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: a paleo-redox index based on
fragmented fossil-chlorophylls obtained by
chromic acid oxidation†

Kenta Asahina, *a Satoshi Takahashi,b Ryosuke Saito,cd Kunio Kaihoe

and Yasuhiro Obaf

The composition of past photosynthetic organisms provides information about the paleo-environment

based on the habitat characteristics of photosynthetic organisms. Therefore, analysis of chlorophyll-

derived materials from photosynthetic organisms in sedimentary rocks is important for understanding

paleo-environmental changes. Fossilized chlorophylls present in sedimentary rocks can be detected by

their conversion into maleimides and phthalimides. This can be achieved through the chromic acid

oxidation of sedimentary rocks. Since the maleimides and phthalimides are derived from the pyrrole

skeleton of fossil chlorophylls, their composition reflects the composition of paleo-photosynthetic

organisms. We herein propose an indicator for detecting anoxic-sulfidic conditions in the paleo oceanic

photic zone, which is based on the composition ratio of the maleimides produced during the oxidation

process. The maleimide index in this study would be a useful analytical method to indicate that anoxic-

sulfidic conditions in the paleo oceanic photic zone, which is associated with mass extinction events,

have occurred.
1 Introduction

Porphyrins and their related substances are commonly found in
sedimentary rocks, crude oils, and recent sediments.1–21 These
compounds are considered to be degradation products of the
chlorophylls possessed by photosynthetic organisms that lived
in the past.1–22

Deoxophylloerythroetioporphyrin (DPEP) is one of the
typical porphyrins contained in sedimentary rocks, and chlo-
rophyll a is thought to be its source material (Chart 1).1–5 Since
each photoautotroph possesses a different type of chlorophyll,23
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porphyrin in geological samples can lead to an estimation of
past photosynthetic organism distributions.1–21 The informa-
tion related to dominant photosynthetic organisms has been
previously employed for paleoenvironmental reconstructions,
Chart 1 Structures of chlorophyll, bacteriochlorophyll, and deox-
ophylloerythro-etioporphyrin (DPEP).
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since the paleoenvironment can be estimated from such habitat
characteristics.6–10

The majority of porphyrins present in sedimentary rocks are
trapped within an insoluble and amorphous polymer known as
kerogen,13–22 and so their extraction with common solvents is
challenging. To address this issue, the analysis of maleimides
(1H-pyrrole-2,5-diones, Mis) derived from the pyrrole skeletons
of porphyrins, is promising, since these soluble compounds can
be easily extracted and analyzed by gas chromatography-mass
spectrometry (GC-MS). The maleimides present in sedimen-
tary rocks can be classied into free or bonded maleimides. The
free maleimides are formed during the degradation of chloro-
phylls in the early diagenesis stage, and are contained in the
extracts of sedimentary rocks.6–10,18 On the other hand, the
bonded maleimides are obtained by the chromic acid oxidation
of porphyrins bound to kerogen (Fig. 1).13–22 In this chromic acid
oxidation method, phthalimides (1,3-dihydro-1,3-
dioxoisoindoles, Pis), which are also derived from the
porphyrin pyrrole skeletons, are also produced (Fig. 1).

Importantly, the side chain structure of the maleimides and
the phthalimides can be used to estimate the source of the fossil
porphyrin, i.e., the source chlorophyll.6–18 Previous studies have
estimated the origin of fossilized chlorophyll based on the
analysis of the free maleimides.9,10 The 3-methyl-4-propyl-1H-
pyrrole-2,5-dione (MnPrMi) and 3-methyl-4-(2-methylpropyl)-
1H-pyrrole-2,5-dione (MiBuMi) detected in extracts of sedi-
mentary rock were considered to be derived from the B-ring
pyrrole of bacteriochlorophyll c, d, or e (Chart 1, Fig. 1).9,10,12

