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ABSTRACT
	
[bookmark: _Hlk202962623][bookmark: _Hlk219462594]Evaluating the distribution and diversity of solvent-soluble organic molecules in extraterrestrial materials provide information about the physicochemical environments where prebiotic chemistry occurred and is essential for assessing the inventory of prebiotic compounds available to the early Earth. In this work, we conducted a comprehensive molecular characterization of solvent-soluble organic compounds in a homogenized aggregate sample (ID: OREX-800107-128) of unsorted regolith from asteroid (101955) Bennu returned by NASA’s OSIRIS-REx mission. Using two-dimensional gas chromatography coupled with high-resolution time-of-flight mass spectrometry (GC×GC-HRMS), we identified 87 organic compounds across several molecular classes, including alkanes, polycyclic aromatic hydrocarbons, and nitrogen-, oxygen-, and sulfur-bearing species. Comparison with the organic inventory of CI (Orgueil), C2-ungrouped (Tagish Lake and Tarda), and CM2 (Murchison) carbonaceous chondrites revealed that Bennu sample OREX-800107-128 is most similar to Tagish Lake and Tarda yet compositionally distinct from all of these meteorites. This Bennu sample exhibits a relatively high abundance of low-molecular-weight aromatics (e.g., toluene), pyridine derivatives, and sulfur species such as dimethyl sulfite, consistent with episodic low-temperature aqueous alteration. The presence of these organic compounds suggests that this material experienced chemically diverse processes in the parent body conducive to complex organic synthesis, including aldol condensation reactions responsible for N- and O-bearing compounds. We also compared the molecular distributions of this Bennu sample and previously analyzed samples from (162173) Ryugu to assess potential common origins between these two carbonaceous asteroids. Bennu shows more chemically diverse and nitrogen-rich organic materials than Ryugu. While both asteroids share broadly similar primitive compositions, the observed chemical differences indicate distinct evolutionary histories within a likely common formation environment though whether Bennu and Ryugu derive from a single compositionally heterogeneous parent body or from multiple closely related progenitors remains unresolved. Further detailed comparative analyses of material from Bennu, Ryugu, and specific carbonaceous meteorites (e.g., Tagish Lake and Tarda) will provide new insights into how the N-rich molecular profile observed in Bennu samples was formed and evolved in the outer Solar System.

INTRODUCTION
	Extraterrestrial organic compounds have predominantly been studied in carbonaceous chondrite meteorites that fall to Earth. These meteorites are particularly rich in organic matter (~1–5 wt.% total carbon) (Pearson et al. 2006) and, as fragments of primitive asteroids, represent some of the oldest solid materials in our solar system. The soluble organic compounds in carbonaceous chondrites provide insights into chemical reactions that occurred before and after the accretion of their rocky parent bodies (Sephton 2002; Pizzarello et al. 2006; Aponte et al. 2017). These organic compounds are key to understanding the evolution of the chemical processes in the asteroid parent bodies and to assess the chemical inventory available for the emergence of life on Earth (for a review on the origin and evolution of organic matter in carbonaceous chondrites, see Glavin et al. 2018 and references therein). However, the analyses of carbonaceous chondrites are often hindered by two primary challenges: (1) the varying degrees of terrestrial contamination resulting from exposure to Earth’s biosphere (e.g., Jenkins et al. 2024), and (2) the absence of contextual information regarding their origins. In response to these challenges, NASA’s OSIRIS-REx (Origins, Spectral Interpretation, Resource Identification, and Security–Regolith Explorer) mission collected surface material from the carbonaceous near-Earth asteroid Bennu (Lauretta et al. 2019, 2022) and delivered 121.6 g of this regolith to Earth on September 24th, 2023 (Lauretta and Connolly et al. 2024), offering a rare opportunity to study fragments of a well-characterized asteroid that have been protected from uncontrolled terrestrial exposure.
	The samples from asteroid Bennu exhibit mineralogical, geochemical, and textural affinities with aqueously altered carbonaceous chondrites (petrologic types 1-2), particularly those of the CI, CM, and CR groups, as well as some ungrouped examples  (Lauretta and Connolly et al. 2024; Connolly and Lauretta et al. 2025; Barnes and Nguyen et al. 2025), as predicted from remote sensing by the OSIRIS-REx spacecraft (e.g., Hamilton et al. 2019; Kaplan et al. 2020, 2021). Like these meteorites, Bennu samples are characterized by high water content, secondary minerals indicative of aqueous processing (Zega and McCoy et al. 2025; McCoy and Russell et al. 2025), and a rich suite of organic compounds (Glavin and Dworkin et al. 2025). However, the Bennu samples also display distinct features, such as an evaporite mineral suite (McCoy and Russell et al. 2025).  The fragile nature of the Bennu material (Lauretta and Connolly et al. 2024) suggests that certain lithological units may not survive atmospheric entry and impact as meteorites; therefore, no meteorites (i.e., naturally fallen samples) are expected to exhibit the same mineralogical and organic composition observed in Bennu samples. 
[bookmark: _Hlk219130332]Previous analyses of organics in Bennu samples revealed a diverse and nitrogen-rich suite of soluble organic compounds. Using complementary analytical techniques including hot-water extraction, liquid chromatography, gas chromatography, and high-resolution mass spectrometry, Glavin and Dworkin et al. (2025) identified all five of the nucleobases that are the genetic components of DNA and RNA, 14 of the 20 amino acids that life uses to build proteins (a fifteenth was later found by Mojarro et al. (2025)), and other water-soluble organics such as carboxylic acids, formaldehyde, ammonia, and numerous N-heterocycles. Carboxylic acids were dominated by formic and acetic acids, while ammonia and amines such as methylamine and ethylamine were found in concentrations far exceeding levels in most carbonaceous chondrites and samples of the carbonaceous asteroid Ryugu returned by JAXA’s Hayabusa2 mission (Naraoka et al., 2023). The organic compounds in the studied Bennu sample appear to have been preserved as salts or bound to clay minerals and organic matrices, with large 15N enrichments consistent with synthesis in a cold molecular cloud or the outer protoplanetary disk. Building on this, Mojarro et al. (2025), using pyrolysis-gas chromatography-mass spectrometry and one-pot derivatization techniques, found that organic distributions varied between Bennu stones representing distinct lithologies, indicating heterogeneous aqueous alteration. Their results suggest that, as previously noted (e.g., Cleaves et al. 2006; Kebukawa et al. 2017), prebiotic molecules such as amino acids and nucleobases were formed through multiple aqueous reaction pathways under alkaline, ammonia-rich conditions, reflecting a complex chemical evolution within a chemically primitive, volatile-rich parent body. 
Compared to carbonaceous chondrites and Ryugu, Bennu samples have higher total carbon and nitrogen contents and a broader range of nitrogenous species, suggesting a distinct evolutionary history (Glavin and Dworkin et al. 2025). The reduced purine-to-pyrimidine ratio, extensive suite of amino acids, and high abundance of ammonia indicate low-temperature chemical pathways potentially linked to NH3-H2O brines in the parent body, suggesting Bennu originated from or incorporated materials from the outer solar system and may represent an important reservoir of prebiotic compounds. 
In this study, we analyzed a homogenized sample (ID: OREX-800107-128) of aggregate Bennu material (unsorted particles <0.5 cm) using two-dimensional gas chromatography (GC×GC). GC×GC is an analytical technique that offers enhanced separation capabilities compared to traditional gas chromatography, enabling the detection and characterization of a wide range of organic molecules in complex mixtures with greater resolution and sensitivity (Meinert and Meierhenrich 2012; Aponte et al. 2023). By utilizing GC×GC coupled with high-resolution time-of-flight mass spectrometry (HRMS), we were able to accurately identify and quantify various families of organic compounds, including aromatic hydrocarbons, alkanes, and heteroatom (N, O, S) molecules. 

