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Sedimentary organic matter (SOM) affects the stability of the aquatic carbon pool. The degradation
process of SOM is complex for its multifaceted composition. The concentration and properties of SOM
affect its steady state, yet the transformation processes of SOM in lakes remain unclear. Here we show
the molecular and redox perspectives of SOM stability in polluted sediments with high organic matter
content and diverse vegetation. We find significant differences in carbon fractions across various sites.
The origin of the organic matter, determined using excitation-emission matrix spectra, influences the
consistency of organic matter composition and biochemical degradation in lacustrine sediment. We also
observe that sulfur-containing substances decrease carbon chain length and reduce organic matter
stability. Fourier-transform ion cyclotron resonance mass spectrometry shows that sulfur-containing
substances decrease the degree of saturation and cause reduction. In contrast, nitrogen-containing
compounds increase the modified aromaticity index and humin content, enhancing organic carbon
complexity and stability (p < 0.05). These results complement the characteristics and transformations of
SOM. In a broader perspective, this study contributes to laying the foundation for understanding SOM
stability in the carbon cycle and its future effects.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lakes cover approximately 3% of the land surface on Earth and
store an estimated 23e120 Pg of carbon (1 Pg ¼ 1015 g) [1e3].
Sedimentary organic matter (SOM) is an important part of the
lacustrine organic carbon cycle, accounting for approximately 70%
of the organic carbon pool in global lake ecosystems [4]. In
terrestrial organic matter (OM), heterotrophic microbes respire
1.2e3.3 Pg of carbon annually [5,6]. Sedimentary organicmatter is a
complex mixture of polymers and the degradation products of
microorganisms and plant residues [7]. Determiningwhether OM is
derived from plants or microbes is difficult [8,9]. The degradation of
OM is characterized by the intrinsic stability hypothesis, in which
the biologically recalcitrant fraction is limited by chemicals, and by
nvironmental Aquatic Chem-
es, Chinese Academy of Sci-
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the dilution hypothesis, in which microbial survival is limited at
low concentrations and reduces the degradation rate [10,11]. Thus,
the concentration and properties of OM affect its degradation, and
the source of SOM can change the carbon pool.

Organic matter can be classified according to its chemical
composition (e.g., carbohydrates, lignin, proteins, and other com-
mon organic compounds) or the specific organic compounds
commonly present in soil and silt (e.g., humic acid [HA], fulvic acid
[FA], and humin [HM]) [12]. Traditional sequential extraction
methods, three-dimensional excitationeemission matrix spec-
troscopy (EEMS), and nuclear magnetic resonance spectroscopy are
conventionally used to identify SOM [13e17]. As an alternative,
Fourier-transform ion cyclotron resonance mass spectrometry (FT-
ICRMS) is a promising tool that has been used to identify more than
10,000 molecular formulae [18e20]. For example, OM with the
molecular formula C17H21O8 has been found in the deep sea [21].
Liu et al. studied the effects of nitrogen and sulfur in a lacustrine
environment using FT-ICR MS [22]. They suggested that dissolved
organic matter (DOM) with high nutrient concentrations is often
composed of high-molecular-weight, unsaturated sulfur-rich
ety for Environmental Sciences, Harbin Institute of Technology, Chinese Research
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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compounds and polycyclic aromatic compounds [16,22]. Thus, the
transformation of OM is influenced by both internal components
and the external environment. Research has shown that electron
transport occurs between OM and microorganisms [23e25], and
this has been used in combination with the redox situation to
interpret the mechanism of OM stabilization. The redox and mo-
lecular stabilities of OM are important for SOM [26,27].

Baiyangdian Lake is a large shallow lake fed by a river system in
the Hai River Basin in North China. The lake has rich vegetation,
including lotus, crispus, algae, and reeds. Because of its lush vege-
tation and environmental conditions, the sediments in the lake
contain complex OM [28]. To date, few studies have investigated
the composition and transformation of OM in lake sediments.

