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Materials and Methods

Maturation model
The isotopic box model presented here offers a simplified interpretation of the chemical and resulting isotopic changes that will occur through catagenesis/metagenesis and metamorphism where the major changes in the isotopic composition of C within these two alteration regimes are driven by homolytic cleavage, and exchange with dissolved inorganic carbon (DIC) in metamorphic fluids, respectively.  The spreadsheet with the model parts can be found in a supplementary spreadsheet (S. S. Zeichner, 2023), along with an additional spreadsheet that models decarboxylation reactions that occur in diagenesis, as described in the next section.
	The model requires interconversion between delta values, isotope ratio (R values), and fractional abundances (F values). We can interconvert between R and F using the following equation: 


Diagenesis
	Changes in the isotopic composition of organic matter during diagenesis could be caused by either selective preservation of certain compounds, or condensation of compounds through reactions that remove functional groups with kinetic isotope effects. In particular, as noted in the Main text, diagenetic removal of carbon atoms from the system is driven primarily by decarboxylation, which removes both carbons and oxygens and thus lowers the O/C ratio as captured by the van Krevelin diagram.
To estimate how much decarboxylation is capable of shifting 13Corg, we modeled the effect of decarboxylation on a model compound— decanoic acid—which we chose as a representation of the average O/C ratio in immature organic matter. While the relative contribution/preservation of sugars, lipids, and proteins deriving from biomass to deposited organic matter is still not fully understood, we chose relative amounts of 0.2, 0.6, and 0.2, respectively, informed by amounts reported in Burdige (2007). These amounts not only result in an O/C ratio of 0.2, which is consistent with the starting point of immature OM in the Van Krevelin diagram, but also result in an average N/C ratio of 0.0667, which is consistent with the N/C ratio of immature organic matter reported by Wu et al., 2004. 
	It has been demonstrated in the literature that fatty acids like decanoic acid have intramolecular isotopic variation: The carboxyl group 13CVPDB value is higher than the 13CVPDB values of the other groups (-13‰ versus ~-27‰ for measurements of modern E. coli; Monson and Hayes, 1980). We therefore started out with the carboxyl site having 13CVPDB = -13‰ and the other 9 sites having  13CVPDB values of -37‰ (consistent with lower 13CVPDB values of Archean samples, as these values result a molecular average 13CVPDB of -34.6‰). 
	We iteratively modeled the decarboxylation of decanoic acid with model steps of 0.01 moles out of 1 total unreacted moles of fatty acid, where each step loses 2 oxygens for each C (as is the case with decarboxylation). We modeled a Rayleigh distillation process on the R value, which we converted from delta values using the following equation:



 where RVDPB=0.01118. R values following the Rayleigh distillation process for each decarboxylation step were computed as follows:



 where the fm is the fraction of molecules unreacted, and  is the kinetic isotope effect (KIE) of decarboxylation. Here, we applied an  value = 0.97 (13k/12k) as reported in Marlier and O’Leary (1984) and Lewis et al. (1993). We converted the Rafter for the site into an F value (eq. S1) and then used that F value to compute the average F value of the total organic carbons in the system, considering the instantaneous fraction of carboxyl sites relative to all carbons in the system (of both the decanoic acid and decarboxylated decanoic acid, i.e., nonane). The fraction of carboxyl sites (fc) was calculated based on fm as follows:



We assumed that the average isotopic composition of neutral carbons remains constant during this reaction due to mass balance (although we note that this is a simplification, as decarboxylation reactions also isotopically discriminate against 13C of the neutral carbon bonded to a carboxyl group). However, as the bonded neutral carbon does not leave the system, but is only transferred from the decanoic acid pool to the nonane pool, the average composition of neutral carbons in the system is preserved. 
Finally, we computed an F value for the decanoic acid + nonane pool for each step, as follows:

 

where Fafter is the Rafter value that was converted into an F value following equation S3, and Falkane is the fractional abundance of the original non carboxyl group carbon (i.e., 13CVPDB = -37‰). We converted the F value into an R value, and then into its 13CVPDB value (assuming RVDPB=0.01118 as noted above) to be able to understand how the isotope ratio would change over time within the context of a widely accepted international reference frame (VPDB).
	We performed the above steps until the O/C ratio = 0.1, which is the approximate value where the O/C ratio of organic matter stops changing within the van Krevelin diagram. Our diagenesis model suggests that decarboxylation drives a change in the isotopic composition of OM that is within the range that has been documented through empirical studies of isotopic change through diagenesis (see Main Text). Following diagenesis, catagenesis becomes the dominant phase of organic matter degradation, where elemental changes become mainly driven by the loss of H from the system. 