[bookmark: _Hlk187665890]For comparison, we performed the same analyses on samples of CI (Orgueil), C2-ungrouped (Tagish Lake and Tarda), and CM2 (Murchison) carbonaceous chondrites; we can also compare our findings with those from Ryugu samples analyzed previously using the same approach (Aponte et al. 2023). This untargeted molecular profiling provides critical insights into the chemical diversity of Bennu’s organic inventory, contributing to a deeper understanding of the asteroid’s geologic history and the potential role of such extraterrestrial materials in the origins of life on Earth.
24

MATERIALS AND METHODS
Materials and reagents. The OSIRIS-REx spacecraft collected regolith material and lithic fragments from the surface of asteroid Bennu down to a depth of ~48 cm (Lauretta et al. 2022). To account for the petrologic diversity and heterogeneity of the Bennu material (Lauretta and Connolly et al. 2024; Connolly and Lauretta et al. 2025; McCoy and Russell et al. 2025; Zega and McCoy et al. 2025), the OSIRIS-REx Sample Organic Analysis Working Group (SOAWG; Lauretta et al. 2023) was allocated 6.425 g of unsorted aggregate material (OREX-800107-0) putatively comprising a mixture of lithologies, including fine, intermediate, and coarse particles (all <~5 mm), predominantly black with occasional white grains. This aggregate was homogenized using an ashed quartz mortar and pestle inside a HEPA-filtered laminar flow (Ryan et al. in press). A subsample of that homogenized aggregate, OREX-800107-128 (196.6 mg), forms the basis of the present study. 
[bookmark: _Hlk207805966][bookmark: _Hlk219131778][bookmark: _Hlk204162108]For comparative analysis, powdered samples of Orgueil (152.3 mg; Muséum National d’Histoire Naturelle, Paris), Tagish Lake 11l (96.1 mg; Royal Ontario Museum, sample ROMESM5229B.1; Tagish Lake 11l specimen is a heavily altered specimen; Alexander et al. 2014), Tarda (171.3 mg; meteorite hunter and dealer Roberto Vargas), Murchison (215.5 mg; Field Museum of Natural History in Chicago), and fused silica (as procedural blank; FS-120, HP Technical Ceramics, Sheffield, UK) were processed identically in parallel. The meteorite samples were separately crushed into fine powders and manually homogenized by using a mortar and pestle in a positive pressure high efficiency particulate air (HEPA) filtered laminar flow hood (AirClean). All glassware and sample handling tools were cleaned by rinsing with ultrapure water (Millipore Integral 10, 18.2 MΩ·cm, <3 ppb total organic carbon) and subsequently baked at 500 °C for 16 h in air in a muffle furnace overnight to eliminate residual organic contaminants. Analytical standards and reagents were obtained from Restek® and used without additional purification. High-performance liquid chromatography HPLC-grade dichloromethane (DCM) and methanol (MeOH) were utilized for sample extractions.
Extraction protocol. The extraction protocol for sample OREX-800107-128 did not involve mechanical crushing other than that of the homogenization process, which was minimal and gentle, as the material was already naturally flaky and powdery. Instead, a direct solvent extraction approach was employed to minimize the potential loss or artificial generation of small volatile compounds and other chemical species that could result from physical crushing. This methodology was selected to best preserve the integrity of the sample’s original composition and to provide insights into the pristine chemical inventory (excluding hypervolatile analyses; Aponte et al. 2024) of a specimen prepared with consideration for Bennu’s inherent heterogeneity. 
A sample of fused silica was crushed and stored in parallel with the Bennu sample as a control. All samples were transferred into individual 10 mL conical vials, followed by the addition of 300 μL of a DCM:MeOH (4:1 v/v) solution. The vials were capped and sonicated for 2 hours at room temperature to facilitate the extraction of soluble organic compounds. Then, the liquid supernatant was separated from the mineral residues through centrifugation at 3,000 rpm for 45 min. The resulting supernatants (~100 μL each) were transferred to 1 mL total recovery vials, where they were concentrated at room temperature to 50 µL under a gentle stream of nitrogen gas for direct injection into the GC×GC-HRMS system.
[bookmark: _Hlk187665910]Non-targeted analyses of solvent-soluble organic compounds. Portions of OREX-800107-128, the carbonaceous meteorites, and the procedural blank was analyzed without derivatization using an Agilent 7890B gas chromatograph coupled to a LECO Pegasus HRT+ 4D time-of-flight mass spectrometer operated in full-scan mode over the mass-to-charge-ratio (m/z) range of 50–500 (ion source set at 250 °C and 70 eV). Using GC×GC-HRMS (resolving power of 25,000 m/Δm at 219 Da), we conducted a detailed analysis of the samples (Figure 1), leveraging retention times from analytical standards, characteristic combinations of multiple fragment ion m/z values, and spectral comparisons with the NIST10 digital mass spectral library. This methodology allowed for the screening of over 300 potential organic compounds, with a subset confidently identified (Table 1 and Table S1).
The primary GC oven was equipped with a 5 m base-deactivated fused silica guard column (Restek, 0.25 mm I.D.) and two Rxi-5ms (30 m length × 0.25 mm I.D. × 0.5 µm film thickness) medium polarity capillary columns connected in series using SilTite μ-union connectors (Restek) as first dimension columns (60 m total length), and a highly polar 0.6 m DB HeavyWax column (Agilent, 0.6 m length × 0.25 mm I.D. × 0.25 µm film thickness) as the second-dimension column. The temperature of the primary column was held at 40 °C for 10 min, then increased to 60 °C at 1 °C/min, held for 5 min at 60 °C, then increased to 110 °C at 2 °C/min, held for 5 min at 110 °C, then increased to 260 °C at 2 °C/min, held for 5 min at 260 °C, finally increased to 280 °C at 20 °C/min, and held for 25 min at 280 °C. The secondary column offset temperature was kept at 5 °C relative to the primary oven, the modulation temperature offset was kept at 15 °C, and a modulation period of 5 s was applied. The carrier gas used was ultrahigh-purity helium (5.0 grade) at 1.4 mL/min. Single injections of the samples were made in splitless mode in aliquots of 2 µL. 
Chromatograms were processed using the LECO Corp. ChromaTOF™ software. Mass spectra were used to identify compounds (high resolution m/z ±10 ppm), and quantifications were performed by measuring the peak areas of individual reference standards. The limit of quantitation was estimated to be <1 nmol of analyte per microliter injected; the limit of detection was 0.1 nmol of analyte per microliter injected (Aponte et al. 2023). Given the chemical diversity and complexity, a full compound-by-compound identification is beyond the scope of this study. We attempted to inject more diluted sample extracts into the GC×GC-HRMS to permit multiple replicates and better quantitation; however, most compounds were detected at levels below our quantitation limits. To address this limitation, we opted to consume the entire concentrated extract at the cost of being unable to analyze the sample in triplicate. 

RESULTS
Of the 134 DCM/MeOH-soluble organic compounds that we searched for, 87 were identified and quantified using authenticated standards (Table 1); 25 were tentatively identified based on spectral matches to the NIST10 library alone (Table S1); and 22 were searched for using standards but not found (Table S1). The compounds identified and quantified using analytical standards include 14 straight-chain alkanes (ranging from C6 to C30), 38 polycyclic aromatic hydrocarbons (PAHs), and 12 N-, 9 O-, and 14 S-containing compounds (Table 1).  
We also observed a broad range of aliphatic hydrocarbons, including normal (n-), branched, and cyclic alkanes and alkenes (Table 1 and Figure 1); however, in this work we only measured n-alkanes due to the limited availability of a wide range of branched and cyclic alkanes as analytical standards. 
Figure 2 shows the molecular distributions and abundances, serving as a simplified fingerprint for a comparative analysis across each of the compound classes investigated in this work. Overall, when considering the sum of all compound classes, the Murchison meteorite exhibits larger total abundances of solvent soluble organic compounds, followed by the Bennu sample OREX 800107-128, whereas Tagish Lake 11l, Orgueil, and Tarda show substantially lower total abundances (Table 1 and Figure 2). The approximately three-fold difference between Murchison and Bennu is primarily driven by higher abundances of aliphatic hydrocarbons, aromatic hydrocarbons, and O-bearing molecules in Murchison. In contrast, Tagish Lake 11l, Orgueil, and Tarda are overall more depleted in organics (Table 1 and Figure 2). 
Hexane was the shortest-chain n-alkane we detected, whereas n-triacontane was the longest-chain; additionally, C10 to C16 were the most abundant alkanes in the five samples. Naphthalene was the most abundant PAH in Murchison, and toluene was the most abundant in OREX-800107-128 and Tagish Lake 11l, whereas lower concentrations of toluene were found in Murchison, Orgueil and Tarda. Alkylpyridines, dibenzofuran, and acetophenone were the dominant species found among the nitrogen- and oxygen-containing organics in all samples, albeit at different concentrations. Other organics found include sulfur species such as dimethyl sulfides (H3C-Sn-CH3, where n = 1-4) and dimethyl sulfite (H3C-O-SO-O-CH3), which are particularly abundant in OREX-800107-128 relative to the analyzed carbonaceous chondrites; indeed, dimethyl sulfite in OREX-800107-128 is approximately an order of magnitude more abundant than in the carbonaceous meteorites samples analyzed.