In this study, OM fraction extraction, EEMS, and parallel factor
analysis (PARAFAC), as well as FT-ICR MS and X-ray photoelectron
emission spectroscopy (XPS), were used to investigate the stability
of OM in lacustrine sediments from Baiyangdian Lake. The objec-
tives of this study were (1) to identify the characteristics of OM in
sediments from ten sampling sites, (2) to improve our under-
standing of the redox state of organic carbon and its effects on OM,
and (3) to illuminate SOM transformations and the effects of
diverse SOM components on such transformations. These results
will improve our understanding of SOM transformations in
biogeochemical cycles in shallow lakes.

2. Materials and methods

2.1. Study area and sediment processing

Baiyangdian Lake (38�440e38�590 N, 115�450e116�070 E) is a
large complex shallow freshwater lake system in the Xiong'an New
Area. Samples were collected from ten sites in open areas (BYD1,
BYD3, BYD5, BYD7, and BYD8) and channels (BYD2, BYD4, BYD6,
BYD9, and FH) throughout Baiyangdian Lake at the beginning of
January 2020. The details of the sampling sites are provided in the
Supplementary Materials (Table S1 and Fig. S1). Three sediment
core samples were collected from each sampling site, and 5 cm of
the surface sediments from each sample taken at the same location
were mixed in the laboratory. The samples were freeze-dried and
passed through a 100-mesh sieve before analysis. The processed
samples were stored at �20 �C.

We used the traditional humus extraction method of dividing
SOM into water-extracted OM, FA, HA, and humus [15]. The pro-
cessing steps are described in detail in Supplementary Materials
and are shown in Fig. S2 [29,30]. The content of the SOM extracts
was determined using a total organic carbon analyzer (SSM-5000A
TOC analyzer, Shimadzu, Kyoto, Japan). The carbon compositions of
water extract (WTOC), fulvic acid (FTOC), humic acid (HTOC), and
HM were measured separately.

2.2. Chemical analysis

The total carbon, total nitrogen, and total sulfur contents of the
sediment samples were determined using a Vario EL cube (Ele-
mentar Analysensysteme GmbH, Langenselbold, Germany). The
total phosphorus content was determined using the MoeSb
colorimetric method with a UV-4802 ultravioletevisible (UVevis)
spectrophotometer (UV-2700, Shimadzu, Kyoto, Japan), following a
method described in Chinese standard HJ 632e2011. The OM con-
tent was determined using the loss on ignitionmethod described in
Chinese standard HJ 761e2015. The zeta potential, representing the
magnitude of intermolecular attraction [27,31], was determined
using a Zetasizer Nano system (Malvern Panalytical, Malvern, UK).
X-ray photoelectron emission spectroscopy was performed using
an ESCALAB 250Xi instrument (Thermo Fisher Scientific, Waltham,
2

MA, USA). The details of the XPS analysis are given in the Supple-
mentary Materials and Table S5. We used the organic pollution
index to evaluate the levels of organic pollution (described in the
Supplementary Materials).

2.3. Fluorescence analysis

Three-dimensional EEMS of DOMwas performed using a quartz
cell with a 1 cm path length and an RF-6000 instrument (Shi-
madzu). The components were matched using the Open Fluor
database. Themore components present, theworse the consistency
[32]. Components with similar shapes were selected to improve
consistency, and the selected components had small errors. The five
components (C1eC5) are shown in Table S2 and Fig. S4 (Supple-
mentary Materials). The relative concentration of each component
was determined from the fluorescence intensity and optical indices.
The fluorescence index (FI), the biological index, and the humifi-
cation index were used to evaluate the origin and aromaticity of
DOM [21,33]. The methods used to perform the calculations are
described in the Supplementary Materials.

