistent with dissolved porewater organic matter (C/N ~7 – 20) 3 and bulk organic matter (C/N ~10 – 13) 57 in margin sediments and open ocean surface marine sediments (C/N ~8 – 12) 3. The mean GPS C/N suggests that glucose (C= 6; N= 0) and glycine (C= 2; N= 1) are combined into GPS in a ~1:1 ratio. It should be noted that the C/N ratio of the residues reflects both GPS, and also any unreacted glucose and/or glycine that are associated with the mineral particles. 

	
	Catalyst
	Catalyst Concentration
	
	C (%)
	1SEM
	N (%)
	1SEM
	C/N

	
	None
	N/A
	Dialyte
	33.49
	2.88
	2.18
	0.26
	15.4

	Iron
	Mineral (g/L)
	0.5
	Residue
	4.36
	0.03
	0.62
	0.01
	7.0

	
	
	
	Dialyte
	33.12
	0.43
	2.11
	0.31
	15.7

	
	
	1.5
	Residue
	4.01
	0.06
	0.58
	0.01
	6.9

	
	
	
	Dialyte
	31.48
	0.24
	2.33
	0.10
	13.5

	
	
	2.5
	Residue
	0.40
	0.00
	0.02
	0.00
	20.2

	
	
	
	Dialyte
	35.76
	0.08
	2.45
	0.15
	14.6

	
	Dissolved (μM)
	150
	Dialyte
	34.82
	0.25
	5.89
	0.43
	5.9

	
	
	300
	Dialyte
	34.67
	0.14
	6.10
	0.32
	5.7

	
	
	400
	Dialyte
	35.40
	0.03
	5.58
	0.01
	6.3

	Manganese
	Mineral (g/L)
	0.5
	Residue
	B.D.
	-
	B.D.
	-
	-

	
	
	
	Dialyte
	33.48
	0.10
	5.64
	0.03
	5.9

	
	
	1.5
	Residue
	B.D.
	-
	B.D.
	-
	-

	
	
	
	Dialyte
	33.87
	0.07
	5.48
	0.31
	6.2

	
	
	2.5
	Residue
	B.D.
	-
	B.D.
	-
	-

	
	
	
	Dialyte
	36.23
	0.07
	2.96
	0.02
	12.2

	
	Dissolved (μM)
	150
	Dialyte
	33.21
	0.23
	5.23
	0.33
	6.3

	
	
	300
	Dialyte
	31.46
	0.09
	4.88
	0.33
	6.4

	
	
	400
	Dialyte
	32.16
	4.70
	4.83
	0.36
	6.7



Supplementary Table 2. Continental shelf sediments investigated with NEXAFS spectroscopy.
We compare the spectral fingerprint of our GPS to the spectroscopic signature of total OC and N in continental margin sediments from a global sample set, as well as to marine DOC. Our samples are all from continental shelf settings (water depth 200 m) across a range of latitudes from 76o N (Arctic) to 54o S (Sub-Antarctic) and a range of ages from recent sediments (Antarctic, Uruguay, Eastern Seaboard, Celtic Sea and Arctic, ~0 kyr), Holocene sediments (Eastern Mediterranean, ~3.8 kyr) to Miocene sediments23,58 (Monterey Formation deposited between 6-17 Ma). 

	Location
	Latitude (N)
	Longitude (E)
	TOC (dwt%)

	Sub-Antarctic
	-54.16
	-37.98
	1.22

	Uruguay
	-36.46
	-53.16
	1.09

	Eastern Mediterranean
	32.01
	34.16
	0.56

	Chesapeake Bay (NIST1941b)
	39.20
	-76.52
	2.99

	Celtic Sea
	51.20
	-6.13
	1.34

	Arctic
	76.49
	30.50
	2.60

	Miocene Monterey Formation
	36.36
	-121.53
	6.69

	HMW Marine DOC
	8.28 to 10.00
	-90.00 to -87.00
	~35.00




Supplementary Table 3. C 1s NEXAFS approximate energy ranges and assignments of primary absorption peaks.