DISCUSSION
Aliphatic hydrocarbons in OREX-800107-128. Low-molecular-weight aliphatic volatile compounds, such as methane, ethane, and propane, have previously been detected in carbonaceous meteorites (Yuen et al. 1984; Butterworth et al. 2004) and were therefore anticipated to also be present in the Bennu samples. However, the GC×GC-HRMS analytical approach employed in this study was not optimized for the detection of such small volatile species. The detection of n-alkanes in meteorites has historically been debated due to their widespread presence in the terrestrial biosphere, often raising concerns about contamination (Cronin and Pizzarello 1990; Sephton et al. 2001). As noted by Gelpi and Oró (1970), “the contributions of our terrestrial environment to the aliphatic hydrocarbon patterns of carbonaceous chondrites may be significant enough as to mask the presence of any indigenous component.” Nevertheless, the unambiguous identification of n-alkanes in Bennu sample OREX-800107-128, along with their previous detection in samples of Ryugu (Aponte et al. 2023), provides strong evidence that at least a portion of the aliphatic hydrocarbon inventory in carbonaceous chondrites is indigenous and not the result of terrestrial contamination. It should be emphasized that our finding would not be possible without the controlled delivery of pristine samples from asteroid Bennu and the robust contamination control and contamination knowledge programs implemented by the OSIRIS-REx mission (Dworkin et al. 2018).
Consistent with the molecular distribution patterns reported for linear saturated hydrocarbons in the Murchison, Bells, Ivuna, and other meteorites (Oró et al. 1966; Monroe and Pizzarello 2011; Pizzarello et al. 2012), the most abundant n-alkanes in OREX-800107-128 are those ranging from C10 to C16 homologs, which were detected at higher concentrations than n-hexane (C6). This finding is noteworthy because linear hydrocarbons with more than six carbon atoms are generally expected to undergo rapid cyclization reactions under prebiotic or radiogenic conditions, which would typically result in lower abundances relative to shorter-chain n-alkanes (Derenne and Robert 2010). Further, within most compound classes, such as aliphatic amines, amino acids, and carboxylic acids, longer-chain or higher-molecular-weight species are commonly present in lower concentrations, with abundances that decrease as the carbon chain length increases (e.g., Glavin et al. 2010; Aponte et al. 2014, 2019). However, this trend is not observed in the aliphatic hydrocarbon profiles of OREX-800107-128 and the carbonaceous meteorites analyzed here (Table 1), suggesting an unusual or potentially preservation-favorable formation or alteration history for these compounds.
The origin of both short- and long-chain aliphatic hydrocarbons (i.e., those with more than eight carbon atoms), as well as that of several other organic compound classes found in meteorites, remains a topic of ongoing debate (Tunney et al. in press). The three main proposed formation mechanisms and their environments include: (1) ion- or radical-mediated reactions in cold interstellar regions, (2) Fischer-Tropsch-type (FTT) synthesis during the solar system disk accretion, and (3) aqueous reactions mediated by parent body processing.  
Low-temperature ion- and radical-mediated synthesis in the presolar cloud and aqueous processing in the parent body have been largely considered as feasible environments for the formation of hydrocarbon and other organics (e.g., Kerridge 1999; Herbst and van Dishoeck 2009; Muñoz-Caro et al. 2025); however, FTT synthesis may also emerge as a prominent explanation for hydrocarbon synthesis prior to parent body accretion. FTT synthesis involves the catalytic conversion of hydrogen (H2) and carbon monoxide (CO) gases into a distribution of hydrocarbons, typically catalyzed by transition metals such as iron or cobalt. The resulting molecular profiles are influenced by the specific metal or mineral phase employed as catalyst (Yoshino et al. 1971; Amin et al. 2024). Laboratory simulations of FTT synthesis have produced hydrocarbons with molecular distributions closely resembling those observed in solvent extracts from various carbonaceous chondrites, lending support to this mechanism (Anders et al. 1973, Hayatsu et al. 1977). However, considering the extremely low temperatures of the dense molecular cloud from which the solar system likely originated (approximately –253 to –263 °C; Wilson et al. 1997; Juvela and Ysard 2011), and the absence of mineralogical evidence for heating above 100 °C in the Bennu samples analyzed to date (Zega and McCoy et al. 2025), it is improbable that FTT reactions occurred in either the molecular cloud or in the parent body. 
The temperature range within protoplanetary disks spans from below ~30 K in the outer regions, where molecular N2 and noble gases can condense, to over 1800 °C in the inner disk during transient chondrule-forming events (Boss 1998; Kamp and Dullemond 2004; Desch and Connolly 2002; Ohno and Ueda 2021). Intermediate midplane regions, where temperatures range from roughly 150 to 400 °C (Boss 1998), would have been thermally conducive to FTT synthesis, making this zone a more plausible setting for the abiotic formation of hydrocarbons subsequently incorporated into Bennu’s precursor material. Isotopic evidence, however, introduces complexity to this interpretation. In the Murchison meteorite, CO was found to be significantly depleted in 13C relative to low-molecular-weight hydrocarbons (e.g., methane, ethane, propane, butane, and pentane; Yuen et al. 1984), suggesting that these short-chain compounds may not have formed directly from isotopically light CO. In contrast, long-chain linear hydrocarbons (C12-C26) in Murchison and other meteorites exhibit carbon isotope compositions that align more closely with that of CO (Sephton et al. 2001), indicating a possible link between CO, FTT reactions, and higher-molecular-weight linear hydrocarbons. Regardless of the initial formation mechanism, it is essential to consider that the molecular distribution and abundances of these and other extraterrestrial organic compounds are the result of extensive synthetic and/or degradative reactions in multiple environments; therefore, further detailed investigations are needed to fully resolve the origin and evolution of hydrocarbons in extraterrestrial materials.  

Toluene and PAHs in OREX-800107-128. Aromatic hydrocarbons have been widely detected in extraterrestrial environments, including interstellar regions (Allamandola et al. 1968; Puget and Léger 1989; Tielens 2013), comet Wild 2 and asteroid Ryugu samples returned by NASA’s Stardust mission (Clemett et al. 2010; Spencer et al. 2009) and JAXA’s Hayabusa2 missions (Naraoka et al. 2023; Aponte et al. 2023) respectively, as well as in Martian meteorites and a variety of carbonaceous chondrite classes (Clemett et al. 1998; Becker et al. 1997; Naraoka et al. 2000; Elsila et al. 2005). Further, two-step laser mass spectrometry (µL2MS) analyses of Bennu particles revealed a suite of indigenous, 1- to 4-ring PAHs with spatial heterogeneity and no evidence of terrestrial contamination, closely resembling the organic signature of Orgueil (Lauretta and Connolly et al. 2024). Therefore, the identification of homologous PAH series ranging from two- to six-ring structures in Bennu sample OREX-800107-128 was not unexpected (Table 1). The PAH molecular distribution and abundances observed in OREX-800107-128 more closely resemble those found in Tagish Lake 11l and Tarda than in Orgueil and Murchison (Figure 2) in this study. Toluene (a monocyclic aromatic hydrocarbon; compound 16 in Table 1 and Figure 2) is >50 times more abundant in OREX-800107-128 and Tagish Lake 11l compared to the rest of meteorites; additionally, OREX-800107-128 and Tarda exhibit similar molecular patterns for higher-molecular-weight PAHs (compounds 22-36). In contrast, the concentrations of higher-molecular-weight PAHs (i.e., naphthalene, phenanthrene, fluoranthene, and pyrene; compounds 23, 35, 40, and 42, respectively, in Table 1 and Figure 2), are greater in Murchison than in OREX-800107-128 and the other meteoritic samples. These observations could be explained a number of ways: (1) OREX-800107-128, Tagish Lake 11l, and Tarda may have originated from a common parent body, distinct from that of Orgueil or Murchison, with a characteristic organic inventory shaped by unique alteration processes; (2) all five samples could have originated from different regions within a single, heterogeneous parent body, reflecting localized variations in aqueous and/or thermal alteration histories; or (3) the meteorite collection is biased against the most fragile components of carbonaceous asteroids, which are preserved in the Bennu samples and represented in the homogenized aggregate studied here. In this context, the Tagish Lake meteorite may serve as a rare example of such fragile material that survived entry and was recovered under cryogenic conditions shortly after its fall (Hildebrand et al. 2006).
Moreover, the high relative abundance of toluene compared to larger PAHs (two- to four-ring species) in both OREX-800107-128 and Tagish Lake 11l may reflect one of two contrasting scenarios. First, it is possible that toluene represents a stable end-product of aqueous and/or thermal processing on the parent body, persisting after the breakdown or transformation of more complex organics. Alternatively, the large abundance of toluene may indicate minimal parent body alteration, with toluene representing one of the initial precursors that has not yet been extensively converted into larger PAH species. This ambiguity parallels the broader complexity observed in the Bennu sample’s geochemical signatures. While its mineralogy and elemental composition suggest extensive aqueous alteration, comparable to CI chondrites, its bulk hydrogen and nitrogen isotopic compositions align more closely with less altered type-2 carbonaceous chondrites such as Tagish Lake and Tarda (Foustoukos et al. 2025). 
Similar to the aliphatic alkanes, the relative abundances of toluene and the two- to four-ring PAHs exhibit a trend in which compound concentration does not correlate positively with increasing carbon number or molecular weight. Although it remains uncertain whether toluene and the PAHs identified in this study are predominantly products of geologic processes within a parent body or instead reflect pre-accretionary origins, their molecular distributions appear to be largely independent of molecular size. This observation underscores the complexity of organic synthesis and preservation in small body environments and highlights the need for further isotopic and structural analyses to constrain their formation histories.