Bacteriochlorophylls (Chart 1) are chlorophyll-type pigments
possessed by anaerobic photosynthetic bacteria, such as green
sulfur bacteria.6–10,23 Bacteriochlorophylls c and d are general
terms for tetrapyrroles bearing ethyl-, n-propyl-, i-butyl-, and
neo-pentyl groups at position 8 on the B-ring pyrrole
moiety.6–10,23 Previously, MnPrMi and MiBuMi have been
detected in samples that contain green sulfur bacterial
biomarkers, such as isorenieratane and aryl isoprenoid (a
degradation product of isorenieratane).9,10,12 Therefore, MnPrMi
andMiBuMi, as well as the isorenieratanes, are considered to be
evidence of anoxic-suldic conditions (at least several mg H2S
per liter24) in the paleo oceanic photic zone.9,10,12
Fig. 1 Analytical method for the determination of bonded maleimides
and phthalimides in sedimentary rocks by chromic acid oxidation. The
structures of 3-methyl-4-propyl- and 3-methyl-4-(2-methylpropyl)
maleimide (MnPrMi and MiBuMi) are also shown.

31062 | RSC Adv., 2022, 12, 31061–31067
However, previous studies into the analysis of maleimides
have focused mainly on the free maleimides, with little atten-
tion being paid to the bondedmaleimides. Our previous studies
have elucidated the thermochemical transformation of fossil
porphyrins by heating experiments, which are model reaction
for thermal maturation. Based on the results, the source chlo-
rophyll of fossil porphyrins was identied, and thermal matu-
rity indices was proposed.16,17,19–22 We herein report our
examination into the bonded maleimides preserved in kerogen,
which can be used as an index of photic zone euxinia in the
geologic past. For this purpose, we investigate the optimal
conditions for the chromic acid oxidation procedure to extract
the bonded maleimides. We also clarify the structural changes
of porphyrins associated with experimental thermal pyrolysis,
which simulate diagenesis. Finally, we carry out a comparison
between the maleimides compositions obtained from the
sedimentary rocks and the other proxy compounds of paleo
photic zone euxinia, such as the aryl isoprenoids.

Traditionally, extractable indicator molecules such as iso-
renieratane and aryl isoprenoids have been used to evaluate
photic zone euxinia. However, the absolute amounts of these
extractable indicator molecules are gradually decreased with
thermal maturation because indicator molecules undergo
thermal decomposition.25 Hence, traditional methods cannot
be used to analyze highly matured sedimentary rocks. We
propose an index of photic zone euxinia based on the compo-
sition of chlorophyll-derived substances incorporated into
kerogen. Because kerogen is preserved even in highly maturated
sedimentary rocks, our index can therefore be used for highly
maturated sedimentary rocks, in which the traditional method
could not be used.

2 Experimental section
Geological setting

Samples were collected from theMeishan section, which locates
in Zhejiang, South China. The Meishan section is one of the
best-preserved Permian–Triassic boundary (PTB) sections and is
ratied as a GSSP of the PTB interval (Global Boundary Strato-
type Section and Point26). During the Permian–Triassic period,
the Meishan site was in a shallow-water basin of the South
China Block, situated in a low latitude region in the eastern
paleo-Tethys Ocean. We focused on the 0.6 m thick interval of
the Meishan section, which includes the end-Permian-mass
extinction (EPME) boundary and the PTB (Fig. 2). This interval
is composed of Upper Permian bioclastic limestone (Bed 24e),
a white claystone bed (volcanic ash bed; Bed 25), grey-colored
claystone (Bed 26), marlstones bearing PTB in its middle part
(Bed 27), another claystone (ash) bed (Bed 28), and a marlstone
bed (Bed 29). The base of Bed 25 is located at the 0 m point of
the measured section shown in Fig. 2. This horizon corresponds
to the EPME boundary associated with the sharp negative
excursion of carbonate carbon isotope (d13Ccarbonate) (Fig. 2 (ref.
26–29)) and a signicant decrease in the number of marine
biota fossils.28,30

Previous studies have reported signicant ndings regarding
the organic molecules present in the Meishan section. Aryl
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Lithologic column and a photograph of the Meishan section.
The stratigraphic positions of the earliest Triassic conodont fossil
occurrences (Hindeodus parvus),26 carbonate carbon isotope
(d13Ccarb), stratigraphic positions of high aryl-isoprenoid, iso-
renieratane, and black carbon31,32 are also shown. EPME and PTBmean
end-Permian mass extinction event and Permian–Triassic boundary,
respectively.