	Peak Energy (eV)
	Transition
	Bond
	C Forms

	283.0 – 284.5
	1s-π*
	C=O
	Aromatic / Quinonic

	284.9 – 285.5
	1s-π*
	C=C
	Aromatic

	285.8 – 286.2
	1s-π*
	C=O
	Aromatic

	286.0 – 286.5
	1s-π*
	C=C
C=O
C-N
C=N
	Aromatic / Aromatic substituted with N

	286.5 – 287.4
	1s-π*
	C=O
R-(C=O)-R’
C=C-OH
	Aromatic / Ketonic / Carbonyl / Phenolic

	287.6 – 288.2
	1s-3p/σ*
	C-H
	Aliphatic

	287.7 – 289.0



	1s-π*



	R-COOH
COO
C=O
NH2-C=O
R-(NH2)-R’
	Carboxylic / Carbonyl / Amide

	289.2 – 290.2
	1s-π*
1s-3p/σ*
	C-OH
C=O
R-O-R’
	Polysaccharide / Alcohol / Carbonyl / Hydroxylated and Ether-linked


Sources: Peak assignments are based on data collected from the literature59-80. Note inorganic carbonate exhibits a distinctive π* resonance at 290.3 – 290.6 eV.


Supplementary Table 4. N 1s NEXAFS approximate energy ranges and assignments of primary absorption peaks.

	Peak Energy (eV)
	Transition
	Bond
	N Forms

	398.6 – 402.2
	1s-π*
	N=C

	Aromatic (Pyridinic, Pyrazinic, Pyramidinic)

	400.0 – 403.5
	1s-π*
	N-C
	Aromatic (Pyrrolic, Pyrazolic, Imadazolic)

	400.7 – 402.5
	1s-π*
	NH2-C=O
	Amide

	405.5 – 409.7
	1s-σ*
	N-C
N-H
	Amino


Sources: Peak assignments are based on data collected from the literature26,29,30,81,82 and references therein. 

Supplementary Table 5. Molecular weight of GPS determined from the particle hydrodynamic radii measured by Dynamic Light Scattering. The range of particle radii was found to be 3.25 – 4.36 nm with a maximum peak intensity at 3.77 nm. The hydrodynamic radius was then used to calculate the diffusion coefficient of GPS based on the Stokes-Einstein equation, which in turn was used to calculate the molecular weight83 (see Methods in main text).

	
	Hydrodynamic Radius (nm)
	Diffusion Coefficient  (cm2 yr-1)
	Molecular weight (g mol-1)

	Nominal
	3.77
	19.96
	27067

	Maximum
	4.36
	17.26
	41867

	Minimum
	3.25
	23.16
	17341


Supplementary Table 6. Experimentally or literature determined range and extended range for the variable input parameters used in the Monte Carlo analysis. *Indicates cases where one standard deviation less than the original range minimum fell lower than zero and thus a low value of 10-15 was chosen.
	
	
	
	
	Monte Carlo range
	

	Parameter
	Symbol
	Unit
	Experimentally or literature determined range
	mean
	min
	max
	*Note

	Experimental GPS production rate with Fe catalysis
	RLab
	nmol L-1 yr-1
	9, 16.2, 21.4
	15.5
	2.77
	27.6
	Experimentally determined (Figure 3)

	Experimental GPS production rate with Mn catalysis
	RLab
	nmol L-1 yr-1
	8, 14.2, 29
	17.1
	1.0E-15*
	39.8
	Experimentally determined (Figure 3 )

	Arrhenius activation energy
	Ea
	kJ mol-1
	23–238
	131
	1.0E-15*
	390
	From literature60

	Molecular weight
	MW
	g mol-1
	17341– 41867
	3.0E+4
	1.0E-15*
	5.9E+4
	Experimentally determined (Supplementary Table 5).