Heteroatom-bearing organics in OREX-800107-128. As noted by Krishnamurthy et al. (1992), the soluble organic inventory of meteorites is predominantly composed of compounds containing heteroatoms, a trend that is consistent with the expanded chemical diversity enabled by the inclusion of elements beyond carbon and hydrogen. Among the most abundant species identified in this study were nitrogen-, oxygen-, and sulfur-containing compounds, including pyridines, furans, and thiophenes. The origins and detection (through various analytical techniques, including pyrolysis-GC-MS) of these molecules in extraterrestrial materials have been previously discussed (e.g., Hayes and Biemann 1968; Levy et al. 1973; Stoks and Schwartz 1982; Sephton et al. 2006; Yamashita and Naraoka 2014; Naraoka et al. 2017). However, the use of a mild extraction protocol in this study confirms that these compounds are present in the native soluble organic fraction and are not solely the result of thermal decomposition of insoluble organic matter during pyrolysis. 
The origins of these heteroatom-bearing compounds, similar to those of the aliphatic compounds and PAHs, remain unconstrained and are likely the result of multiple formation pathways. These compounds can be synthesized through several pathways, including interstellar photochemistry on icy grain mantles, FTT-type surface-catalyzed reactions in the protoplanetary disk, and the breakdown of complex macromolecular organic matter, such as short polymers and insoluble organic matter, through aqueous and thermal processing in the parent body. These pathways may span from pre-solar nebular and disk processes to parent body reactions occurring during transitions from aqueous to desiccated conditions. 
Though the precise synthetic origins of the soluble heteroatom-bearing organic matter cannot yet be fully determined, the molecular distributions and abundances observed likely reflect the cumulative effects of aqueous alteration within the parent body, much like the alteration signatures recorded in mineral matrices. For instance, the similarity in molecular composition and organic concentrations of heteroatom-bearing organics between OREX-800107-128, Tagish Lake 11l, and Tarda suggests that Bennu has a closer relationship with these two meteorites, as opposed to Orgueil and Murchison. This relationship is also supported by bulk C, H, and N isotopic measurements showing that the bulk composition of organics in a Bennu aggregate sample are most similar to the C2-ungrouped chondrites Tagish Lake and Tarda than to any other carbonaceous chondrite group (Foustoukos et al. 2025; Glavin and Dworkin et al. 2025). 
[bookmark: _Hlk219463441]In addition, the concentration of certain organics may provide information about environments in the parent bodies of meteorites. For example, the concentration of dibenzofuran (compound 69 in Table 1 and Figure 2) in Bennu sample OREX-800107-128 is at least an order of magnitude lower than that observed in Murchison. Nevertheless, dibenzofuran is the most abundant solvent-soluble organic compound we detected in OREX-800107-128, Orgueil, and Murchison, and is among the most abundant organic species in all samples in this work (Figure 1). Given the multitude of potential reaction pathways, this convergence among apparently distinct asteroid and meteorite samples is somewhat unexpected. One plausible explanation that deserves to be studied is that these materials may have originated from the same parent body, where they experienced globally similar degrees and types of alteration, but with spatial variability accounting for the modest differences in petrologic type (1 vs. 2). Under this scenario, the differing abundances of dibenzofuran could reflect heterogeneity in the original organic inventory across different regions of the parent body. Specifically, the portion that eventually formed Bennu sample OREX-800107-128 may have started with a lower initial concentration of dibenzofuran and its precursors, whereas the region that gave rise to Orgueil and Murchison may have contained a more enriched organic reservoir. Nonetheless, it could remain plausible that multiple precursor materials present in the same region where different parent bodies formed from a common reservoir could have accreted in different relative proportions, leading to the formation of separate parent bodies for Bennu, Ryugu, and aqueously altered carbonaceous chondrites. Further experimental and theoretical work is needed to fully understand this observation. 

[bookmark: _Hlk199492340]Nitrogen- and oxygen-bearing organics in OREX-800107-128. Given that the nitrogen weight percent and concentrations of ammonia in Bennu samples are much higher than those in Ryugu samples and various carbonaceous chondrites, including Murchison (Lauretta and Connolly et al. 2024; Glavin and Dworkin et al. 2025), the detection of nitrogen-containing compounds in Bennu sample OREX-800107-128 was expected. Further, aqueous extract of Bennu material exhibited a pH of 8.23  0.02 as measured by Furukawa et al. (2026), consistent with the presence of basic species. Due to the mild polar nature of the extraction protocol and the absence of derivatization, the nitrogen-containing compounds that could be effectively targeted were aromatic species (e.g., pyridine and alkylpyridines) rather than short-chained amines, which are likely present as salts. Notably, the concentrations of pyridine and alkylpyridines exceeded those of analogous PAH species such as benzene, toluene, and C2- and C3-alkylbenzenes. Additionally. we also detected hexamethylenetetramine (HMT), which is a likely interstellar precursor of prebiotic chemistry in the parent body. HMT has been detected in meteorites (Oba et al. 2020); this is the first time it has been detected in a returned asteroid sample.  
Pyridine and alkylpyridines (compounds 53–57 in Table 1 and Figure 2) have previously been detected in the Murchison meteorite using both gas and liquid chromatography (Stoks and Schwartz 1981, 1982; Yamashita and Naraoka 2014). Their formation has been attributed mainly to two pathways: (1) ion/radical reactions in the cold dense interstellar clouds (Smith et al. 2014), and (2) the Chichibabin synthesis, a series of aldol condensation reactions of aldehydes in the presence of ammonia occurring within the parent body (Stoks and Schwartz 1981, 1982; Yamashita and Naraoka 2014). The higher abundance of pyridine and alkylpyridines compared to their PAH structural analogs suggests that these nitrogenous aromatics were likely formed or enhanced during parent body processes involving liquid water, rather than in pre-accretionary environments. This observation provides an important clue toward deciphering the synthetic origins not only of pyridine and its derivatives, but also of a broader suite of heteroatom-containing extraterrestrial organic compounds.    
In addition, the presence of oxygen-bearing compounds, beyond the aforementioned dibenzofuran, such as aromatic aldehydes, ketones, ethers, and esters (Table 1) suggests that a broad range of aldol condensation reactions occurred in the liquid phase, indicative of post-accretionary aqueous environments. The Formose reaction (a type of aldol condensation involving formaldehyde as the primary reactant) and the Chichibabin reaction are examples of autocatalytic condensation processes, in which one of the products accelerates the reaction itself (Novikov et al. 1976; Socha et al. 1980). These findings support the hypothesis that extensive chemical synthesis began with small carbonyl compounds formed during the parent body’s accretion and progressed through complex reaction networks under alkaline aqueous conditions within the parent body. This process likely contributed to the highly diverse molecular inventory now observed in extraterrestrial samples. 