Catagenesis
	We use the final isotopic composition of our simplified organic matter from the diagenesis model as the starting point of the catagenesis model. The catagenesis model idealizes the maturation of C through the oil as being largely driven by homolytic cleavage, or the production of natural gas (Xie et al., 2021). 
Our simplied model of Type II kerogen begins with an H/C ratio of 1.2 (Ungerer et al., 2015). We iteratively model the homolytic cleavage by assuming that each cracking reaction forms only methane, where 1 C and 4 H get removed at each reaction progress step (we note that in natural systems a mixture of methane, ethane, propane, and higher order hydrocarbons can be produced upon each cracking reaction and present results from these calculations in supplemental fig 2 (Xie et al., 2021). For each step, we convert the initial 13Corg of the immature kerogen pool to its R value (eqn S2).
We assume that the reactant carbon pool undergoes Rayleigh distillation, following eqn S3. We apply a  values of = 0.975±0.010 (13k/12k) as reported in (Tang et al., 2000; Xie et al., 2021). Finally, we convert the R value into its delta value as described above.
We iterate following the above steps until the H/C ratio of our organic matter pool = 0.1 in order to connect the end of our diagenesis model with the beginning of our metamorphism model, presented next. We also include data from Des Marais, 1997, which demonstrates a very similar result between our model and the prior empirical fit presented by Des Marais for the range of H/C values included in that paper.

Metamorphism
	To model the metamorphic exchange processes described in the main text, we assume that our organic matter starts with a 13Corg  value equal to the final composition at the end of the catagenesis model (average -26‰ across the model runs), and exchanges with an infinitely large pool of dissolved inorganic carbon (13C  = -6 to 0‰), where the organic carbon is expected to maximally achieve a 13C   of -6‰ for a 13Ccarbonate = 0‰ as described in the text. As a result, this part of the model simply tracks the mixing of carbons with the original 13C value of organic matter, with the fully equilibrated graphitic end member (13C = -6‰), while the reaction progress represents the fraction of carbon that underwent isotopic exchange with DIC. 
For each reaction step, we convert the starting 13C values to R and then to F values (eq. S1), and compute the isotopic composition of the mixed product as follows:



The computed Fgraphite values are then converted into R and 13C values. 

