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Abstract

Direct molecular evidence for ancient photosynthetic pigment inputs in early Protero-
zoic sedimentary rocks remains scarce, partly because of long-standing concerns about
contamination in Precambrian biomarker studies. Here, we report maleimide and phthal-
imide compounds released by chromic-acid oxidation of bitumen-free kerogen from ca.
2.1 Ga black shales of the Franceville Basin, Gabon. The detected assemblage includes
2-methylmaleimide, 2,3-dimethylmaleimide, 2-methyl-3-ethylmaleimide, and phthalimide,
whereas higher-alkyl maleimides commonly associated with bacteriochlorophyll c-, d-, and
e-derived inputs were not detected. Paired analyses of kerogen isolated from exterior and
interior rock portions show near-unity exterior/interior ratios and broadly similar relative
compositions, supporting a kerogen-bound origin rather than substantial surficial contam-
ination. In the context of organic-rich marine shales containing evidence for microbial
ecosystems, the detected compounds are most plausibly interpreted as reflecting photo-
synthetic pigment inputs, especially (bacterio)chlorophyll-related tetrapyrrole precursors.
The absence of higher-alkyl maleimides may reflect either limited original inputs from
anoxygenic phototrophs or the preferential degradation of higher-alkyl maleimides during
thermal alteration. Overall, these results show that kerogen-bound maleimide-type com-
pounds provide a promising approach for tracing ancient tetrapyrrole and photosynthetic
pigment inputs in Precambrian sedimentary rocks.

Keywords: chlorophyll; maleimides; Gabon; early Proterozoic

1. Introduction
The Great Oxidation Event (GOE), a pivotal transformation in Earth’s biogeochemical

cycles and life, occurred about 2.4 to 2.0 billion years ago [1]. This event marked a critical
turning point driven by primary productivity and the production of oxygen, which over-
powered the reduced species consuming oxygen [2]. Understanding the ecological role of
photosynthetic organisms during and after the GOE is therefore central to reconstructing
early Proterozoic biogeochemical cycles.

Many models explaining the GOE implicitly or explicitly assume the abundant pres-
ence of cyanobacteria prior to the GOE, given that cyanobacteria are the only extant
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bacteria that can perform oxygenic photosynthesis. Relaxed clock analyses place the ori-
gin of cyanobacteria in the Archaean, prior to the GOE, with substantial uncertainty [3].
Additionally, the oldest undisputed cyanobacterial microfossils, Eoentophysalis belcherensis,
originate from the Belcher Group, dating to about 2016.5 Ma [4,5]. However, although lin-
eages related to oxygenic phototrophy likely existed by the early Proterozoic, the ecological
abundance, productivity, and environmental significance of chlorophyll-based oxygenic
phototrophy remain incompletely constrained [3,6].

In this paper, the term “biomarker” refers specifically to organic molecular fossils.
Biomarkers in rocks provide insights into the origins and structures of ancient (bacte-
rio)chlorophyll molecules. However, concerns about contamination are heightened in ancient
rocks from the Precambrian era. External contamination could be an issue, particularly in
biomarker analyses targeting bitumen [7]. Although the oldest cyanobacterial biomarkers
from bitumen extracts were once thought to date back to 2.8 Ga [8], current evidence for
biomarkers from bitumen extracts dates to 1.1 Ga [9] and potentially 1.73 Ga [10]. To address
possible contamination issues in Precambrian rocks, this study focuses on tetrapyrrole-derived
molecular products preserved within kerogen from the early Proterozoic era. Unlike bitumen,
kerogen is a macromolecule with a lower risk of external contamination; thus, information
derived from kerogen is generally believed to be inherent to the rock. For example, the oldest
evidence of life’s metabolism, dating back approximately 3.95 billion years, was obtained
from carbon isotopic signals of kerogen in the Saglek Block, northern Labrador [11]. When
verifying contamination in bitumen, data from kerogen is assumed to be correct for com-
parison [7]. However, because kerogen is an insoluble, solid macromolecule, investigating
molecular fossils within it is challenging. In our study, we employed chromic acid oxidative
degradation of kerogen, which fragmented it into shorter molecules to enable its analysis by
gas chromatography-mass spectrometry (GC-MS).