[bookmark: _Hlk198558459][bookmark: _Hlk219298337]Sulfur-bearing organics in OREX-800107-128. Consistent with prior findings from Ryugu (Aponte et al. 2023), we identified a range of reduced sulfur species (i.e., organic sulfides (oxidation state: −2) are reduced, and organic sulfites (oxidation state: +4) are oxidized with respect to elemental sulfur (oxidation state: 0); yet organic sulfites remain less oxidized than organic sulfates (oxidation state: +6), in Bennu sample OREX-800107-128. Specifically, dimethyl sulfite (compound 85 in Figure 2) is considerably higher than that observed in all meteorite samples we studied. In contrast, the concentration of elemental sulfur allotropes (e.g., S₂-S₃₂, or Sₓ) is lower compared to these meteorites (Figure 1). One possible explanation for this discrepancy involves the extended exposure of meteorites like Orgueil, Murchison, and Tagish Lake to the terrestrial environment. Following atmospheric entry, organic sulfides and sulfites in these meteorites may have undergone volatilization or oxidative degradation, through terrestrial weathering (e.g., Lee and Glazer 2026), leading to the release of sulfur allotropes and small aliphatic species such as methane as secondary products. This would suggest that the current molecular distribution of sulfur-bearing compounds in meteorites recovered on Earth may not fully reflect their original extraterrestrial inventory, reiterating the criticality of sample return missions.
[bookmark: _Hlk219108892]The presence of sulfur compounds (i.e., elemental sulfur, dimethyl sulfide, dimethyl sulfite) suggests that at least some regions of Bennu’s parent body underwent low-temperature aqueous alteration conducive to sulfur-organic chemistry. Elemental sulfur can dissolve in aqueous ammonia fluids to form a mixture of polysulfides and thiosulfate. However, the stability of S-containing molecules would depend on the specific compound and the conditions of the solution. For example, sulfur-sulfur bonds in compounds such as dimethyl disulfide can be susceptible to hydrolysis in even weakly alkaline conditions; meanwhile, dimethyl sulfite may oxidize to the corresponding sulfate in the presence of UV radiation, or strong oxidants such as hydroxyl and/or sulfate radicals, hydrogen peroxide, persulfate, or oxygen in solution. 
[bookmark: _Hlk219116920][bookmark: _Hlk219113260][bookmark: _Hlk219123515]The S-containing compounds in ammonia-rich Bennu materials further suggest that Bennu’s parent body experienced more than one fluid event or independent periods of aqueous alteration, resulting in the spatial differentiation of fluids. This idea is consistent with the petrologic analyses of Bennu samples: Connolly and Lauretta et al. (2025) showed a sulfide-rich reaction front overprinting the fine phyllosilicate matrix, which records localized sulfur mobilization and the creation of distinct microenvironments, reflecting variations in fluid chemistry (geochemical activity, pH, Eh, and temperature) on scales of hundreds of microns. The detection of dimethyl sulfide indicates that aqueous reactions involving methanethiol and methyl-containing precursors likely occurred in such regions of the parent body. Moreover, the preservation of volatile and labile organics such as dimethyl sulfide implies that the material we analyzed experienced minimal thermal metamorphism following their formation. Dimethyl sulfite, similarly, may have formed through mild aqueous processes, such as the transesterification of cyclic sulfites with methanol (Bristow and Tillett 1967), both of which can be products of aqueous alteration. Nonetheless, the possibility that dimethyl sulfite formed during sample extraction from the reaction of methanol in the solvent with a dimethyl sulfite reactive intermediate cannot be ruled out. Future experiments using isotopically labeled dimethyl sulfite and/or methanol are needed to confirm the indigeneity of dimethyl sulfite in Bennu samples. Collectively, the definitive identification of these S-bearing compounds supports the conclusion that Bennu’s parent body hosted chemically diverse and geologically dynamic environments capable of facilitating complex aqueous-phase reactions involving both carbon and sulfur species.
	The detection of sulfur-bearing compounds in OREX-800107-128 have important astrobiological implications and reinforce the idea that prebiotic sulfur compounds were inherited from early solar system materials and may have served as chemical precursors or redox-active intermediates in prebiotic Earth environments, contributing to early metabolism-like chemistry (Lönnberg 2016; Sydow et al. 2022). Dimethyl sulfide is known to play roles in modern biological sulfur cycles, especially in microbial metabolism, and dimethyl sulfite contains the sulfite ester functional group (R-O-S-O-R’), which is chemically reactive and could serve as an intermediate in more complex prebiotic transformations and as a possible chemical bridge between simple organosulfur compounds and more complex biomolecules (e.g., sulfolipids, sulfur-containing cofactors; Wang et al. 2018; Dahl 2020).

Do Bennu, Ryugu, and aqueously altered carbonaceous chondrites share a common origin? Asteroids Bennu and Ryugu, along with carbonaceous chondrites recovered on Earth, originate from primitive bodies formed in the early solar system. Given that the Bennu samples analyzed here and those previously studied from Ryugu (Aponte et al., 2023) were processed using different extraction protocols and sample masses, the molecular distributions and concentrations of soluble organic compounds identified in Bennu (OREX-800107-128) and Ryugu (A016 and C0107) cannot be directly compared. Nevertheless, the Bennu sample appears to contain a greater diversity and higher concentrations across the compound classes examined here than those reported for Ryugu. In addition, both Bennu (OREX-800107-128) and Ryugu (A016 and C0107) exhibit nitrogen- and sulfur-bearing compounds that differ in distribution and abundance from those typically observed in carbonaceous chondrites recovered on Earth. These asteroids and meteorites have inherited an inventory of organic molecules and their precursors, through a convoluted history including varying degrees of aqueous alteration, thermal processing, and collisional evolution. However, whether these materials share a common, compositionally heterogeneous parent body, or originated from distinct parent bodies, remains an open question worth exploring. 
Both Bennu and Ryugu are rubble-pile asteroids (Walsh 2018), formed from the re-accumulation of fragments following large-scale collisional disruptions. Bennu, Ryugu, and carbonaceous chondrites exhibit similarities in mineralogy, elemental composition, and organic chemistry. For example, all contain presolar grains and hydrated minerals such as phyllosilicates, plus carbonates, magnetite, phosphates, and sulfides, which are indicative of low-temperature aqueous alteration (<~100 °C; Zega and McCoy et al. 2025). In addition, elemental analyses have shown that the compositions of Bennu and Ryugu closely resemble those of CI chondrites (Yokoyama et al. 2022; Lauretta and Connolly et al. 2024; Barnes and Nguyen et al. 2025). However, the bulk compositions of Bennu aggregate samples vary (Lauretta and Connolly et al. 2024). Further, at the millimeter-centimeter scale, the petrology of Bennu samples records a spectrum of aqueous alteration conditions and events, including evidence for heterogenous distribution (Lauretta and Connolly et al. 2024; Barnes and Nguyen et al. 2025; Connolly and Lauretta et al. 2025; McCoy and Russell et al. 2025; Nguyen et al. 2025). The presence of organic microenvironments is demonstrated, for example, by a nitrogen-rich vein in a Bennu sample that records a multistage environment, beginning with cryogenic, pre-aqueous polymerization of ammonia and CO2-derived carbamates into insoluble N- and O-rich organic sheets, followed by aqueous alteration that introduced carbonate inclusions and structural folding, preserving a snapshot of chemical evolution from cold nebular ice chemistry to low-temperature aqueous processing in the parent body (Mojarro et al. 2025; Sandford and Gainsforth et al. 2025).  
[bookmark: _Hlk219298881][bookmark: _Hlk219303122][bookmark: _Hlk219463630]Whereas the organic inventory of the Bennu sample studied here is most closely aligned with that of C2-ungrouped chondrites (Figure 2), Ryugu samples’ organic composition more strongly resembles CI materials (Naraoka et al. 2023). Nevertheless, both asteroids contain complex mixtures of organic molecules that are broadly similar to those found in meteorites such as Orgueil, Murchison, Tagish Lake, Tarda, and other carbonaceous chondrites (Aponte et al. 2023, 2025). Therefore, the shared mineralogical and elemental characteristics among Bennu, Ryugu, and aqueously altered carbonaceous chondrites suggest formation in a similar region of the outer solar system, followed by comparable aqueous alteration processes. Differences such as Bennu’s higher nitrogen and carbon contents (Glavin and Dworkin et al. 2025), and more basic pH (Furukawa et al. 2026), added to Ryugu’s lower abundances of certain CI-characteristic minerals (e.g., Mg-rich hydrous silicates, hydroxyapatite, Fe sulfides, among other; Nakamura et al. 2022), indicate that they originated either from separate (though similar) parent bodies or from a single heterogeneous parent body, containing distinct regions with different post-formation histories. The latter scenario is more plausible for Bennu and Ryugu at least, considering that these two asteroids share a dynamical state (Campins et al. 2010; Walsh et al. 2024), formation pathway (Michel et al. 2020), and proposed linkage to the New Polana asteroid family (Walsh et al. 2013; Takir et al. 2024; Arredondo et al. 2025). 
A general caveat for studies such as this one is that the mass of the sample analyzed (in this case, 196.6 mg) constitutes an extremely small fraction of Bennu itself, which is about ~7.33×1013 g (Goossens et al. 2021), and an even smaller aliquot of its posited ≥100-km Ceres-like parent body (Bottke et al. 2015), which likely had a mass orders of magnitude larger than that of Bennu (1021 g). Therefore, any global statement about the initial accreted mixture is intrinsically perilous without homogeneity assumptions that are unlikely to hold for a rubble-pile asteroid sourced from a heterogeneous progenitor.
Sample scale and representativeness also create limitations when comparing Bennu and Ryugu samples directly, as does Bennu’s petrologic and compositional heterogeneity, revealed through varying mineralogy, hydration levels, and carbon and organic compound distributions among different samples (Zega and McCoy et al. 2025; McCoy and Russell et al. 2025; Glavin and Dworkin et al. 2025; Mojarro et al. 2025). The total mass of the Bennu samples returned by OSIRIS-REx (~121.6 g) is more than 20 times that of the Ryugu samples (~5.4 g). Consequently, Bennu samples likely capture a broader geochemical and textural spectrum of the parent body, whereas Ryugu samples may overrepresent a narrower lithologic or mineral fraction. Because aggregate samples (lithologically unsorted mixtures of fine, intermediate, and coarse particles) were used for this and other studies of Bennu’s organics, the measured organic inventories reflect an average of diverse microenvironments. This reduces statistical noise but introduces potential mass-averaging effects, potentially blending chemically distinct domains that are resolvable in smaller, more uniform samples (Mojarro et al. 2025). In contrast, finer-grained, spectrally homogeneous samples better preserve local compositional fidelity but may not reflect the global variability of the asteroid. Together, these factors introduce a comparative bias: in this study, Bennu’s organics appear richer and more varied than Ryugu’s, but part of that diversity could stem from the scale and mixture of analyzed material which was 10x larger than that used in the Ryugu study (Aponte et al. 2023). This comparative bias should not be overlooked; however, our work aims to support reaching a future fully normalized comparison between the two asteroid sample collections. 
[bookmark: _Hlk219118076]	There are millions of asteroids in the solar system, among which carbonaceous asteroids like Bennu and Ryugu make up about 75% (Gradie and Tedesco 1982; Bielawski 2020). Therefore, extrapolating from Bennu, Ryugu, and carbonaceous chondrites on Earth to the entire population of volatile-rich bodies is inherently limited. Each of these objects could record a distinct formation and alteration history, shaped by local temperature, pressure, and aqueous conditions within the protoplanetary disk and parent body interiors. While the Bennu and Ryugu samples provide invaluable ground truth for understanding primitive asteroids, they represent only a narrow sampling of a much broader continuum of carbonaceous materials. Consequently, it may be prudent to understand their chemistry and mineralogy as individual case studies. Continued comparative analyses remain essential to fully determine the origins of these primitive materials. 
CONCLUSIONS 
We used GC×GC-HRMS to identify multiple organic compounds in organic solvent extracts of Bennu sample OREX-800107-128. Our results reveal a complex inventory of aliphatic hydrocarbons, aromatic compounds, and heteroatom-bearing organics, many of which are consistent with those found in meteorites. The high concentrations of pyridines, dimethyl sulfides, and other prebiotically relevant species in this Bennu sample suggest extensive low-temperature aqueous alteration and a geochemical environment capable of supporting varied organic synthesis pathways, including aldol condensations and potentially autocatalytic reaction networks.
While similarities in organic composition, mineralogy, and elemental abundances support a shared evolutionary framework among samples from Bennu, Ryugu, and carbonaceous chondrites found on Earth, key differences (e.g., elevated carbon contents and pH in Bennu samples) point to distinct pre- and post-accretion histories. The laboratory data acquired to date and the dynamical evolution of the asteroids collectively favor, but do not uniquely require a model in which the Bennu and Ryugu samples formed within one parent body containing different environments that experienced similar though not identical, aqueous and thermal processes. These findings are key to our understanding of the chemical diversity and inventory of early solar system and highlight the value of pristine sample return missions in reconstructing prebiotic chemical evolution. Future isotopic comparisons of organics in Bennu, Ryugu, and analogous meteorite are essential to constrain the origins of organic matter in the solar system and assess its potential contributions to the emergence of life on early Earth. 
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Figure 2. Comparative abundances of detected compounds in OREX-800107-128, Tagish Lake 11l, Orgueil, Tarda, and Murchison (numbers correspond to compound numbers in Table 1). The size of the bubble represents the abundance of individual compounds in nmol/g of material.
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[bookmark: _Hlk198737870]Table 1. Organic compounds and molecular sulfur in the DCM/MeOH extracts of samples OREX-800107-128, Tagish Lake 11l (C2-ungrouped), Tarda (C2-ungrouped), Orgueil (CI1), and Murchison (CM2). Shown are accurate masses of diagnostic fragment ions (m/z) obtained by HRMS. Abundances are expressed in nmol/g of sample. 