Fig. 3 TIC and mass fragmentograms of the authentic samples. These
authentic samples have been used in our previous studies.14–22 (1)
Maleimide (Mi), (2) 2-methyl maleimide (MMMi), (3) 2,3-dimethyl
maleimide (DMMi), (4) 2-methyl-3-neo-pentyl maleimide (Mneo-
PenMi), (5) 2-ethyl-3-methyl maleimide (EMMi), (6) 2,3-diethyl mal-
eimide (DEMi), (7) 2-methyl-3-n-prophyl maleimide (MnPrMi), (8) 2-
methyl-3-isoprophyl maleimide (MisoPrMi), (9) 2-n-butyl-3-methyl
maleimide (MnBuMi), (10) iso-butyl-3-methyl maleimide (MisoBuMi),
(11) 2-methyl-3-n-pentyl maleimide (MnPenMi), (12) 2-methyl-n-
hexyl maleimide (MnHexMi), (13) tetra-hydrophthalimide (tetraHyPi),
(14) phthalimide (Pi), (15) 3-methyl phthalimide (3-MPi), (16) 4-methyl
phthalimide (4-MPi), (17) 3- and 4-ethyl phthalimide (3- + 4-EPis).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 1
1:

32
:0

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
isoprenoid and isorenieratane, which are known as molecular
fossils of the green sulfur bacterial pigment, have been detected
in the upper part of Bed 24e and the middle part of Bed 27.27,29,31

Increased levels of these organic molecules at horizons indicate
an anaerobic suldic water environment at the shallow photic
zone depth. In addition, the presence of highly concentrated
black carbon and polyaromatic hydrocarbons (PAHs) has been
reported for Bed 26.32 wherein increased levels of these
substances could originate from combusted organic matter
during frequent wildres.

General procedure for analysis of the maleimides and
phthalimides present in sedimentary rocks

Powder sample (4.00 g) was added to a mixture of 25% aq.
H2SO4 (5 mL) and 10% aq. CrO3 (5 mL) at 0 °C. The resulting
mixture was then stirred at 0 °C for 1 h and at 25 °C for 1 h
successively. Aer that, the mixture was extracted with toluene
(3 × 10 mL) and the combined organic layer was dried over
anhydrous Na2SO4. The solution was concentrated to a volume
of ca. 30 mL under a ow of argon gas. The resulting concen-
trated solution (1 mL) was injected into the GC-MS instrument
for analysis.

Analysis of the maleimides and phthalimides by gas
chromatography-mass spectrometry

Gas chromatography-mass spectrometry (GC-MS) was per-
formed on an Agilent 6890-5973 MSD instrument. GC-MS was
performed using a DB-FFAP capillary column (60 m × 0.25 mm
i.d., 0.25 mm lm; Agilent) with helium as the carrier gas at
a ow rate of 0.70 mL min−1. Aer holding the oven tempera-
ture at 50 °C for 2.0 min, it was increased to 180 °C at a rate of 10
°C min−1. Subsequently, the temperature was increased from
180 to 230 °C at a rate of 3 °C min−1 and then held at this nal
temperature for 50 min. Identication and quantication of the
maleimides and phthalimides was performed using authentic
© 2022 The Author(s). Published by the Royal Society of Chemistry
samples (Fig. 3). The authentic samples of maleimides and
phthalimides are not commercially available. In this study, we
used the authentic samples which were synthesized by Dr
Nomoto and his co-workers. Those authentic samples have
been used in his and our previous studies.14–22 It should be
noted that the individual abundances of the 3- and 4-ethyl
phthalimides were not determined under the chromatographic
conditions employed herein because they co-eluted during
analysis. The peaks corresponding to these compounds were
therefore quantied using authentic samples of 3-ethyl
phthalimide.
General procedure for porphyrin pyrolysis