2.4. FT-ICR MS

Each filtered water sample (after the total organic carbon [TOC]
process) was passed through a solid-phase extraction (SPE) column
and then infused into the electrospray ionization unit in negative
ion mode. The FT-ICR MS (Solari X, Bruker, USA) pretreatment,
measurement, and calculation methods are described in detail in
the Supplementary Materials. The molecular formulae (C, H, O, N,
and S) andmolecular weights were calculated as weighted averages
by normalizing the peak intensities to the sum of the FT-ICR MS
peak intensities. The Van Krevelen diagram was divided using the
O/C and H/C atomic ratios into seven regions, as shown in Table S3
(Supplementary Material) [34,35]. The modified aromaticity index
(AImod), double bond equivalent (DBE), and nominal oxidation state
of carbon (NOSC) were also calculated [36]. The degree of unsatu-
ration was calculated using the equation (DBE-O)/C (referred to as
DBE-O/C in the text). The natural OM behaving as a labile substance
for the molecular lability boundary beyond the labile (MLBL) value,
the carboxyl-rich alicyclic molecule (CRAM) value [37], and the
degradation index (IDEG) were calculated and used with the other
parameters to describe OM from a molecular perspective [38].
These values are shown in Table S4 (Supplementary Material).

2.5. Statistical analysis

Two-tailed Student's t-tests (95% confidence level) were per-
formed using Origin software (OriginLab, Northampton, MA, USA)
to identify statistically different values for the groups of data. The
relationships between the data for the different sampling sites
were identified by performing correspondence analysis, non-
parametric tests, regression analysis, cluster analysis, and Pearson
correlation analysis using SPSS Statistics (version 25.0 software;
IBM, Armonk, NY, USA). Spearman rank correlation analysis was
performed on the molecular parameters using Statistical Analysis
System software (Cary, NC, USA), and plots were produced using R
software (version 4.2.2) with the Venn Diagram package [39].
Heatmap plots were produced using R software (version 4.2.2) with
the pheatmap (v. 1.0.12) package with mean Euclidean distances.

3. Results

3.1. Spatial variations in the carbon parameters of the sediments

The TOC content range of the sediment samples, coming from
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sites with heavy organic pollution, was 37.29e103.60 mg g�1

(SupplementaryMaterial Fig. S3). The TOC content in themoats and
the open areas was 61.76 ± 26.59 and 77.10 ± 15.12 mg g�1,
respectively (Fig. 1a). In addition to the WTOC values, the other
components at the sites were significantly different between the
moats and the open areas. Differences in the cluster analysis results
(Fig. 1b and c) showed that the higher carbon content in the
southern area (sites BYD8 and BYD9) influenced these differences
and that the percentage of WTOC influenced the differences in
distribution at site BYD8. The points in the open areas were highly
aggregated, and their components were similar (Fig. 1d). However,
the points in the moats were dispersed, and there were large de-
viations across the different carbon fractions in the moats (Fig. 1a),
which were clear indications of high variability.

Humic acid was the main component of OM and contributed to
>75% of the TOC (Supplementary Material Table S6 and Fig. S3). The
HM content was strongly related to open water and was the main
indicator with the lowest specificity (brown shaded area in Fig. 1d).
Correspondence analysis showed that the HTOC content at sites FH
and BYD6 was affected by human activities. TheWTOC content was
farthest from the origin of the correspondence analysis plot, indi-
cating that WTOC variability was the main cause of SOM variability.
The correspondence analysis value for the WTOC content was
closest to the values for the moats (sites BYD2, BYD4, and BYD6).
Fig. 1. Spatial differences between the types of carbon present and fluorescent components.
Normalized cluster analysis for the carbon content normalization of multistage extractio
extraction. d, Correspondence analysis of the carbon types and sampling sites. eef, Five fl

location (f). g, Correspondence analysis for three-dimensional fluorescence analysis. h, Fluor
in biodegradability and sources and mapping of the humification index using different colo
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These results showed that the water type affected the four types of
carbon and that WTOC had a large impact on variability in the
moats.

3.2. Characteristics of DOM components in lacustrine sediments

3.2.1. Fluorescence spectroscopy and PARAFAC
The C4 fraction accounted for a large proportion (16.29e32.34%)

of SOM, while the C3 fraction accounted for the smallest proportion
(0.00e23.01%) (Supplementary Material Table S7). The data of the
channels were different from those of the other sites (Fig. 1eeg).
The C2 fraction differed significantly in terms of both water body
type and location (Fig. 1e and f). Combined parallel factor analysis
with the correspondence analysis (Fig. 1g), the northern points
were more concentrated in the brown-shaded area, showing that
they contained similar fluorescence components. By contrast, the
southern points were scattered.