	#
	Compounds
	R.T. (s)
	Accurate Massa
	Samplesa

	
	Aliphatic hydrocarbons
	(1st, 2nd)
	m/z
	OREX-800107-128
	Orgueil
	Tagish Lake 11l
	Tarda
	Murchison

	1
	n-Hexane (C6)
	480.05, 0.60
	57.0697
	0.6
	0.1
	1.1
	0.3
	0.1

	2
	n-Nonane (C9)
	2410.75, 0.65
	43.0544
	0.9
	<0.1
	2.1
	0.4
	3.0

	3
	n-Decane (C10)
	3339.31, 0.62
	57.0698
	2.4
	<0.1
	4.4
	1.0
	9.2

	4
	n-Dodecane (C12)
	4618.27, 0.67
	57.0698
	0.9
	0.1
	0.2
	5.3
	13.0

	5
	n-Tetradecane (C14)
	5602.90, 0.65
	57.0698
	1.4
	2.1
	0.8
	9.6
	16.9

	6
	n-Hexadecane (C16)
	6384.29, 0.62
	57.0698
	2.3
	4.5
	0.3
	14.0
	20.7

	7
	n-Octadecane (C18)
	7050.05, 0.69
	57.0700
	0.3
	1.9
	<0.1
	4.2
	9.2

	8
	n-Nonadecane (C19)
	7354.90, 0.70
	57.0700
	0.5
	0.8
	<0.1
	2.9
	6.5

	9
	n-Eicosane (C20)
	7645.73, 0.69
	57.0700
	0.1
	1.6
	<0.1
	1.2
	5.4

	10
	n-Docosane (C22)
	8185.34, 0.73
	57.0700
	0.1
	0.3
	<0.1
	1.3
	4.9

	11
	n-Tetracosane (C24)
	8679.41, 0.72
	57.0700
	0.1
	0.1
	<0.1
	1.2
	1.7

	12
	n-Hexacosane (C26)
	9033.31, 0.78
	57.0700
	0.2
	<0.1
	<0.1
	0.5
	0.7

	13
	n-Octacosane (C28)
	9464.30, 0.78
	57.0700
	0.1
	<0.1
	<0.1
	0.1
	0.2

	14
	n-Triacontane (C30)
	10070.50, 0.81
	57.0700
	<0.1
	<0.1
	<0.1
	<0.1
	0.1

	
	Total aliphatic hydrocarbons (nmol/g) 
	
	
	9.8
	11.5
	8.9
	41.9
	91.6

	
	Aromatic Hydrocarbonsb
	
	
	
	
	
	
	

	15
	Benzene
	693.792, 0.696
	78.0459
	13.5
	0.1
	17.0
	0.6
	6.5

	16
	Toluene
	1240.42, 0.888
	91.0541
	114.5
	<0.1
	187.6
	2.2
	2.0

	17
	C2-Benzene isomers
	1969.25 - 2347.68, 0.791
	91.0541
	1.2
	<0.1
	23.9
	0.2
	2.3

	18
	Styrene
	2305.63, 1.356
	104.062
	0.3
	0.3
	2.1
	0.2
	2.9

	19
	Indan
	3588.1, 0.928
	117.0697
	11.2
	<0.1
	24.0
	3.3
	40.8

	20
	Indene
	3647.66, 1.112
	115.0539
	6.6
	0.2
	0.6
	0.3
	44.9

	21
	C3-Benzene isomers
	2684.06 - 3787.82, 0.712
	105.0695
	2.1
	<0.1
	12.0
	2.3
	3.9

	22
	C4-Benzene isomers
	4117.2, 0.928
	119.0854
	6.1
	<0.1
	6.9
	2.8
	8.5

	23
	Naphthalene
	4546.59, 1.152
	128.0620
	38.1
	6.1
	17.8
	49.3
	3,629.5

	24
	2-Methylnaphthalene
	5156.29, 1.040
	142.0775
	32.9
	4.7
	8.0
	62.5
	856.6

	25
	1-Methylnaphthalene
	5238.48, 1.232
	142.0775
	23.0
	1.9
	6.0
	49.6
	517.4

	26
	Biphenyl
	5552.24, 1.048
	154.0775
	34.4
	2.7
	1.8
	16.7
	544.7

	27
	C2-alkylnaphthalenes
	5643.86 - 5766.66, 1.138
	156.0932
	47.2
	8.9
	6.2
	112.3
	467.9

	28
	Diphenylmethane
	5778.1, 1.120
	168.0930
	48.0
	0.7
	2.2
	13.5
	318.3

	29
	[bookmark: _Hlk219197261]C3-C4-alkylnaphthalenes
	5859.42 - 6841.18, 1.055
	[bookmark: _Hlk219197223]155.0855
	296.4
	43.9
	4.5
	320.7
	721.6