Two model porphyrins, 1 and 2 (Chart 2) were prepared as
described in our previous study (detail of the synthetic proce-
dure are described in ESI†).21,22 Model porphyrin (ca. 0.5 mg) in
a degassed sealed glass tube (ca. 2 mL capacity) was pyrolyzed at
350 °C for 24 and 72 h. Aer heating, the sealed glass tube was
cooled to room temperature and opened. To each tube con-
taining the pyrolysis products were added 25% aq. H2SO4 (1 mL)
and 10% aq. CrO3 (1 mL) at 0 °C, and the reaction was further
stirred at 0 °C for 1 h prior to stirring for a further 1 h at 25 °C.
Aer that, the mixture was extracted with toluene (3 × 2 mL)
and the combined organic layer was dried over anhydrous
Na2SO4. The solution was concentrated to a volume of ca. 100 mL
under a ow of argon gas. The resulting concentrated solution
(1 mL) was injected into the GC-MS instrument for analysis.
RSC Adv., 2022, 12, 31061–31067 | 31063
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Fig. 5 Total yields of maleimide and phthalimide obtained from
chromic acid oxidation of sedimentary rock under each reaction
condition (Table S1†).
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3 Results and discussion

Fig. 4 shows the typical gas chromatograms obtained following
the chromic acid oxidation of sedimentary rock (entry 1, Fig. 5,
and Table S1,† the sample from the depth −4 to −2 cm of the
Meishan section). The top chromatography is a TIC chromato-
gram of all oxidation products, and the others are mass frag-
mentgrams showing each maleimide and phthalimide in the
chromic acid oxidation products. Identication and quanti-
cation of the maleimides and phthalimides were performed
using authentic samples (Fig. 3). The peaks of ten maleimides,
including MnPrMi and MiBuMi, and three phthalimides were
detected (Fig. 4 and Table S1†). Optimization of the chromic
acid oxidation conditions was then carried out to maximize the
maleimide and phthalimide yields, as outlined in Fig. 5 and
Table S1.† The total yields of maleimides and phthalimides
were 22 894, 15 039, 15 807 pmol g−1-sediment, respectively. It
was found that a shorter reaction time (entry 1, 0 °C for 1 h then
25 °C for 1 h) gave a higher yield than those obtained for longer
reaction times (i.e., entries 2 and 3, 0 °C for 2 h then 25 °C for
2 h, and 0 °C for 4 h then 25 °C for 4 h). This result suggests that
the maleimides and phthalimides formed by the oxidation of
kerogen are decreased, since they appear to undergo further
oxidative degradation over prolonged reaction times. In entries
2 and 3, there is little difference in the yield of maleimide. This
result suggests that chromic acid was almost completely
consumed, hence the production and decomposition of mal-
eimide has ended (Fig. 5). In the conditions of longer reaction
times (entries 2 and 3), the phthalimide yield did not decrease
to the same extent as that of the maleimides (Fig. 5), which
implies that the phthalimides exhibit a higher oxidation resis-
tance, likely due to the presence of an aromatic ring in their
structure. Further, this result indicates that maleimide and
phthalimide formation was complete under the conditions of
entry 1, and so these were considered the optimal conditions for
obtaining maleimides and phthalimides in high yields.
Fig. 4 TIC and mass chromatograms of products obtained by the
chromic acid oxidation of sedimentary rock (entry 1, Fig. 5 and Table
S1,† the sample from the depth −4 to −2 cm of the Meishan section).
(a) MMMi, (b) DMMi, (c) EMMi, (d) DEMi, (e) MnPrMi, (f) MiPrMi, (g)
MiBuMi, (h) Pi, (i) 3-MPi, and (j) 4-MPi.