In chromic acid oxidation, kerogen-bound tetrapyrrole-derived compounds decompose
into pyrrole units and are extracted as maleimides [12–14]. The side chains of these maleimides
reflect those of (bacterio)chlorophylls, providing information about tetrapyrrole precursor
structures and, in some cases, pigment sources. Maleimides with side chains of more than
four carbon atoms are derived from the B ring of bacteriochlorophylls c, d, and e, which are
uniquely produced by specific bacterial groups, primarily green sulfur bacteria (GSB). There-
fore, maleimides with C4 or higher alkyl substitution, such as 2-methyl-3-propyl-maleimide
(MnPrMi) and 2-methyl-3-isobutyl-maleimide (MiBuMi), are considered evidence for GSB pig-
ment inputs in ancient ecosystems [15,16]. The ratio of maleimides from bacteriochlorophylls
c, d, and e characteristic of GSB to those derived mainly from chlorophylls in oxygenic photo-
synthetic organisms has been proposed as an indicator for estimating the redox environment
of ancient marine settings [13,17,18].

In this study, we analyze maleimides and phthalimide released from bitumen-free
kerogen in ca. 2.1 Ga black shales of the Franceville Basin, Gabon. We first evaluate
whether the detected compounds are consistent with an indigenous kerogen-bound signal
rather than surficial contamination, using paired exterior–interior analyses. We then
discuss the possible tetrapyrrole precursor sources and the implications of the detected
assemblage for photosynthetic pigment inputs and depositional redox conditions in the
early Proterozoic ocean.

2. Materials and Methods
2.1. Geological Setting

In this study, we focused on the Franceville Basin in Gabon, Africa (Figure 1). The
Franceville Group consists of sedimentary layers deposited in a basin formed by rifting in the
Early Proterozoic. Stratigraphically, the Franceville Group consists of five formations, FA, FB,
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FC, FD and FE. The FA Formation, predominantly composed of sandstones, is interpreted as
fluvial deposits [19]. Units above the FB Formation are of marine origin [20,21]. These forma-
tions comprise sandstones, black shales, limestone, and cherts. The depositional environment
of the FB2 Formation, including the FB2a and FB2b subunits, has been interpreted as a tur-
bidite lobe in the prodelta or upper slope, with a depth exceeding 200 m [22–25]. Lithologically,
the FB2a unit (Poubara sandstones) is mainly composed of massive sandstone with thin inter-
layered black shale, whereas the FB2b unit is composed of black shales interbedded with thin
layers of siltstones [26,27]. Geobiologically, the FB2 Member is characterized by the occurrence
of centimeter-sized, highly organized structures representing spatially discrete populations of
early colonial macroorganisms [22]. Carbon and sulphur isotopic data demonstrate that these
biogenic structures were fossilized by pyritization during early diagenesis [22]. Furthermore,
iron-speciation analyses suggest that the sediments were deposited under a well-oxygenated
water column [22]. The FC Formation comprises layers containing cherts, carbonates (mainly
dolostones), and stromatolites, interpreted to have been deposited primarily in a shallow
marine environment. The FD Formation was deposited in a foreland basin environment
influenced by terrigenous material supply and subjected to tectonic extension and crustal
subsidence, resulting in deep burial, reaching up to 1000 m in thickness. The subsidence and
sediment thickness suggest that the FD Formation was deposited at significant depths [23,28]
in an euxinic environment, as evidenced by high reactive iron ratios and trace metal enrich-
ments [29]. Age constraints have been obtained from intrusive rocks such as the N’Goutou
complex and ash layers. U-Pb dating of zircons from intrusive rocks in the FB Formation yields
an age of 2191 ± 13 Ma [30], while the youngest U-Pb dates from zircons in the tuff of the FD
Formation are 2083 ± 6 Ma [31]. The maximum temperature and pressure that the rocks of
the Franceville Group experienced are estimated to be approximately 180–210 ◦C and ~1 kbar,
respectively, based on fluid-inclusion microthermometry of diagenetic quartz overgrowths
and carbonate cements [32,33]. The samples analyzed in this study were organic-rich black
shales from the FB2b and FD Formation. These samples were collected from quarries at the
coordinates 1◦37′41′′ South, 13◦27′56′′ East for FB2b unit samples OK 62, OK 412, and OK 429,
and 1◦38′27′′ South, 13◦32′33′′ East for FD Formation samples OK 77 and OK 78. Photographs
of the samples used for analyses are shown in Figure 2. The total organic carbon content of
the FB2b unit and FD Formation is generally high, up to ~8% and ~12%, respectively [29,34].