	30
	Acenaphthylene
	5864.1, 1.200
	152.0619
	5.0
	<0.1
	<0.1
	0.5
	21.0

	31
	Methylbiphenyl isomers
	5991.84 - 6110.98, 1.152
	168.0928
	15.6
	2.1
	0.4
	24.9
	88.0

	32
	Acenaphthene
	6007.76, 1.048
	153.0697
	25.7
	0.4
	0.4
	4.9
	313.8

	33
	C4-C5-alkylnaphthalenes
	6113.16 - 6981.23, 0.984
	169.1012
	271.0
	35.8
	0.3
	243.8
	305.5

	34
	Fluorene
	6382.69, 1.128
	165.0697
	29.4
	2.6
	0.4
	15.4
	29.4

	35
	Phenanthrene
	7069.47, 1.296
	178.0775
	57.1
	59.0
	0.3
	82.2
	1,017.0

	36
	Anthracene
	7101.01, 1.296
	178.0775
	22.8
	4.0
	<0.1
	13.8
	59.0

	37
	C1-Alkylphenanthrenes
	7386.72 - 7530.44, 1.504
	192.0929
	13.3
	5.1
	<0.1
	30.5
	257.6

	38
	C2-Alkylphenanthrenes
	7808.05 - 7985.48, 1.488
	206.1088
	3.7
	5.2
	<0.1
	39.1
	51.4

	39
	1-Phenylnaphthalene
	7873.49, 1.944
	204.0567
	0.4
	0.4
	<0.1
	2.8
	127.6

	40
	Fluoranthene
	7913.94, 1.472
	202.0775
	14.3
	6.7
	0.1
	21.6
	812.9

	41
	C3-Alkylphenanthrenes
	8004.45 - 8417.32, 1.445
	220.124
	3.2
	5.0
	<0.1
	32.7
	16.9

	42
	Pyrene
	8068.11, 1.520
	202.0775
	10.7
	4.5
	0.1
	17.7
	617.9

	43
	Methylfluoranthenes and methylpyrenes
	8215 - 8486.82, 1.752
	216.0929
	9.5
	1.8
	<0.1
	8.6
	63.8

	44
	p-Terphenyl
	8231.36 - 1.040
	230.1084
	0.2
	0.2
	<0.1
	0.2
	3.0

	45
	C2-Fluoranthenes,C2-pyrenes, or Terphenyls
	8465.37 - 8917.41, 1.472
	230.1091
	10.2
	1.9
	<0.1
	7.7
	21.4

	46
	C3-Fluoranthenes,C3-pyrenes, or Methylterphenyls
	8605.82 - 9019.30, 1.512
	244.1241
	7.5
	0.6
	<0.1
	4.3
	15.5

	47
	Benz(a)anthracene
	8867.02, 1.480
	228.0931
	1.1
	0.1
	<0.1
	0.8
	10.9

	48
	Chrysene
	8888.05, 1.504
	228.0931
	0.8
	0.1
	<0.1
	0.7
	7.3

	49
	Benzo(b)fluoranthene
	9560.82, 2.616
	252.0932
	0.5
	0.1
	<0.1
	0.1
	2.6

	50
	Benzo(k)fluoranthene
	9578.34, 2.576
	252.0932
	0.5
	<0.1
	<0.1
	<0.1
	1.6

	51
	Benzo(a)pyrene
	9823.62, 3.224
	252.0932
	0.2
	0.1
	<0.1
	<0.1
	0.7

	52
	Benzo(g,h,i)perylene
	11456.5, 0.624
	276.0935
	0.1
	<0.1
	<0.1
	<0.1
	<0.1

	
	Total aromatic hydrocarbons (nmol/g)
	
	
	1,178.4
	205.1
	322.4
	1,188.9
	11,012.9

	
	Nitrogenb
	
	
	
	
	
	
	

	53
	Pyridine
	1075.73, 0.992
	52.031
	289.6
	11.7
	87.6
	76.5
	306.0

	54
	Pyridine, 3-methyl-
	1632.86, 1.224
	93.0574
	285.4
	8.2
	3.1
	54.9
	476.9

	55
	Pyridine, 2-methyl-
	1997.28, 1.504
	93.0573
	247.8
	3.1
	32.8
	61.3
	941.2

	56
	C2-Alkylpyridines
	1840.76 -3394.32, 0.792
	107.0728
	491.8
	2.5
	6.1
	56.7
	2,861.7

	57
	Aniline
	3150.10, 1.712
	93.0572
	1.2
	0.1
	<0.1
	1.7
	5.1

	58
	Benzonitrile
	3206.16, 2.264
	103.0416
	91.4
	0.5
	25.4
	31.3
	9.5

	59
	Benzylamine
	3402.38, 1.000
	106.065
	67.1
	0.1
	1.0
	1.9
	128.5

	60
	C3-4 Alkylpyridines
	3493.98 - 4527.33, 0.952
	107.0728
	313.2
	1.9
	<0.1
	37.8
	1,123.6

	61
	[bookmark: _Hlk219301665]Hexamethylenetetramine (HMT)
	4775.95, 0.640
	140.1056
	8.8
	<0.1
	<0.1
	<0.1
	1.3

	62
	Quinoline
	4881.54 - 1.336
	129.0569
	1.8
	0.1
	<0.1
	2.3
	2.8

	63
	Isoquinoline
	4965.17 - 1.356
	129.0569
	1.3
	0.1
	<0.1
	0.8
	2.0

	64
	Carbazole
	7230.66, 3.088
	167.0728
	9.4
	0.3
	<0.1
	3.8
	137.2

	
	Total N-bearing (nmol/g)
	
	
	1,808.7
	28.6
	156.0
	329.0
	5,995.8

	
	Oxygen
	
	
	
	
	
	
	

	65
	Benzaldehyde
	3001.33, 1.608
	105.0334
	12.4
	0.6
	1.3
	3.7
	28.2

	66
	Acetophenone
	3772.21, 1.286
	105.0334
	115.3
	9.9
	11.0
	76.6
	667.1

	67
	Methyl benzoate
	3949.01, 1.368
	105.0334
	12.2
	0.6
	2.6
	4.2
	5.4

	68
	Propiophenone
	4415.04, 1.472
	105.0336
	43.0
	2.2
	0.2
	7.9
	149.9

	69
	Dibenzofuran
	6126.9, 1.168
	168.0568
	462.4
	790.0
	6.2
	1,151.6
	6,056.6

	70
	Benzophenone
	6534.96, 1.504
	105.0335
	9.0
	3.0
	<0.1
	277.9
	256.8

	71
	9-Fluorenone
	6923.90 - 1768
	180.0568
	1.8
	2.7
	<0.1
	4.5
	91.2

	72
	Methyl dibenzofuran isomers
	7256.78 - 7361.9, 1.840
	182.0724
	183.5
	33.5
	<0.1
	704.9
	4,665.3

	73
	Anthraquinone
	7649.70 - 1.168
	208.0518
	0.1
	0.8
	<0.1
	11.0
	94.1

	
	Total O-bearing (nmol/g)
	
	
	839.7
	843.2
	21.4
	2,242.3
	12,014.5

	
	Sulfurb
	
	
	
	
	
	
	

	74
	Thiophene
	721.824, 0.952
	84.0029
	3.6
	<0.1
	<0.1
	0.1
	3.6

	75
	2- or 3-Methylthiophene
	1275.46, 0.992
	97.0108
	6.2
	0.1
	0.7
	0.1
	4.2

	76
	3- or 2-Methylthiophene
	1324.51, 1.053
	97.0108
	5.1
	0.1
	0.7
	0.3
	2.1

	77
	C2-alkylthiophenes
	1993.78, 1.096 - 2466.82, 1.320
	97.0108
	2.3
	<0.1
	<0.1
	0.1
	3.7

	78
	Benzothiophene
	4597.25, 1.55
	134.0182
	16.4
	0.5
	1.4
	1.7
	193.1

	79
	Benzothiazole
	4782.96, 1.856
	135.0137
	59.8
	6.8
	54.1
	23.7
	351.6

	80
	Methylbenzothiazoles
	4887.81 - 5073.1, 1.984
	135.0137
	8.1
	0.9
	<0.1
	3.0
	10.0

	81
	Dibenzothiophene
	6979.97, 1.520
	184.0338
	28.5
	5.2
	0.4
	11.6
	353.4

	82
	Dimethyl sulfide
	364.416, 0.624
	62.0184
	4.9
	9.4
	5.6
	0.3
	194.6

	83
	Dimethyl disulfide
	717.976, 870.552
	63.9437
	4.0
	0.1
	6.3
	<0.1
	<0.1

	84
	Dimethyl trisulfide
	3087.02, 1.224
	78.967
	54.8
	0.1
	43.3
	0.7
	7.1

	85
	Dimethyl tetrasulfide
	4744.42, 1.248
	78.967
	186.7
	0.1
	51.1
	2.7
	7.4

	86
	Dimethyl sulfite
	1054.700, 1.368
	78.9848
	7,914.1
	<0.1
	743.4
	<0.1
	465.2

	[bookmark: _Hlk212123014]87
	S8 and allotropes
	6517.97 - 8721.41, 1.14
	63.9437
	c
	c
	c
	c
	c