31064 | RSC Adv., 2022, 12, 31061–31067
Fig. 6 shows the maleimide contents of the reaction mixtures
carried out according to entries 1–3 (Table S1†). Despite the
large differences in the total yield been these reactions, the
overall compositions remained relatively constant, indicating
that analysis of the chlorophyll-derived substances based on the
chromic acid oxidation method should be based on the product
composition rather than the absolute amount of oxidation
products. The molecular structure of each maleimide differs
only in the alkyl chain. Since the oxidation resistance of the
alkyl chains for chromic acid oxidation is expected to be almost
the same, it is inferred that the degradations of all maleimides
are also the same reaction rate. Therefore, the progress of the
oxidation reaction did not affect the composition of the
maleimides.

It is known that the side chains of the porphyrins and their
related substances present in sedimentary rocks are altered by
geothermal pyrolysis.17,19–21 Thus, to examine the changes in the
Fig. 6 Maleimide contents in the reactions carried out according to
entries 1–3 (Table S1†).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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�

Chart 2 Model porphyrins of the bacteriochlorophylls used for the
pyrolysis experiments.
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side chains of the bacteriochlorophylls, we performed heating
experiments using two model porphyrins, 1 and 2 (Chart 2),
which were prepared as described in our previous study.21,22 We
designed these model porphyrins based on simple structures to
clarify the changes taking place in the pyrrole B-ring pyrroles of
the bacteriochlorophylls. Since the pyrolysis products of
porphyrins are insoluble polymeric materials, the pyrolysis
products were converted into maleimides and phthalimides by
the chromic acid oxidation. Aer heating at 350 °C for 3 days,
MnPrMi and MiBuMi, which are the maleimides corresponding
to model porphyrins 1 and 2, were detected in mole fractions of
50 and 64 mol%, respectively (Table 1). These results indicate
that the pyrroles derived from bacteriochlorophylls are altered
by thermal maturation. In addition, MMMi and DMMi were the
major products obtained from the pyrolysis of model porphy-
rins 1 and 2. It was therefore considered that DMMi was
predominantly produced due to cleavage at the aryl position of
the alkyl chain, where relatively stable radicals are easily
generated. Similar dealkylation reactions have been observed in
the pyrolysis of etioporphyrin, which contains the 3-ethyl-4-
methyl-pyrrole.19 EMMi, which is derived from 3-ethyl-4-methyl-
pyrrole and is found in multiple types of chlorophylls, was also
produced (#3mol%) during the pyrolysis of porphyrins 1 and 2.

We therefore proposed the Maleimide Index (MI) to evaluate
the increases in anaerobic photoautotrophs in the anoxic-
suldic photic zone conditions of the paleo ocean as follows:

Maleimide index ðMIÞ ¼ ½MnPrMi� þ ½MiBuMi� þ ½MneoPenMi

½EMMi�
Table 1 Mole fractions of the maleimides and phthalimides present
following the pyrolysis of porphyrins 1 and 2 at 350 °C

Starting material

Mole fractions of the Mis and Pis (mol%)

Porphyrin 1 Porphyrin 2

Heating time (days) 1 3 1 3
MMMi 20 20 6 15
DMMi 20 20 6 11
EMMi 3 3 <1 1
MnPrMi 49 50 <1 2
MiBuMi <1 <1 84 64
Other maleimides 1 1 <1 <1
Phthalimides 6 6 3 8

© 2022 The Author(s). Published by the Royal Society of Chemistry
The MI represents the ratio of pyrroles derived from the B-ring
pyrroles of bacteriochlorophylls to 3-ethyl-4-methyl-pyrrole
which is present in various chlorophylls, including bacterio-
chlorophylls and chlorophyll a. Thus, MI approximates the ratio
of green sulfur bacteria to total photosynthetic organisms. The
pyrolysis experiments of model porphyrins 1 and 2 suggested
that EMMi was formed from the thermal maturation of bacte-
riochlorophylls (Table 1). However, the mole fraction of the
produced EMMi was low (<3%). Since EMMi is present in larger
amounts in sedimentary rocks than MnPrMi, MiBuMi, and
MneoPenMi, it would be expected that even if the EMMi content
is increased during pyrolysis, this indicator would have little
effect on the overall MI.