Figure 1. Simplified geological map of Gabon and schematic stratigraphic column of the Francevillian
Basin, based on Parize et al. [23] and Ngombi-Pemba et al. [34], respectively. On the map, different fill
patterns denote sedimentary basins of different depositional ages: the Francevillian Basin represents
Palaeoproterozoic deposits (ca. 2200–2050 Ma), whereas the other basins shown correspond to
younger depositional sequences.
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Figure 2. Rock samples from the Francevillian group in Gabon prior to separation into exterior and
interior parts. (a) the black shale (OK77) from the FD Formation. (b) the black shale (OK78) from the
FD Formation. (c) the black shale (OK62) from the FB2b unit. (d) the black shale (OK412) from the
FB2b unit. (e) the black shale (OK429) from the FB2b unit. Scale bar = 4 cm.

2.2. Methods

All glassware used in the experiments was pre-heated at 450 ◦C or 550 ◦C for 10 h to
remove organic contaminants. Cylindrical ceramic tiles and silicon carbide were heated
at 550 ◦C for 10 h before use. Teflon containers were cleaned with acetone, methanol, and
dichloromethane before use in the experiments.

Our samples were collected from quarries, and if any weathered surface was ob-
served, it was limited to the extreme outer surface layer (Figure 2). After removing any
apparent surface contamination, the rock samples were crushed into pieces several cen-
timeters in size using an iron mortar (Nichika Inc., Kyoto, Japan). Subsequently, a micro-
ablation technique using a KG-1 Mini-Sonic tumbler (Diamond Pacific Tool Corporation,
Barstow, CA, USA) was employed to separate the interior and exterior parts of the rock
into powders [35]. The terms “exterior” and “interior” here refer to the outer surface
and the interior of rock lumps collected from outcrops. The technique for separating the
exterior and interior portions of rocks has been applied not only to drilling cores but
also to samples collected from outcrops [36,37]. The rock samples, cylindrical ceramic
tiles, and silicon carbide were placed in a stainless-steel hopper mounted on an ultra-
sonic polisher to rotate and polish the rock samples. Polishing continued until the rock
fragments were approximately half their original size, and the slurry obtained during
this stage was designated as the exterior part. The slurry from further polishing was
designated as the interior part and collected. The collected samples were centrifuged,
and the supernatant was discarded. The samples were then frozen, placed in a freeze
dryer for 3–4 days, and dried. The dried samples were homogenized using an agate mor-
tar (Nichika Inc., Kyoto, Japan) and pestle and then subjected to solvent extraction for
bitumen removal.

The powdered sample was placed in a Teflon container thoroughly cleaned with
organic solvents. Ultrasonic extraction was performed to remove bitumen three times
using a dichloromethane: methanol mixture (9:1, v/v). The dried extraction residue was
treated with hydrofluoric acid, stirred intermittently, and left for 24 h. The hydrofluoric
acid used for acid treatment was purified by three liquid–liquid extractions with hexane.
After the reaction, centrifugation was performed, and the supernatant was removed. The
residue was washed three times with ultrapure water, followed by centrifugation each time
to remove the supernatant. The residue was frozen overnight and then freeze-dried for
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3–4 days. The freeze-dried sample was ground and homogenized with an agate mortar
and pestle, then subjected to the same extraction procedure again to remove any remaining
extractable organic matter.