The data for the sources and composition characteristics were
classified into three groups (Fig. 1h). The samples in group I (five
points and BYD8) had low FA (C3) content that played a role in
microbial reactions (FI > 1.4), and they had low degrees of biode-
gradability. The samples in group II (BYD2 and BYD9) were also
affected bymicroorganisms, but the degree of biodegradability was
higher. The samples in group III (BYD6 and FH) had high humus-like
a, Analysis using the significant differences of the different types of extracted carbon. b,
n state. c, Normalized cluster analysis of the carbon content ratio from multistage
uorescent components separated by parallel factor analysis of the water type (e) and
escence index (FI) and biological index (BIX) results used to explain regional variations
rs to indicate the degree of humification.
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substance content and low degrees of biodegradability, which were
related to the FTOC and HTOC content. The wide variation among
the moats may be related to differences in vegetation.
3.2.2. FT-ICR MS analysis of OM from SPE
The element compositions and molecular formulae determined

in the preliminary analysis are shown in Table 1. There were
2732e17,031 molecular formulae (Supplementary Material Fig. S5).
For the common molecular formulae (Supplementary Material
Fig. S6), the compounds with the most intense peaks at most
sites were C17H26O4, C18H33O6S, and C16H29O6S, but the compounds
with the most intense peaks for the DOM at BYD4 were C8H4O9 and
C12H14O6S. Regarding microbial products, 20 compounds with the
formula of C17H26O4 can be derived from eight bacterial products
and 12 fungal products (Supplementary Material Figs. S7 and S8,
and Table S8). The molecular weights in the samples from the
moats and open areas were not significantly different
(Supplementary Material Fig. S10a). The components were divided
into four categories: CHO-, CHON-, CHOS-, and CHONS-containing
compounds. The CHO-, CHON-, and CHOS-containing compounds
in themoats were highly variable (Fig. 2a). The condensed aromatic
compounds, lipids, and unsaturated hydrocarbons in the moats
were significantly different from those in the open areas (Fig. 2b).
The standard deviation between points in the moats was large and
varied significantly (Supplementary Material Table S10). Corre-
spondence analysis and the Van Krevelen diagram at sites
(Fig. 2cee; Supplementary Material Fig. S12) showed that lipids
and proteins with high molecular weights were dominant at site
BYD2. Low-molecular-weight compounds, carbohydrates, and
tannins were dominant at site BYD4. The DOM at site BYD6 con-
tained condensed aromatic compounds and lignin (Supplementary
Material Figs. S9 and S10). Combustion-derived polycyclic aromatic
compounds were found at sites BYD9 and FH.

Correlation analyses and Venn diagrams of the cluster analysis
results also showed that the compounds were more similar in the
open water samples than in the channel samples (Fig. 2d;
Supplementary Material Fig. S11). These results were consistent
with those in Section 3.2.1 in that the DOM at site BYD2 contained
fewer microbial products but could be degraded. The DOM at site
BYD6 was poorly biodegradable and relatively stable. The DOM at
site BYD4 containedmicrobial products with low biochemistry, and
the molecular weight was low, which might have been caused by
the content of nitrogen- and sulfur- (NS) containing compounds.
The content of NS-containing compounds increasedwithmolecular
weight (Fig. 2d).

The in-depth analysis showed that the CRAM value
(27.37e46.72%) increased with age (i.e., as the IDEG increased from
Table 1
Intensity-weighted means of the molecular parameters for the samples derived from dis

Sites Molecules number Mw
a H/Cw

a O/Cwa DB

BYD1 7930 385.22 1.31 0.51 7.1
BYD2 7128 416.72 1.51 0.40 6.2
BYD3 8533 400.27 1.41 0.46 6.7
BYD4 6128 379.95 1.35 0.57 6.2
BYD5 8522 396.80 1.36 0.48 7.0
BYD6 8963 408.56 1.18 0.51 8.8
BYD7 8856 399.36 1.29 0.49 7.5
BYD8 8664 406.70 1.27 0.50 7.8
BYD9 8586 404.86 1.26 0.50 8.0
FH 8458 399.69 1.43 0.44 6.5
Average 8177 399.81 1.34 0.49 7.2