	Carbon content when using Fe catalysis
	CCont
	wt%
	35.68– 35.84
	35.8
	35.6
	36.0
	Experimentally determined (Supplementary Table 1)

	Carbon content when using Mn catalysis
	CCont
	wt%
	36.16– 36.30
	36.2
	36.2
	36.3
	Experimentally determined (Supplementary Table 1)





























Supplementary Figure 1: Schematic showing simplified Maillard Reaction, in which the carbonyl group of a sugar reacts with the amino group of an amino acid, to form water and an unstable Schiff base of glycosylamine; the glycosylamine then undergoes Amadori rearrangement to form an amino ketone compound; the Amadori rearrangement product then undergoes a range of other rearrangement and condensation reactions to form a plethora of different products that contain aromatic C and N-substituted rings with carbonyl, carboxyl and amino functional groups4.
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Supplementary Figure 2: C and N 1s NEXAFS data plotted as energy (eV) vs. normalised absorbance (arbitrary units). Grey bands show energy regions in which spectral features associated with Maillard reaction products are expected to appear. a. C spectra and b. N spectra for glucose, glycine and experimentally produced geopolymerised carbon (GPS) in the absence (GPS_no catalyst) and presence of dissolved Fe (GPS_dissolved Fe), Fe mineral (GPS_ferrihydrite), dissolved Mn (GPS_dissolved Mn), Mn mineral (GPS_birnessite), and associated with ferrihydrite (GPS_ferrihydrite associated); c. C spectra and d. N spectra for biopolymers, amino acids, nucleotide bases and nucleic acids. Panel a. also shows C spectra for experimentally produced GPS using glucose and either lysine (GPS_no catalyst_lys) or aspartic acid (GPS_no catalyst_asp) with the same spectral features as experimentally produced GPS using glucose and glycine (GPS_no catalyst).  

Biopolymer spectra for protein (bovine albumin serum), polysaccharide (alginate) and lipid (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine) are reproduced here from the literature (C spectra84 and protein N spectrum85), where all spectra were recorded in transmission mode. Amino acid spectra for alanine and aspartic acid, and the aromatic amino acids histidine, phenylalanine, tyrosine and tryptophan are reproduced here from the literature26, where spectra were recorded in partial electron yield (PEY) mode. Nucleotide base spectra for cytosine, uracil, thymine, guanine and adenine are reproduced here from the literature29, where spectra were recorded in PEY mode. Nucleic acids DNA and RNA are reproduced here from the literature and were recorded in transmission mode (DNA C spectrum) 84 or total fluorescence yield (TFY) mode (DNA and RNA N spectra) 86.

It should be noted that significant spectral content in the carbonyl C region (C region 2) is inconsistent with the primary biomolecules (proteins, polysaccharides and lipids) 24, and content in both C region 2 and N region 1 is also inconsistent with the most prevalent amino acids in marine sediments (aspartic acid, glycine, alanine) 25. It should also be noted that while some aromatic amino acids possess a C NEXAFS peak or some spectral content in C region 2 (histidine, tyrosine and tryptophan) and N NEXAFS peaks in N region 1 (histidine and tryptophan), these amino acids are generally present as only very minor components of the marine sediment amino acid profile25. Finally while spectral content in C region 2 and N region 1 may also result from the presence of nucleic acids or nucleic acid fragments, these are extremely labile, and their persistence as a significant component of sedimentary organics is unlikely31.

We compare only spectral peak positions between the literature spectra and our experimentally produced geopolymerised carbon (GPS) spectra, although literature spectra collected in transmission mode are comparable to our spectra for both spectral peak positions and amplitudes. Spectra are stacked with an arbitrary offset for clarity.
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Supplementary Figure 3. SCION Earth Evolution Model with inclusion of changes to OC burial attributed to GPS production. Here the present day GPS burial flux is assumed to be 4.05 Tg C yr-1. Black line shows the original SCION baseline over Phanerozoic time45, pink solid line shows GPS burial fraction treated independently of other model OC burial and held at 5  present day rate, blue line shows the same scenario with GPS burial held at  present day rate.  A. atmospheric O2, B. atmospheric CO2, and C. global average surface temperature. In all panels yellow shows the proxy data compilation87-91. 
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