Maleimides were extracted using a modified protocol based on Kawabata et al. [18].
Specifically, minerals were removed prior to chromic-acid oxidation (hydrofluoric acid
demineralization; see Section above), and oxidation was applied to the resulting organic-
rich residue rather than to whole-rock powder. The dried residue after the extraction
(typically 1–2 g) and a stir bar were placed in a 110 mL glass tube. A mixture of 25%
(v/v) sulfuric acid (5 mL) and 10% (w/v) chromium trioxide solution (5 mL) was added,
and the mixture was stirred for 1 h in an ice bath under a nitrogen atmosphere. During
the oxidation, the reaction vessel was kept under low-light conditions by shielding it
with aluminum foil and a blackout curtain. After 1 h, the glass tube was removed from
the ice bath and stirred for another hour at room temperature. Sodium bisulfite was
gradually added to the glass tube to neutralize the chromium, which turned the solution
green. The contents of the glass tube were rinsed with ultrapure water and benzene and
transferred to a Teflon bottle. The Teflon bottle was capped, stirred for 3 min, centrifuged,
and the supernatant was transferred to a 10 mL glass tube. This process was repeated
twice more with benzene. The collected benzene was concentrated under a nitrogen
atmosphere. For comparison, a procedural blank sample was similarly processed using the
same protocol.

The measurements were performed using a Nexis GC-2030 gas chromatograph (Shi-
madzu Corporation, Kyoto, Japan) connected to a quadrupole mass spectrometer (TQ
8050NX, Shimadzu) and a computer system. The injection port was of the splitless type,
and high-purity helium was used as the carrier gas. Sample injection was performed using
an auto-sampler system. Mass spectrometry was conducted in full scan mode or multiple
reaction monitoring (MRM) mode using electron ionization (EI). In MRM mode, a trace
signal denotes a weak response at the expected retention time that does not form a clearly
defined chromatographic peak, whereas undetected indicates no discernible response
above baseline noise. The concentrated benzene extract was analyzed by GC–MS using
a DB-FFAP capillary column (60 m, 0.25 mm i.d., 0.25 µm film thickness). The injection
port temperature was 230 ◦C. The oven temperature was initially held at 50 ◦C for 2 min,
then increased to 150 ◦C at 10 ◦C/min, and then to 230 ◦C at 3 ◦C/min, and held at 230 ◦C
for 50 min.

Maleimides were identified by comparison of the mass spectra and GC retention
times of sample peaks with corresponding data from an acid-treated kerogen sample from
the Meishan section and a freeze-dried sediment sample from Lake Kaiike, together with
relative GC retention times and published mass spectra [38–40]. The Meishan reference
sample is a carbonate rock from the Changhsing Formation at the Meishan section, South
China, of the latest Permian [41], collected from a stratigraphic level 86.5 cm below the
top of Bed 24. In the present study, prior to maleimide analysis, this sample was subjected
to sequential acid treatment with hydrochloric acid, hydrofluoric acid, and hydrochloric
acid, followed by ultrasonic extraction with dichloromethane:methanol (9:1, v/v) to remove
extractable organic matter. Maleimides have previously been reported from this section [17].
This sample was provided by Prof. Kunio Kaiho (Tohoku University, Japan). The Lake
Kaiike reference sample is a sediment sample collected from Lake Kaiike, Japan, at a water
depth of 9.1 m using an Ekman grab sampler (RIGO Co., Ltd., Tokyo, Japan) deployed
from a rowboat, and subsequently freeze-dried prior to analysis. Previous analyses of
sediments and lake water from Lake Kaiike identified bacteriochlorophyll e homologues
derived from GSB, which are anoxygenic phototrophic organisms [42]. In the present study,
the freeze-dried Lake Kaiike sediment was directly subjected to chromic-acid oxidation for
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maleimide analysis and used as a reference for maleimides associated with anoxygenic
phototrophs, particularly GSB, in an immature sedimentary setting, rather than as an
analogue of mature kerogen.

Since authentic standards are not available, we do not report absolute concen-
trations. Prior to GC-MS analysis, the exterior and interior extracts of each sam-
ple were adjusted to the same final volume, which was either 50 or 100 µL depend-
ing on the sample. Peak areas were corrected for final extract volume and nor-
malized to the dry weight of the organic-rich residue, so that the exterior and in-
terior portions of each sample were compared under equivalent conditions. Exte-
rior/interior ratios were calculated from these normalized values. The relative pro-
portions of maleimides and phthalimide calculated from the normalized peak areas
should not be regarded as direct quantitative estimates of the original kerogen-bound
tetrapyrrole precursor distribution, because differential recovery, partitioning, or sec-
ondary alteration during chromic-acid oxidation may affect the relative abundances of
individual compounds.