a C, H, O, N, and S mean carbon, hydrogen, oxygen, nitrogen, and sulfur atoms, respecti
weight (Mw), H/C ratio, O/C ratio, double bond equivalent (DBE), modified aromaticity i
natural OM behaving as a labile substance value; and CRAM, carboxyl-rich alicyclic mole
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0.24 to 0.48) and stability (i.e., as the MLBL decreased from 52.81%
to 21.98%), as shown in Fig. 3a. The NOSC values in the moats
(�0.10 ± 0.20), which were represented by BYD2, BYD4, and BYD6,
were significantly higher than those in the open areas, and the
redox values and saturation spanned a wide range (Fig. 3b and c).
The DOM at BYD6 was the oldest and most biologically recalcitrant
and had themost microbial regenerates, but that at BYD2 and BYD4
contained smaller amounts of regenerated products and was
younger.

Unsaturated and reduced OM were more liable to degradation,
and the CRAMs were mainly for unsaturated compounds (Fig. 3c;
Supplementary Material Fig. S13). Non-carboxyl-rich alicyclic
molecules were mainly saturated and reduced compounds. The
NOSC at site BYD2 (�0.42 ± 0.52) was different from that at the
other sites, and the CRAMs at this site showed few saturated and
oxidized substances. Non-carboxyl-rich alicyclic molecules trended
in the fourth quadrant (Fig. 3c). The number of carbon atoms also
affected the NOSC. The results for most sites were similar to those
for the DOM at site BYD6. The macromolecules at site BYD6 were
mostly from oxidation. The longer the carbon chain of the molecule
at BYD2, the more its redox state gradually converged to a weak
reduction. The DOM at site BYD4 had few molecules containing
over 30 carbon atoms. The number of carbon atoms and the NOSCs
showed that the slope increased with the molecular weight, indi-
cating that the carbon number increased with the redox state.
3.3. Distributions of functional groups in sediments

The functional groups on the sediment particle surfaces were
identified using XPS. The main peak (52.02e69.23% of the total) for
all samples was C-(H,R) (high-energy carbon spectral peak in
Fig. 4). At BYD4 and BYD5, C-(O,N) was prominent (Fig. 4c). C-
(OOR,OOH) and (N)-C¼O,O-C-O had similar minimum angles, and
the SOM at BYD2, BYD8, and BYD9 was closely related (Fig. 4a and
b). The carbon valence bond and electron gains and losses showed
that the functional group distribution was related to electron pair
offsets, and the charges on the carbon atoms differed across sam-
ples (Fig. 4c). The surface carbon functional groups at BYD6 con-
tained the highest proportion of C-(H,R) groups and were the most
reducible. Oxidation occurred at sites BYD2, BYD4, BYD8, and BYD9.
Functional groups on the surfaces of sediments at sites BYD3, BYD5,
and BYD7 might have been affected by carbonate ions. The peak for
the C-O bond shifted to the right (by C-H, through reduction) in the
SOM at sites BYD2, BYD3, BYD4, and BYD8. A shift of the peak for
the C¼O double bond to the left was observed for the SOM at sites
BYD5eBYD7, which could be attributed to N-containing com-
pounds (oxidation). The full spectrum is shown in Fig. S14
solved organic matter after solid-phase extracted.

Ewa MLBL (%) CRAM (%) AImod,w
a IDEG NOSCwa

4 34.21 37.34 0.18 0.34 �0.17
3 52.81 32.65 0.10 0.24 �0.63
4 44.29 35.65 0.14 0.35 �0.37
6 38.02 27.37 0.18 0.28 �0.03
0 40.49 36.97 0.21 0.40 �0.29
8 21.98 46.72 0.29 0.48 �0.04
9 33.14 40.41 0.23 0.37 �0.19
5 30.01 43.94 0.21 0.48 �0.16
0 29.81 42.01 0.25 0.45 �0.13
2 46.57 36.64 0.14 0.43 �0.42
2 37.13 37.97 0.19 0.38 �0.24

vely, in the formula. Intensity-weighted means were used to calculate the molecular
ndex (AImod), and nominal oxidation state of carbon (NOSC). Abbreviations: MLBL,
cules value.