Supplementary Text

Studies of Archean biomarkers, microfossils, and associated lithology
	Along with the study of their carbon isotope records, Archean rocks have been investigated for potential sedimentological evidence of life as well as organic biomarker molecules. Putative stromatolites, carbonaceous spheroids, and biofilms have been identified in rocks of ~3.35 Gya (Strelley Pool formation of the Warrawoona group; Schopf, 1993, 2006; Marshall et al., 2007; Allwood et al., 2009), but the biogenicity of these structures remain debated by sedimentologists and paleontologists (for example, Brasier et al., 2002). A study of younger Archean rocks proposed the presence of organic biomarker compounds in 2.78-2.45 Gya rocks (that is, steranes and hopanes; Brocks et al., 2003a), which would provide key evidence for the rise of oxygenic photosynthesis and a strikingly early evolution of eukaryotes. A later study failed to replicate these results on a cleanly drilled core from a different, but nearby location (French et al., 2015). The earliest definitive molecular biomarkers are late Paleoproterozoic in age from the Barney Creek Fm (Brocks et al., 2005; Lepot, 2020; Love and Zumberge, 2021).
Biosignatures from Archean and Proterozoic basins are typically preserved in three major classes of sedimentary rocks: carbonate, chert, and shale or mudstone. Each of these rock types represents different depositional environments and taphonomic windows, both of which control preservation potential through the balancing act between degradation and preservation of organic compounds. Most of the best-preserved Precambrian microbial body fossils are preserved in chert, a crypto- to microcrystalline quartz that is thought to have precipitated rapidly in shallow marine or hydrothermal systems to preserve the fine detail of trapped cells as well as the kerogenous material from their cell walls and EPS. As a result of this rapid precipitation, cells trapped in chert become encased in micro- to nanoscopic minerals smaller than a cell before extensive degradation can occur, allowing for the retention of cell shapes and preventing extensive degradation of the organic compounds. Most examples of body fossils are found in formations that post-date the GOE (Strauss & Moore, 1992). However, pre-GOE chert deposits from either potential hydrothermal settings (Fig Tree Formation; Onverwacht Group) or marine settings (Hamersley Group, Pongola Supergroup; Strelley Pool Chert; Panorama Formation; Apex Chert; Dresser Formation; Towers Formation; Pongola Supergroup; Donimalai Formation; Tumbiana Formation; Hamersley Group; Turee Creek Formation; Lime Acres Formation; Gamohaan Group; table S1) preserved clots of organic material as well as organic-rich microbial laminations. Some of these (for example, Gamohaan Group, Lime Acres Formation; Transvaal Basin; Turee Creek Group; Donimalai Formation) contain structures interpreted as putative microfossils (Altermann & Schopf, 1995; Altermann & Wotherspoon, 1995; Barlow & Van Kranendonk, 2018; Czaja et al., 2016; Fadel et al., 2017; Fischer et al., 2009; Gandin et al., 2005; Johnson et al., 2003; Klein et al., 1987; Rasmussen & Muhling, 2023; Venkatachala et al., 1990; Waldbauer et al., 2009). 
Carbonate deposits are frequently both spatially and temporally linked to chert in the Precambrian rock record. Many of the biosignature-hosting chert deposits occur as chert layers, nodules, and lenses within carbonate strata. In some of these deposits, microbial structures like stromatolites are comprised of alternating layers of chert and carbonate (Altermann & Schopf, 1995; Altermann & Wotherspoon, 1995; Czaja et al., 2016; Fischer et al., 2009; Flannery & Walter, 2012; Gandin et al., 2005; Johnson et al., 2003; Klein et al., 1987; Rivera & Sumner, 2014; Wright & Altermann, 2000). Like chert, many of these carbonates are finely crystalline and are thought to have precipitated relatively rapidly. As a result of this rapid and fine crystalline precipitation, they also preserve OM and microbial structures exceptionally well (for example, Dresser Formation, Pongola Supergroup, Tumbiana Formation, Turee Creek, Lime Acres Formation, Gamohaan Group; table S1). Unlike chert, however, actual body fossils are rarely found in carbonates. These biosignature-preserving chert and carbonate strata formed most typically in shallow marine environments.
Shale and mudstone differ from chert and carbonate in several key ways. First, shale and mudstone from the Proterozoic and Archean may have formed in any number of environments from lagoons and lakes to deep marine environments. Additionally, the minerals that comprise these deposits are not predominantly comprised of authigenic precipitates. Instead, these deposits formed when mud, clay, and silt-sized sediments settled from suspension and were deposited and accumulated within low energy environments. Still, the small particle sizes of these sediments and the well-documented propensity for clay minerals to bind to functional groups of OM (Droppo et al., 1997; Hemingway et al., 2019; Keil et al., 1994; Keil & Mayer, 2014; Lamb et al., 2020; Maggi, 2005; Mayer, 1994; Zeichner et al., 2021) can result in the trapping and binding of OM within shale and mudstone. In cases where the deposits formed in shallow lagoonal or marine settings, microbial communities that formed mats in these environments were preserved in the form of microbially laminated layers containing OM (for example, Moodies, Mozaan and Hamersley Groups; table S1). For these cases, the OM would have been subject to cycles of production, alteration, and degradation similar to the OM preserved in chert and carbonate. In the case of deeper water deposits such as facies within the Moodies and Mozaan Groups (table S1), it was more frequently the case that clay minerals bound to OM at one point in the transportation process and carried that OM to the sediment-water interface where it was deposited and preserved. The OM preserved in these deeper deposits, therefore, could represent any number of organic compounds produced by any number of organisms that lived either planktonically or in benthic mats and biofilms. Additionally, this OM likely experienced a range of degradation and alteration processes not only over the course of transportation but also after deposition where sediment-dwelling heterotrophs would have utilized the OM delivered to these environments as a source of reduced carbon. As is the case with chert- and carbonate-preserved OM, all of these degradation and preservation processes must be considered when interpreting the OM preserved in shale and mudstone. Several examples of organic-rich body fossils were preserved in shale deposits during the Proterozoic, but these all post-date the GOE and are thought to represent early eukaryotes including acritarchs and algae (Porter, 2004; Knoll et al., 2006; Javaux et al., 2010; Cohen and Macdonald, 2015). For the purposes of this paper, we will focus on measurements of carbonaceous matter in pre-GOE deposits but not fossils, especially because the processes that drive the preservation of OM in sediments may be distinct from the processes that preserve fossils (Wiemann et al., 2020).