The reproducibility of the analytical procedure was confirmed by three independent
chromic-acid oxidation experiments using the acid-treated, bitumen-free kerogen isolated
from the Meishan reference sample, which yielded consistent chromatographic patterns
and relative maleimide compositions (Figures S1–S3). A schematic overview of the sample
preparation, exterior/interior separation, bitumen removal, demineralization, chromic-acid
oxidation, and GC–MS/MS analysis is provided in Figure S4.

3. Results
Chromic-acid oxidation of kerogen from black shale samples of the FB2b unit and

FD Formation of the Franceville Group yielded MMMi, DMMi, EMMi, and phthalimide
(Figures 3–8). The mass spectra and chromatographic characteristics of the compounds
detected in the Francevillian samples were compared with those of the Meishan and Lake
Kaiike reference samples (Figures 3 and 4). The spectral patterns are consistent with those
reported in previous studies [38,39]. Additionally, the retention times of the maleimides
detected in the Francevillian samples are consistent with those observed in the Meishan
section and Lake Kaiike, providing confirmation for the identification of these compounds.
Full scan mode measurements of the procedural blank did not detect any maleimides or
phthalimides (Figure 3a). However, MRM mode measurements of the procedural blank
detected EMMi (Figure 5u,v). In MRM mode analysis, the above-mentioned maleimides
and phthalimides were detected in the black shale samples from the FD Formation, while
some black shale samples from the FB2b Formation had DMMi and EMMi below the
detection limit (Figure 5i–t). Additionally, MnPrMi and MiBuMi were below the detection
limit in all black shale samples from the FB2b unit and FD Formation of the Franceville
Group. The sample/procedural blank ratio for EMMi was higher in the FD Formation
but lower in the FB2b unit (Figure 6). For the detected maleimides and phthalimide,
the exterior/interior (E/I) ratios of normalized peak areas in kerogen are close to unity,
suggesting no systematic enrichment in the exterior portions (Figure 7). In addition, the
relative peak-area proportions of MMMi, DMMi, EMMi, and phthalimide were broadly
similar between the exterior and interior portions within each sample, with no systematic
compositional difference observed between the two fractions (Figure 8). The Francevillian
samples show relatively higher proportions of MMMi and phthalimide than the Lake
Kaiike and Meishan reference samples (Figure 8 and Figure S3).
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Figure 3. Total ion chromatograms (TIC) and extracted ion chromatograms from maleimide analyses
of (a) the procedural blank, (b) kerogen isolated from the Francevillian Group FD Formation black
shale sample OK78i (Gabon), (c) the Meishan section sample from the Changhsing Formation (South
China), and (d) Lake Kaiike sediment (Japan).
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Figure 4. Background-subtracted mass spectra of tentatively assigned maleimides and phthalimide
from samples shown in Figure 3. (a–d) kerogen isolated from the Francevillian Group FD Formation
black shale sample OK78i (Gabon): (a) MMMi; (b) DMMi; (c) EMMi; (d) phthalimide. (e–h) Meishan
sample (Changhsing Formation, South China): (e) MMMi; (f) DMMi; (g) EMMi; (h) phthalimide. (i),
Lake Kaiike sediment sample (Japan): MnPrMi. Abbreviations: MMMi, 2-methyl-maleimide; DMMi,
2,3-dimethyl-maleimide; EMMi, 2-methyl-3-ethyl-maleimide; MnPrMi, 2-methyl-3-propyl maleimide.