Fig. 2. Results of the Fourier-transform ion cyclotron resonance mass spectrometry analyses. aeb, The difference in the percentage of the CHO-, CHON-, and CHOS-containing
compounds (a) and substance components composition (b) in open areas and moats. c, Correspondence analysis results indicating the differences between the compositions at the
different sampling sites. d, Venn diagrams, clustering analysis results, and correlations between molecular weights and elemental compositions (C, H, O, N, and S). e, Molecular
weight distributions for the different components at BYD2, BYD4, and BYD6. The colors represent the molecular weights (purple shows high molecular weight).
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(Supplementary Material).
The zeta potentials were between �15.07 ± 0.34

and �20.30 ± 0.92 mV (Supplementary Material Fig. S15). The
lowest zeta potential was at site BYD4, which had the strongest
intermolecular attraction and a small molecular weight. The zeta
potential for BYD6 indicated that its DOM was more stable than
that found elsewhere, which agreed with the molecular informa-
tion and XPS results. The zeta potential for BYD2 varied widely but
was relatively stable.
5

4. Discussion

4.1. Effects of N- and S-containing substances on SOM stability

Molecules with low molecular weights were concentrated in
high saturation and redox ranges (Fig. 5a and b). By contrast, those
with high molecular weights were concentrated in areas with
saturated and reduced OM [40]. The N and S content strongly
affected molecular weight (Supplementary Material Figs. S16 and



Fig. 3. Relationships between the molecule characteristics, particularly the redox state
and number of carbon atoms. a, Linear regressions for the carboxyl-rich alicyclic
molecule (CRAM) values, natural organic matter behaving as a labile substance (MLBL)
value, and degradation index (IDEG). b, The mean values of the nominal oxidation state
of carbon (NOSC) and (double bond equivalent-O)/C (DBE-O/C) for molecular formulae
at the different sites. c, Relationships between the CRAM, NOSC, and (DBE-O/C). The
brown areas indicate redox and saturation conditions for carboxyl-rich alicyclic mol-
ecules. Darker green means higher density. Quadrant 1 contains unsaturated and
oxidized compounds, quadrant 2 contains unsaturated and reduced compounds,
quadrant 3 contains saturated and reduced compounds, and quadrant 4 contains
saturated and oxidized compounds. The boundary curves were calculated using a
Gaussian kernel function to estimate the density. Distributions of compounds with
different molecular weights, redox states, and numbers of carbon atoms, and distri-
butions of the numbers of carbon atoms and NOSC with kernel smoothing.

Fig. 4. X-ray photoelectron emission spectra of sediments samples from ten sites. a,
Quantitative percentage results for C 1s peak fitting. b, Differences in carbon functional
groups at the different sites determined by correspondence analysis. c, Modeled C 1s
spectrum indicating the various organic carbon forms. The green dashed line repre-
sents the high valence bond of the acid radicals with carbocation at 289.4 eV, the
brown dashed line represents the (N)-C¼O,O-C-O type of bonds with carbocation near
287.4 eV, and the gray shadow represents the C-(N,O) type of bonds with carbocation
in the range of 284.0e286.4 eV. The peak recognition information is shown in Table S5
(Supplementary Material).
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S17). Nitrogen-containing compounds affected the common mol-
ecules because CHO- and CHON-containing compounds
(Supplementary Material Fig. S16) were biased toward the oxida-
tion states (NOSC >0). S-containing compounds affected the redox
state for all molecular formulae because the CHOS-containing
components had stronger reducibility.

Analysis of the zeta potentials and molecular formulae using
Spearman correlation analysis (Fig. 5c and d) showed that 753
molecules significantly (p < 0.05) and positively correlated with the
oxidation state (NOSC >0) and unsaturation (DBE-O/C > 0). The
NOSC increased as the zeta potential increased at low intermolec-
ular forces (mutual repulsion) and stabilities in oxidation [41]. The
sediments were weakly alkaline (pH 7e7.5), meaning adsorption to
form OM aggregates would create stable, large molecules con-
taining nucleophilic functional groups through cation bridging
[42,43]. The trends for the common molecules were clear (Fig. 5d),
with the zeta potential being negatively correlated with the satu-
ration and reduction state (p < 0.05) and with the reducing ability
increasing as the unstable molecules increased. The details are
provided in Supplementary Material Figs. S17 and S18.