Next, we examined the correlation between MI and the other
indicators of anaerobic green sulfur bacteria, namely iso-
renieratane and the aryl isoprenoids. Fig. 7 shows our analytical
results and previously reported data29,31 obtained from the
Meishan section in South China. The Meishan section is
a shallow marine Permian–Triassic boundary that records the
severe mass extinction event and photic zone euxinia through
increases in the isorenieratane and aryl isoprenoid
contents.27,31,32 It should be noted here that the samples
analyzed herein were the same as those employed to measure
the aryl isoprenoid contents in our previous study.29 As shown
in Fig. 7, the MI values increased in the lower and middle parts
of the studied interval (upper part of Bed 24e andmiddle part of
Bed 27). These horizons also show increases in the aryl iso-
prenoid content and the aryl isoprenoids per total organic
carbon (TOC) ratio.29,31 Indeed, high values of isorenieratane
and isorenieratane/TOC have been previously detected in the
same horizons,29,31,32 as outlined in Fig. 2 and 7. These results
suggest that the newly proposedMI for use in sedimentary rocks
represents the increase in anaerobic photoautotrophs (such as
green sulfur bacteria) during the depositional time. The
synchronous variations were also conrmed in the cross-plots
between the MI and the aryl isoprenoid content using the
same samples, and strong positive correlations were observed
(R > 0.9, Fig. 8a). In contrast, the correlation between the MI and
the aryl isoprenoids/TOC ratio was low (R = 0.4, Fig. 8b), which
may be attributed to the compositional differences of EMMi and
the TOC in terms of the data normalization. The TOC value
reects the amount of organic matter in the sedimentary rock
which is originated not only from chlorophylls but also from
various organic molecules such as lipids, proteins, amino acids
etc. In this study, Bed 26 contains black carbon, such as soot
and charcoals. Therefore, organic matter originated from
photosynthetic organisms in Bed 26 is diluted by black carbon.
Indeed, the variation in TOC value is consistent with the vari-
ation in black carbon content in previous studies32 but is
inconsistent with the variation in MI and aryl isoprenoid values
(Fig. 7). This result indicates that TOC values do not necessarily
reect the amount of photosynthetic organisms. On the other
hand, the MI method is normalized by EMMi derived from
pyrrole, which is possessed by all chlorophylls. Therefore, the
MI method is not affected by organic matter other than
photosynthetic organisms. Furthermore, the aryl isoprenoids
could be derived from additional carotenoid sources in addition
RSC Adv., 2022, 12, 31061–31067 | 31065
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Fig. 7 Analytical results of sedimentary rocks, which were collected from the Meishan section in China.

Fig. 8 Correlation between the composition ratios of the maleimides
and the concentrations of the arylisoprenoids. (a) The maleimide index
(MI) and the concentrations of the arylisoprenoids, (b) the MI and the
arylisoprenoid/TOC content, (c) the ratio of phthalimides (Pi + 3-MPi +
4-MPi) to EMMi and the concentration of arylisoprenoids, and (d) the
ratio of phthalimides (Pi + 3-MPi + 4-MPi) to EMMi and the aryliso-
prenoid/TOC content.
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to green sulfur bacteria, thereby causing discrepancies in the
variations between the MI and the aryl isoprenoid content. We
therefore considered that use of the MI is one of the most
accurate means to estimate actual photoautotroph composition
in the paleo photic zone.