Figure 5. Multiple reaction monitoring chromatograms of maleimides from kerogens isolated from
black shale samples of the Francevillian group in Gabon and from the procedural blank. (a,b) the interior
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kerogen of the black shale (OK77) from the FD Formation. (c,d) the exterior kerogen of the black
shale (OK77) from the FD Formation. (e,f), the interior kerogen of the black shale (OK78) from the
FD Formation. (g,h) the exterior kerogen of the black shale (OK78) from the FD Formation. (i,j) the
interior kerogen of the black shale (OK62) from the FB2b unit. (k,l) the exterior kerogen of the
black shale (OK62) from the FB2b unit. (m,n) the interior kerogen of the black shale (OK412) from
the FB2b unit. (o,p) the exterior kerogen of the black shale (OK412) from the FB2b unit. (q,r) the
interior kerogen of the black shale (OK429) from the FB2b unit. (s,t) the exterior kerogen of the black
shale (OK429) from the FB2b unit. (u,v) procedural blank sample. MMMi, 2-methyl-maleimide.
DMMi, 2,3-dimethyl-maleimide. EMMi, 2-methyl-3-ethyl-maleimide. The MRM transitions used
were m/z 111 > 83 for MMMi, m/z 125 > 54 for DMMi, m/z 139 > 124 for EMMi, and m/z 147 > 103
for phthalimide. Note: In panels (q,s), acquisition of the m/z 111 > 83 MRM trace began at a slightly
later retention time than in the other runs.

Figure 6. Interior/procedural blank ratios of 2-methyl-3-ethyl-maleimide for the Francevillian black
shale samples OK77 and OK78 from the FD Formation and OK62 and OK412 from the FB2b unit.

Figure 7. Exterior/interior ratios of maleimides and phthalimide from kerogens isolated from black
shale samples of Francevillian group in Gabon. (a) black shale (OK77) from the FD Formation. (b) black
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shale (OK78) from the FD Formation. (c) black shale (OK62) from the FB2b unit. (d) black shale
(OK412) from the FB2b unit. (e) black shale (OK429) from the FB2b unit. MMMi, 2-methyl-maleimide.
DMMi, 2,3-dimethyl-maleimide. EMMi, 2-methyl-3-ethyl-maleimide. n.d., not detected/below
detection limit.

Figure 8. Relative peak-area proportions of maleimides and phthalimide in the exterior and interior
kerogen fractions of the Francevillian samples and in the Lake Kaiike reference sample. (a) OK77,
(b) OK78, (c) OK62, (d) OK412, (e) OK429, and (f) Lake Kaiike. For the Francevillian samples, hatched
bars indicate exterior fractions and blue bars indicate interior fractions. MMMi, 2-methyl-maleimide;
DMMi, 2,3-dimethyl-maleimide; EMMi, 2-methyl-3-ethyl-maleimide.

4. Discussion
4.1. Contamination Check

Potential contamination of ancient rock samples can be assessed by examining the
concentration ratio of each organic molecule between the exterior and interior of the
rock samples (E/I ratio) [9,10,35,43–45]. The consistent E/I ratios for maleimides and
phthalimide from the Francevillian kerogen samples suggest no systematic enrichment in
exterior fractions and are therefore consistent with limited surficial contamination (Figure 7).
These results are consistent with a kerogen-bound origin for the detected compounds and
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argue against substantial surficial contamination. The EMMi signal in some FB2b samples
should be interpreted cautiously because it is close to the procedural background. This
does not affect the exterior/interior comparison, but it indicates that low-abundance EMMi
in FB2b samples should not be overinterpreted.

4.2. Origin of Maleimides and Phthalimide

Chromic acid oxidation of (bacterio)chlorophylls produces various maleimides. This
process notably produces EMMi and 2-methyl-3-vinyl-maleimide (VMMi) as primary
products from chlorophyll a [46]. EMMi and VMMi have also been detected as major
maleimides in recent sediments [15]. For bacteriochlorophylls c, d, and e from anoxygenic
phototrophs, such as GSB, chromic acid oxidation produces higher-alkyl maleimides,
including MnPrMi, with an abundance approximately half that of EMMi [47]. These
quantitative relationships are confirmed by stratigraphic records of the Triassic–Jurassic
extinction event, where GSB thrived in the euxinic photic zone [48].