The high total nitrogen and sulfur content results were com-
bined because of limited microbial metabolism at low tempera-
tures [44]. The S-containing compounds were unstable and
6

negatively correlated with the zeta potential in their saturated and
reduced states (Fig. 5e). The sulfur contentwas positively correlated
with the WTOC. The conversion of hydrocarbons and carboxyl
groups was related to the sulfur content (p < 0.05, Fig. 5f). The
downward shift in the peak for sulfur-containing molecules indi-
cated that sulfur-rich OM had shorter carbon chains than the other
OM types (Supplementary Material Fig. S19), which explained why
the sulfur content was related to the release of smaller OM and
affected the stability of carbon [45,46]. The sulfur content also
affected molecular consistency and was significantly negatively
correlated with the number of molecules (p < 0.05, Supplementary
Material Table S9). The nitrogen-containing compound content was
positively correlated with AImod and the HM content, which indi-
cated that nitrogen contributed to the presence of complex and
stable types of organic carbon (p < 0.05). This was likely related to
amino condensation in the Maillard reaction [47,48].
4.2. Effects of molecular components on SOM deposition and
release

The analysis of the correlations between the molecules and
other factors indicated that FA and HA were the most important
components (Fig. 5f and g; Supplementary Material Fig. S19). Fulvic
acid may mainly have been produced from HA (C4 and C5) [49]
because C3 was oppositely correlated with other components



Fig. 5. Fig. 5 a, Relationships between the molecular weights and redox states of 2,732 common molecules and all the molecular formulae (classifying CHONS-containing com-
pounds). The brown points are for higher densities and the green points are for lower densities. b, Relationships between the saturation and redox states of common molecules and
all the molecular formulae. The colors indicate the molecular weight. c, Spearman correlations (p < 0.05) for the relationships between the zeta potentials and molecular formulae.
d, Saturation and oxidative distribution of the 753 molecules and 267 molecules with correlations. e, Saturation and oxidative distribution of 267 molecules divided by elemental
composition.f, Nitrogen- and sulfur-driven correlations between the organic matter contents and the compounds (p < 0.05). g, Heatmap plot cluster analysis results for the regions
and indicators. Group G represents different variables. Green, blue, purple, and yellow represent the molecular weight, CHONS-containing components, carbon content, and the
components, respectively.
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Fig. 6. a, Possible reactions of compounds in the sediment. The molecular formulae are divided according to the microbial product library and CRAMs into microbial products (M)
and other products (O). The molecular formulae are divided into condensed aromatic compounds (A), lipids (L), complex lipids with sulfur (LP), proteins (P), polysaccharides (C,
including carbohydrates, lignin, and unsaturated hydrocarbons), and tannins (T). The basic reactions and explanations are given in Table S11 (Supplementary Material). b, Schematic
diagram of sediment decomposition.
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(Supplementary Material Fig. S20). Kellerman found that C2 had a
strong relationship with oxygen-rich compounds (O/C ratio >0.5)
[49], which agreed with our results. Additionally, lipids and pro-
teins were related to FTOC; lignin and condensed aromatic com-
pounds were closely related to HTOC; and tannins and HM were
related.

The zeta potential was more stable for old and intrinsically
recalcitrant DOM in sediments at sites BYD6 and BYD8 than for
young DOM [16]. Polymerization reactions could occur at sites
BYD6 and BYD8 for different WTOCs and molecular consistency
levels. C-(H,R) in the DOM at BYD6 was likely derived mostly from
cellulose in reeds that were slowly degraded [50]. The limited
available oxygen in the sediments would have caused lignin com-
pounds to be preserved because most lignin compounds are
mineralized by aerobic microorganisms [51]. The DOM at site BYD2
was younger than that at the other sampling sites, but intermo-
lecular forces were still stable at site BYD2, and themacromolecules
tended to be weakly reduced (Fig. 3c). Degradation may have been
limited by the presence of lotus plants and microbes at BYD2
because lotus leaves, shoots, and roots contain palmitates (which
are saturated), oleate and linoleate (which are monounsaturated),
and macromolecular polyunsaturated acids [52,53]. Sediments at
site BYD4 showed strong intermolecular attraction, which resulted
in rapid degradation by algae because species such as Potamogeton
crispus have sulfurized bacteria attached that can affect S-
8