Based on the thermal maturity index of Ts/(Ts + Tm),33 (Ts
and Tm are C27 18a(H)-22,29,30-trisnorneohopane and C27

17a(H)-22,29,30-trisnorhopane, respectively), the maturity level
of the Meishan section was found to be low in the lower lime-
stone beds (Ts/(Ts + Tm) < 0.2) and high in the middle to upper
31066 | RSC Adv., 2022, 12, 31061–31067
muddy strata (Ts/(Ts + Tm)= 0.2–0.5), with the exception of Bed
26 (Fig. 7). This can be accounted for by considering that Bed 26
contains black carbon and polyaromatic hydrocarbons (PAHs)
attributed to wildres,31 thereby resulting in a signicantly
altered organic matter content. In addition, as shown in Fig. 7,
Bed 26 contained signicantly higher MMMi and DMMi
contents compared to EMMi, and this result is consistent with
the results of our experiments, wherein dealkylation took place
during sample pyrolysis.

Our previous study reported that aromatization of the 3-
methyl-4-n-propyl-pyrrole or the 3-i-butyl-4-methyl-pyrrole may
result in the formation of a benzopyrrole.22 Thus, we also
examined the correlation between the ratio of EMMi to the
benzopyrrole-derived phthalimides,34 and the vertical plots of
isorenieratane and aryl isoprenoids (Fig. 7). However, the ratio
of phthalimides to EMMi did not increase with the aryl iso-
prenoids (Fig. 7, 8c and d). The ratio of phthalimides to EMMi34

gave higher values in the upper part of the studied interval,
which is characterized by a high maturity level (as derived from
Ts/(Ts + Tm)). Furthermore, for Bed 26, which has a high
contribution from MMMi and DMMi, this horizon exhibits
a slightly higher phthalimide to EMMi ratio. These high values
suggest a large contribution from the benzopyrrole unit
produced by thermal alteration of chlorophylls other than
bacteriochlorophylls. Possible reasons for these high values are
mainly two. First, some organic matter sources with high ben-
zopyrrole unit composition are derived in Bed 26 coinciding
with combustion origin organic matters. Another reason is that
benzopyrrole unit formation in the sediments proceeded during
the thermal maturation and result in high values in the upper
part interval of the Meishan section. The formation of the
benzopyrrole unit during thermal treatment could likely be
attributed to the Diels–Alder reaction of the 3-methyl-4-
vinylpyrrole unit,19 or aromatization via the trans alkylation
and cyclization of 3-ethyl-4-methylpyrrole.20 Overall, these
multiple controls indicate that the phthalimide/EMMi ratio is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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not suitable for evaluating the contribution of green sulfur
bacteria to the total photosynthetic biomass.

4. Conclusions

We proposed the MI to explore the contribution of anaerobic
photosynthetic bacteria in the anoxic ocean photic zone using
maleimides derived from bacteriochlorophylls. Our index (MI),
which uses the bonded maleimides, can be analyzed without
additional pretreatment other than chromic acid oxidation.
This methodology is signicantly more straightforward than
that based on the analysis of free maleimides and fossil
porphyrins, which requires the extraction of sedimentary rocks
through column chromatographic fractionation. Traditional
methods, such as using green sulfur bacterial pigment molec-
ular fossils as indicator molecules are normalized by TOC. The
TOC value reects the amount of organic matter in the sedi-
mentary rock which is originated not only from chlorophylls but
also from various organic molecules such as lipids, proteins,
amino acids etc. TOC values do not necessarily reect the vari-
ability of photosynthetic organisms. In fact, Bed 26, which
contains combustion-derived black carbon, may have affected
the TOC value. On the other hand, our MImethod is normalized
by EMMi which is contained in all chlorophyll. Thus, compared
with traditional methods, our MI method enables us to deter-
mine the actual photosynthetic composition using only
chlorophyll-derived compounds. This method should therefore
contribute to elucidation of the paleo ocean ecosystem and the
oceanic structures present at the ocean anoxia in the geologic
past.
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