In the maleimide fraction of examined samples, EMMi was detected, while MnPrMi
was below the detection limit. Other maleimides commonly associated with GSB, which
are anoxygenic phototrophs (e.g., MnPrMi and MiBuMi) were also below the detection
limit. This absence may indicate that the photic zone was relatively oxic and/or that H2S
availability was low, limiting the contribution of GSB. However, this absence should be
interpreted with caution, as the Francevillian Group rocks experienced burial tempera-
tures of approximately 180–210 ◦C and pressures of ~1 kbar [32,33], conditions that may
have promoted preferential degradation of higher-alkyl maleimides. Previous pyrolysis
experiments have demonstrated that these maleimides, particularly MnPrMi, can undergo
thermal decomposition to form simpler maleimides such as MMMi, DMMi, and phthalim-
ide [17]. The relative enrichments in MMMi and phthalimide in the Francevillian samples,
compared with the Meishan and Kaiike samples (Figure 8 and Figure S3), are consistent
with preferential degradation of higher-alkyl maleimides during thermal alteration. There-
fore, the absence of higher-alkyl maleimides indicative of GSB may reflect either limited
original inputs from anoxygenic phototrophs or the preferential degradation of higher-alkyl
maleimides during thermal alteration.

In addition to the secondary thermal degradation of higher-alkyl maleimides dis-
cussed above, MMMi, DMMi, and phthalimide detected in the Francevillian samples may
also have formed through other diagenetic transformations of tetrapyrrole precursors.
Phthalimide can be produced through two pathways: the Diels–Alder reaction involving
the 3-methyl-4-vinylpyrrole unit, which also yields MMMi [49], or through aromatization
including trans-alkylation and cyclization of 3-ethyl-4-methylpyrrole [50]. MMMi can addi-
tionally originate from decarboxylation following ring E degradation of tetrapyrroles under
acidic conditions [15].

The co-detection of both MMMi and DMMi in our samples may retain some infor-
mation on redox conditions, although this signal could have been overprinted by thermal
alteration. Pickering and Keely [51] demonstrated that co-oxidation of the vinyl group of
tetrapyrroles with hydrogen sulfide produces a C-3 aldehyde intermediate, which is subse-
quently converted to MMMi under oxic conditions or to DMMi under reducing conditions.
The detection of DMMi is consistent with the euxinic depositional environment of the FD
Formation inferred from trace metal and iron speciation data [29], while the co-occurrence
of MMMi may reflect production in a relatively more oxidative portion of the water column,
potentially the photic zone [25,51]. DMMi can also form through cleavage of the C-C bond
at the allylic position of an alkyl chain, followed by addition of a hydrogen radical to the
resulting allylic carbon radical [17]. Determining these formation pathways is complex;
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however, it is important to note that all proposed pathways are consistent with formation
from tetrapyrrole-derived precursors, including (bacterio)chlorophyll-related compounds.

Additional origins of the detected maleimides and phthalimides in this study may
include phycobilin pigments and heme [52–55]. Phycobilins are light-harvesting pigments
in oxygenic photosynthetic organisms like cyanobacteria, red algae, and cryptomonads [56],
and their biosynthetic pathway for phycobilins likely existed during the GOE [57]. Simi-
larly, the presence of heme-containing peroxidases in the basal oxyphotobacterial genus
Gloeobacter suggests that the heme biosynthetic pathway had already evolved by the time
of the GOE [55,58], but heme itself is not source-specific because it serves as a prosthetic
group in a wide variety of proteins, including antioxidant enzymes and cytochromes
involved in electron-transfer reactions such as anaerobic metabolism [59,60]. Although
maleimides are not strictly source-specific, prior studies have commonly interpreted natu-
rally occurring maleimides in sediments and sedimentary rocks as transformation products
of (bacterio)chlorophylls, and have used them accordingly in palaeoenvironmental re-
construction [12,13,15,17,48]. The Francevillian succession contains organic-rich black
shales, with the FB Formation representing one of the greatest accumulations of organic
carbon of its age [61], and it also preserves stromatolites, microfossils, and microbial
mat-related structures [62,63]. These observations independently indicate the presence
of microbial ecosystems that likely included photosynthetic primary production in the
basin by ca. 2.1 Ga [62,63]. In this depositional context, (bacterio)chlorophyll-derived
tetrapyrroles were likely the major precursor source of the detected maleimides, whereas
any contribution from phycobilin-derived tetrapyrroles would still be consistent with a pho-
tosynthetic origin [64]. This view is also consistent with porphyrin geochemistry. Although
heme-derived porphyrins can be preserved in sedimentary rocks, chlorophyll is biosyn-
thesized in far greater quantities than heme, making chlorophyll-derived tetrapyrroles the
more plausible dominant precursor source of the detected maleimides [65]. Consistent with
this view, modern marine environmental samples show that chlorophyll is significantly
more abundant than heme, even though few studies have directly compared the quantities
of chlorophyll and heme in photosynthetic organisms [66,67]. Thus, although contributions
from phycobilins and heme cannot be ruled out, the detected maleimides are most plau-
sibly interpreted as being derived from photosynthetic tetrapyrrole pigments, including
chlorophyll- and/or bacteriochlorophyll-related precursors.