containing compounds in the anaerobic BYD 4 area, which is rich in
sulfides [54]. These results all supported the intrinsic stability hy-
pothesis of reactions occurring because of the compounds present
rather than the concentrations of certain compounds. The degree of
pollution was related to the vegetation content of the sediment,
and the degradation rate was affected by the substances present.
4.3. Molecular reactions and geochemical processes in lacustrine
sediments

Separating OM into reactants and products is difficult [55]. The
compounds identified in the sediment samples could be regarded
as products of chemical reactions (e.g., hydrolysis), microbial re-
actions (e.g., catalysis by enzymes), and photodegradation [9]. The
molecular formulae were categorized according to the microbial
product library and CRAMs into microbial products (M) and other
products (O) [56] (Fig. 6a).

The proportion of microbial products at all sampling sites was
41.97e54.06%. The proportion of microbial products was highest at
site BYD2, and the proportion and number of microbial products
were lowest at site BYD4. The polysaccharides produced by mi-
crobial degradationwere dominated by compoundswithmolecular
weights over 500 (the boundary in Supplementary Material
Fig. S10), but these only accounted for 19.92e39.22% of the total
polysaccharides [44]. The proportion of macromolecular
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polysaccharides was low, and the proportion of micromolecular
was high at site BYD4. Microbial degradation mainly produced
micromolecular polysaccharides, indicating that liquidity affected
the convergence of production [54,57]. Among the other reaction
products, protein products accounted for 77.70e83.68% of all the
proteins present, and the proportion of micromolecular proteins
was 59.60e69.90%. Site BYD2 hadmany amicrobic proteins but had
the lowest number of tannins.

Chen [58] investigated the potential precursoreproduct pairs
for 36 general transformation reactions of atmospheric organic
compounds and found that the main reactions could be divided
into demethylation, oxygenation, decarboxylation, amino re-
actions, nitro reactions, and sulfur reactions. In this study, the
products were treated as substrates for eight types of reactions
[55,56], and strong hydrolytic reduction reactions were found to
occur (Fig. 6a; Supplementary Material Table S11). Multiple re-
actions were more likely to occur at site BYD2 than at the other
sampling sites because of the complex protein sources present at
this site [59].

In summary, IDEG, AImod, and CRAMs gradually increased, but the
NOSC and DBE-O/C tended toward zero and moved from labile to
stable OM (Fig. 6b). Macromolecules (molecular weight >500) and
reduced OM were found to be involved in extracellular electron
migration with microorganisms. The accumulation of aromatic and
aliphatic compounds and the burial of necrotic substances
decreased the oxidation rate as the NOSC decreased to a weak
reduction value [60]. Organic matter will always be reduced by
electrons migrating between OM and microorganisms in sediment,
and it is easy for electrons to be lost. This finding is consistent with
a previous study [61].
5. Conclusions

This study investigated the content, components, and structures
of OM in sediments from Baiyangdian Lake. We focused on the
effects of the characteristics and redox abilities of the components
and their possible reactions to explain the stability of SOM. The
results showed that WTOC was a good indicator of SOM properties.
Human disturbances and the types of water bodies were the main
factors that affected variations in the extracted carbon content, OM
components, and OM structures, particularly in the channels.
Sulfur-containing substances decreased the carbon chain length
and made OM unstable in terms of unsaturation and reduction and
readily released. Nitrogen-containing compounds contributed to
increased aromatization and changed OM in the oxidation state.
The enhanced stability of the carbon pool is generally accompanied
by increased aging processes and microbial products in SOM, with
notable influences from nitrogen and sulfur. Further studies should
delve deeper into the impact of sulfur. Overall, our findings provide
significant insights into the stability of the carbon pool in sedi-
mentary environments, contributing to a deeper understanding of
SOM stability.
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