Additional notes on the isotope effects of diagenetic reactions
Reactions such as de-amination and sulfurization have been demonstrated and presented by models (for example, (Ungerer et al., 2015) as changing the chemical composition of immature OM during diagenesis. However, these reactions do not affect the number of carbon atoms within the system itself and so the isotope effects on the isotopic composition of residual carbon are likely to be negligible. For instance, sulfurization seems to have little effect on the overall 13C within average OM composition (although it may introduce site-specific isotope effects for the specific atoms undergoing sulfurization reactions; Schouten et al., 1995; Putschew et al., 1998; Rosenberg et al., 2018). Deamination reactions impart quantifiable isotope effects on the leaving nitrogen as well as the C and H involved in the cleaved bond (Yu et al.; Macko and Estep, 1984; Snider et al., 2002); we expect the order of isotope effect to be comparable to the isotopic fractionation of decarboxylation (~ -30‰) due to the similarities between the bonds between C-C and C-N. However, like for sulfurization, we would expect the overall effects on total OM isotopic composition to be negligible because these reactions do not remove C from the system.

Abiotic organic compounds
Abiotic organic synthesis processes can also impart a range of distinctive isotopic fractionations, some of which overlap with common “isotopic fingerprints” imparted by biological metabolisms and should be considered when interpreting samples of ambiguous origin (see Supplementary text). For instance, experimental Fischer Tropsch-type (FTT) synthesis studies have produced alkanes with 13C values ~-25‰ (McCollom, 2013; McCollom & Seewald, 2006). 
Studies of organic compounds in meteorites and other extraterrestrial samples can offer insights regarding the range of isotopic compositions that can be produced within samples that are formed through abiotic processes. Put another way, extraterrestrial organic compounds present one form of an abiotic ‘baseline’ of organic chemical reactions from which life emerged. Carbonaceous chondrite meteorites of similar estimated ages to Earth’s have long been studied for their macromolecular carbonaceous material and high concentration of organic molecules (for example, carboxylic acids, ketones, amino acids; Pizzarello et al., 1991; Sephton, 2002; Elsila et al., 2012), whose near-racemic proportions and isotopic compositions provide support for an abiotic extraterrestrial synthesis mechanism (Chimiak et al., 2021; Elsila et al., 2012; Zeichner et al., 2023).
Studies fracture fluids of deep hydrothermal mines have measured 13Corg values of putative abiotic organic acids of ~ -7 to -14‰ (Sherwood Lollar et al., 2021). Organic compounds found within these fracture fluids, as well as the organics synthesized by FTT synthesis and found within meteorites have carbon isotopic compositions that are in the same range those that can be produced by biological metabolisms described above. These high 13C values overlap with the values of graphite that forms from mantle C within metamorphic fluids, as mentioned in the main text.
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Table S1. References of studies examining sedimentology and fossiliferous textures within Archean units. Fm = formation.
	Group or Formation
	References