4.3. Implication for the Early Proterozoic Ecosystem

Widely accepted indigenous biomarker records from sedimentary rocks older than ca.
2.0 Ga remain rare and controversial; previous research results are believed to be influenced
by younger contamination [68]. Thus, direct comparisons with widely accepted biomarker
records of similar age remain limited. In contrast, indigenous biomarker results have been
reported from sedimentary rocks of the mid-Proterozoic era [9,10,36,44,45,69–71]. These
rocks are characterized by low diversity of eukaryotic fossils and the absence of steranes,
which are molecular fossils of eukaryotic sterols. Instead, biomarkers such as hopanes,
trimethyl aryl isoprenoids, C40 carotenoid pigments, porphyrins, and protosteroids have
been detected from sedimentary rocks of mid-Proterozoic age [9,10,36,44,45,69–71]. In
particular, porphyrin data have been interpreted as evidence for cyanobacterial primary
production, whereas trimethyl aryl isoprenoids are interpreted in relation to phototrophic
sulfur bacteria, with specific assignments depending on methylation patterns and associ-
ated carotenoid evidence. These findings suggest the presence of taxonomically diverse
phototrophic communities in some mid-Proterozoic ecosystems.

The maleimide assemblage reported here is most conservatively interpreted as evi-
dence for tetrapyrrole-derived organic inputs in ca. 2.1 Ga marine sediments, with pho-
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tosynthetic pigments representing the most plausible dominant precursor source. Be-
cause the detected maleimides are most plausibly interpreted as being derived from
(bacterio)chlorophyll-related precursors, with possible additional contributions from phyco-
bilins and heme, a dominant contribution from non-specific heme-derived sources alone is
less likely. Considering the depositional depth (>200 m), the environment was euxinic, par-
ticularly within the FD Formation as indicated by trace metal and iron speciation data [29],
while the photic zone might have been oxidative [25,72]. If the tetrapyrrole precursors
were derived mainly from chlorophylls and/or phycobilins, as argued above, the data are
consistent with input from photosynthetic biomass produced in the photic zone, potentially
under locally or episodically oxygenated conditions.

5. Conclusions
We analyzed kerogen-bound tetrapyrrole-derived compounds in ca. 2.1 Ga marine sed-

imentary rocks from the Franceville Group, Gabon. Chromic-acid oxidation of bitumen-free
kerogen released 2-methylmaleimide, 2,3-dimethylmaleimide, 2-methyl-3-ethylmaleimide,
and phthalimide. Exterior/interior comparisons showed near-unity ratios of normalized
peak areas and broadly similar relative compositions, supporting a kerogen-bound origin
rather than substantial surficial contamination. These observations indicate that the de-
tected compounds are most consistent with an indigenous or near-indigenous tetrapyrrole-
derived signal that survived diagenesis and thermal maturation. Although contributions
from heme- and phycobilin-derived tetrapyrroles cannot be excluded, the detected as-
semblage is most plausibly interpreted as reflecting photosynthetic tetrapyrrole inputs,
including chlorophyll- and/or bacteriochlorophyll-related precursors. The absence of
higher-alkyl maleimides should be interpreted cautiously, because it may reflect ther-
mal alteration rather than the original absence of anoxygenic phototrophs. Overall, our
results demonstrate that kerogen-bound maleimide- and phthalimide-type compounds
provide a promising, although non-unique, approach for tracing ancient tetrapyrrole and
photosynthetic pigment inputs in Precambrian sedimentary rocks.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/geosciences16070287/s1, Supplementary Note S1: Reproducibility
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area proportions of maleimides and phthalimide obtained from three independent chromic acid
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analytical procedure used in this study; Table S1: Final extract volumes and dry kerogen weights
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