	
	Total S-bearing (nmol/g)
	
	
	8,294.6
	23.2
	906.9
	44.4
	1,596.0

	
	Total all
	
	
	12,131.1
	1,111.7
	1,415.6
	3,846.6
	30,710.8

	aHRMS m/z values were used to isolate compounds peaks within a range of ±10 ppm.
bC2, C3, and C4 refers to the mixture of molecular isomers, where for example C2 can be dimethyl or ethyl, C3 can be trimethyl, methyl-ethyl, or propyl, etc.  
cConcentrations reached saturation limits of mass spectrometer detector.
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Figure S1. GC×GC-HRMS total ion chromatogram of solvent-soluble organic compounds in Tagish Lake 11l (C2-ungrouped). Each bright spot in the chromatogram represents an organic compound (peaks). Inset color scales indicate relative peak intensities (in counts), with cooler colors (gray to green) representing lower values and warmer colors (purple to pink) indicating higher values. The timeframe for the first dimension (Time1) runs from 0 to 10000 s; and in the second dimension (Time2), it runs from 0.3 to 1.6 s. Highlighted chromatogram regions correspond to: (1) small volatiles, (2) alkylbenzenes, (3) aliphatic compounds, (4) heteroatom-bearing organics, (5) PAHs, and (6) sulfur allotropes. Large peaks in box 1 correspond to the DCM/MeOH mix used as solvents, the compounds reported in that box are in lower concentrations not showing up in this figure. 
[image: ] 

Figure S2. GC×GC-HRMS total ion chromatogram of solvent-soluble organic compounds in Tarda (C2-ungrouped). Each bright spot in the chromatogram represents an organic compound (peaks). Inset color scales indicate relative peak intensities (in counts), with cooler colors (gray to green) representing lower values and warmer colors (purple to pink) indicating higher values. The timeframe for the first dimension (Time1) runs from 0 to 10000 s; and in the second dimension (Time2), it runs from 0.3 to 1.6 s. Highlighted chromatogram regions correspond to: (1) small volatiles, (2) alkylbenzenes, (3) aliphatic compounds, (4) heteroatom-bearing organics, (5) PAHs, and (6) sulfur allotropes.

[image: ]
Figure S3. GC×GC-HRMS total ion chromatogram of solvent-soluble organic compounds in Orgueil (CI1). Each bright spot in the chromatogram represents an organic compound (peaks). Inset color scales indicate relative peak intensities (in counts), with cooler colors (gray to green) representing lower values and warmer colors (purple to pink) indicating higher values. The timeframe for the first dimension (Time1) runs from 0 to 10000 s; and in the second dimension (Time2), it runs from 0.3 to 1.6 s. Highlighted chromatogram regions correspond to: (1) small volatiles, (2) alkylbenzenes, (3) aliphatic compounds, (4) heteroatom-bearing organics, (5) PAHs, and (6) sulfur allotropes.
[image: ]

Figure S4. GC×GC-HRMS total ion chromatogram of solvent-soluble organic compounds in Murchison (CM2). Each bright spot in the chromatogram represents an organic compound (peaks). Inset color scales indicate relative peak intensities (in counts), with cooler colors (gray to green) representing lower values and warmer colors (purple to pink) indicating higher values. The timeframe for the first dimension (Time1) runs from 0 to 10000 s; and in the second dimension (Time2), it runs from 0.3 to 1.6 s. Highlighted chromatogram regions correspond to: (1) small volatiles, (2) alkylbenzenes, (3) aliphatic compounds, (4) heteroatom-bearing organics, (5) PAHs, and (6) sulfur allotropes.
[image: ]
Figure S5. GC×GC-HRMS total ion chromatogram of solvent-soluble organic compounds in the procedural blank (crushed fused silica). Each bright spot in the chromatogram represents an organic compound (peaks). Inset color scales indicate relative peak intensities (in counts), with cooler colors (gray to green) representing lower values and warmer colors (purple to pink) indicating higher values. The timeframe for the first dimension (Time1) runs from 0 to 10000 s; and in the second dimension (Time2), it runs from 0.3 to 1.6 s. Highlighted chromatogram region correspond to (1) small volatiles.
[image: ]

Table S1. (A) Compounds that were tentatively identified based on exact masses and spectral matches to the NIST library only. (B) Compounds for which we searched using standards but which were not detected in the DCM/MeOH extracts of the OREX-800107-128, Orgueil, Murchison, Tarda, and Tagish Lake 11l.

	(A) Compounds tentatively identified (m/z only)
	R.T. in s (1st, 2nd)
	Accurate Mass (m/z)a

	Methanethiol
	301.344, 0.576
	46.9951

	Ethanethiol
	522.096, 0.922
	60.984

	Propanethiol
	529.104, 0.688
	75.0442

	Dichlorobenzene isomer
	3419.9, 1.160
	145.9682

	Methylphenols
	4299.41, 1.976
	107.0491

	Phenyl-propenenitriles
	4825.06 - 4985.6, 1.696
	129.0571

	Butyrophenone
	4926.62, 1.208
	105.0336

	Methyl benzothiophene isomers
	5084.64 - 5254.26, 1.256
	148.0339

	Phthalide (g-benzolactone)
	5403.17, 2.880
	105.0334

	Pentanophenone
	5434.7, 1.112
	105.0336

	Methylphthalide (g-benzolactone)
	5473.25, 2.208
	105.0334

	C2-Alkyl benzothiophene isomers
	5595.89 - 5767.05, 1.168
	162.0495

	C3-alkylphenyl-ketone
	5886.7 - 6047.66, 1.96 - 2.61
	119.0491

	1-Naphthyl methyl ketone
	6363.26, 1.669
	127.0541

	Hydroxybiphenyl
	6474.22 - 6586.97, 1.656
	170.0723

	2-Naphthyl methyl ketone
	6485.9, 1.704
	127.0541

	Acenaphthenol
	6671.62, 2.744
	169.0647

	Methyl fluorene isomers 
	6780.24 - 6853.82 ,1.304
	180.0932

	Methoxybiphenyls
	6842.54 - 6956.14, 1.520
	169.0646

	Naphthothiophenes
	6926.4 - 7083.47, 1.520
	184.0338

	Benzoquinoline isomers 
	7004.99, 7353.85, 1.744
	179.073

	Anthrone or Phenanthrenols
	7143.86 - 7428.06, 1.576
	194.0724

	5,12-Dihydro-naphthacene
	7389.94, 1.176
	230.1087

	9,10-Anthracenedione
	7649.23, 1.936
	208.0517

	Azapyrenes
	7947.75 - 8289.65, 2.112
	203.0731

	(B) Searched for but not found 
	R.T. in s (1st, 2nd)
	Accurate Mass (m/z)a

	Thiazolidine
	2393.70, 1.336
	89.0293

	Benzyl alcohol
	3560.53, 1.592
	79.0542

	2-Pyridinecarbonitrile
	3753.25, 1.456
	104.0367

	2-Acetylpyrrole
	3805.81, 1.592
	109.0523

	Imidazole
	3998.53, 2.656
	68.0369

	4-Aminopyridine
	4359.44, 0.384
	94.0527

	4(-3H)-Pyrimidonone
	5133.82, 0.587
	96.0315

	Indole
	5284.50, 1.656
	117.0573

	1,2-Indanedione
	5683.95, 1.128
	118.0413

	1,4-Naphthoquinone
	5690.96, 1.327
	158.0357

	Tetrahydrofuran
	578.624, 0.752
	42.0467

	Benzimidazole
	5981.79, 3.250
	118.0524

	1-Naphthalenol
	6100.93, 2.048
	144.056

	1-Naphthylamine
	6213.06, 1.272
	143.0717

	2-Hydroxy-1,4-naphthoquinone
	6398.77, 1.520
	105.0332

	Phenazine
	6913.86, 0.992
	180.0677

	Diphenylacetylene
	7099.10, 1.528
	178.0775

	1,3,5-Triazine
	732.80, 2.016
	81.0321

	Anthrone
	7593.63, 1.184
	194.0724

	Thianthrene
	7635.68, 1.256
	216.0059

	1,10-Phenanthroline
	7800.37, 1.656
	180.0678

	Phenanthrenequinone
	8255.89, 1.681
	180.0567

	aHRMS m/z values were used to isolate compounds peaks within a range of ±10 ppm.
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