	Towers Formation
	Derenne et al., 2008; Schopf & Packer, 1987

	Dresser Formation
	Derenne et al., 2008; Morag et al., 2016

	Apex Chert
	Schopf & Packer, 1987

	Panorama Group
	H. J. Hofmann et al., 1999

	Strelley Pool Formation
	Alleon et al., 2018; Allwood et al., 2009, 2010; Allwood, Walter, & Marshall, 2006; Allwood, Walter, Kamber, et al., 2006; Duda et al., 2016; Flannery et al., 2018; H. J. Hofmann et al., 1999; Lepot et al., 2013; Lowe, 1983, 1994; Marshall et al., 2007; Sugitani et al., 2010, 2013, 2015; Wacey, 2010; Wacey et al., 2006, 2018; Walter et al., 1980

	Onverwacht And Kromberg Fms
	A. Hofmann & Bolhar, 2007; Kremer & Kaźmierczak, 2017; Muir & Hall, 1974; Tice & Lowe, 2004; M. M. Walsh, 2004; M. M. Walsh & Lowe, 1985; M. W. Walsh, 1992; Westall et al., 2001

	Fig Tree Group
	Byerly et al., 1996; A. Hofmann & Bolhar, 2007

	Donimalai Fm
	Venkatachala et al., 1990

	Tumbiana Fm
	Awramik & Buchheim, 2009; Bolhar & Vankranendonk, 2007; Coffey et al., 2013; Flannery & Walter, 2012; Lepot et al., 2008, 2009; Sakurai et al., 2005; Thomazo et al., 2009

	Hamersley Group
	Brocks, Buick, et al., 2003; Brocks, Summons, et al., 2003b; Czaja et al., 2010; Ono et al., 2003; Partridge et al., 2008

	Turee Creek
	Barlow & Van Kranendonk, 2018; Fadel et al., 2017; Martindale et al., 2015; Murphy et al., 2016; Soares et al., 2019; Williford et al., 2011

	Lime Acres Fm
	Altermann & Schopf, 1995; Altermann & Wotherspoon, 1995

	Gamohaan Fm
	Altermann & Wotherspoon, 1995; Czaja et al., 2016; Fischer et al., 2009; Gandin et al., 2005; Johnson et al., 2003; Klein et al., 1987; Rivera & Sumner, 2014

	Pongola Supergroup
	Beukes & Lowe, 1989; Siahi et al., 2016

	Moodies Group
	Bontognali et al., 2013; Heubeck, 2009; Heubeck & Lowe, 1994; Homann et al., 2015, 2016; Javaux et al., 2010; Noffke et al., 2006

	Mozaan Group
	Noffke et al., 2003; Ono, 2006

	Papers Reviewing Microfossils Of Acritarchs And Algae Post-Goe 
	Cohen & Macdonald, 2015; Javaux et al., 2004; Knoll et al., 2006; Porter, 2004



Supplemental figure 1. Archean kerogen carbon isotopes by dominant lithology. Compiled 13C values for (A) total organic carbon and (B) kerogen measured from rocks prior to the GOE, color coded by dominant lithology. References are included in the supplementary material. TOC; total organic carbon.
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Supplemental fig 2. Catagenesis model sensitivity analyses for different natural gases. Changes in 13Corg value during catagenesis based on a simplified model of homolytic cleavage of methane from kerogen, which leads to a decrease in H/C ratio. Each brown line represents a model run where a different gas is produced, where lighter is a gas with a lower number of carbon atoms. All model runs begin with 13Corg = -33‰ and  = 0.975. s is the number of model steps that it required to reach an H/C ratio = 0.1. Grey and black triangles are compiled data from Des Marais, 1997 and are the same as the data presented in fig 6A. 
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Supplemental figure 3. Case study of ~2.7 Gya organic carbon. Kernel density estimates for 13C values of kerogen (dashed black line) and TOC (black line) versus lithology-specific 13C values of TOC (dotted lines) for (A) Tumbiana Fm., (B) Fortescue Group, (C) Hamersley Group. (D) Comparison of the kernel density estimate for 13C values of TOC for units from different cratons with samples 2.65-2.8Gya. TOC; total organic carbon.
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