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A B S T R A C T

We tested an integrated multi-isotopic analysis framework to quantitatively estimate anthropogenic organic
matter (OM) loads in different land-use types of a watershed (Lake Shihwa, South Korea). The isotopic signatures
of increased bulk-element abundances in urban areas and industrial complexes may reflect the mixed contri-
butions of natural and anthropogenic sources. Together with the predominant abundance of n-alkanes and
polycyclic aromatic hydrocarbons at both boundaries, specific indices derived from their abundance may be
indicative of mixed contributions from terrestrial plants, petroleum, and combustion deposited through various
pathways (e.g., atmospheric deposition, outfall pipes, and surface runoff). Based on these properties, compound
isotopic signatures (δ13CC27+C29+C31, δ13CFl, δ13CPyr, δ13CBaA+Chry, δ13CIcdP, δ13CBghiP,) for both land-use types
may provide significant evidence of an increase in anthropogenic derived-OM loads (> 90 %) in Lake Shihwa.
This approach suggests that total organic carbon–weighted source apportionments can provide useful quanti-
tative estimates of OM loads within complex river systems.

1. Introduction

Coastal regions are hot spots of organic matter (OM) sedimentation,
accounting for 80–90 % of the carbon burial in the global ocean (Hedges
and Keil, 1995; Bauer et al., 2013). The transport of OM from land to
aquatic systems, such as rivers and lakes, plays a critical role in sus-
taining aquatic ecosystems (Bouwman et al., 2013; Vörösmarty et al.,
2010; Walling, 2006). Together with physical dynamics such as mixing,
processing, and transportation, a substantial amount of OM exchanged
between the terrestrial and marine realms has been continuously pre-
served in the coastal sediment layers due to the inputs of terrestrial
materials, anthropogenic contamination, and marine organisms (Hedges
and Oades, 1997; Bianchi et al., 2002; Ogrinc et al., 2005; Li et al., 2017;
Chen et al., 2021). As these aspects, the biogeochemical role of OM is
important for maintaining the ecological health of aquatic systems by
contributing to nutrient cycling, and providing an essential energy

source for aquatic food webs through microbial decomposition and en-
ergy transfer across trophic levels (Hedges and Keil, 1995). However,
human activities can alter the structure and the function of aquatic
ecosystems, ultimately decreasing biodiversity and increasing eutro-
phication, algal blooms, and the bioaccumulation of contaminants
(Kelly et al., 2007; Newbold et al., 2015; Smith et al., 1999; Van der Oost
et al., 2003). The precise identification of natural and anthropogenic OM
sources for aquatic ecosystems is therefore necessary to evaluate the
potential impacts on water quality deterioration and bioaccumulation in
aquatic environments and surrounding land-use practices. These in-
sights can provide a wealth of information on how to manage transfers
that degrade water quality and threaten water security.

The bulk-element contents (e.g., carbon and nitrogen) and their
stable isotopic compositions (δ13C and δ15N) are popular tools for
tracking the sources of various forms of OM (Gao et al., 2012; Hedges
et al., 1988; Sarma et al., 2014). Bulk analysis was first performed on
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natural samples to identify the sources and transformation processes of
OM (Fry and Sherr, 1989). Although previous studies demonstrated the
ability of stable-isotope ratios to distinguish between allochthonous and
autochthonous origins (Ramaswamy et al., 2008; Saintilan et al., 2013),
they suffer from intrinsic limitations for source determination in com-
plex watersheds (Canuel et al., 1997; Cloern et al., 2002; Hu et al., 2006;
Poynter and Eglinton, 1991). As advanced techniques, the developed
approaches such as 11B, 15N-NO3, 18O-NO3, and 15N-NH4, provide more
precise identification of anthropogenic sources in environmental sam-
ples (Divers et al., 2014; Martinelli et al., 2018; Ryu et al., 2021). These
methods offer a more refined understanding of pollution sources,
particularly in cases where traditional bulk isotopic applications are
inadequate (Ryu et al., 2021; Kim et al., 2023). Meanwhile, a molecular
biomarker can provide more detailed insights for identifying OM origins
and related biogeochemical processes, aiding in the interpretation of
environmental changes (Bosch et al., 2015; Bourbonniere and Meyers,
1996; Meyers, 1997; Zhang et al., 2019). In this regard, hydrocarbons
which are ubiquitously present in various types of OM sources (e.g. soils,
sediments, organisms, and atmospheric dust), are degraded more slowly
than bulk OMs and other lipid classes (e.g. fatty acids and alcohols),
making them valuable indicators in complex system (Meyers, 2003;
Wang et al., 2013; Pedrosa-Pàmies et al., 2015). Among them, aliphatic
(n-alkanes) and polycyclic aromatic hydrocarbons (PAHs) are repre-
sentative molecular markers of OM derived from natural and anthro-
pogenic sources, such as fungi, bacteria, algae, biomass and/or fossil-
fuel combustion, and petroleum residue (Bush and McInerney, 2013;
Stogiannidis and Laane, 2015; Wakeham et al., 1980; Zhang et al.,
2022). Source-recognition ratios based on their abundances are reliable
indicators for tracing OM sources in complex aquatic systems sur-
rounded by various types of land use (Colombo et al., 1989; Medeiros
et al., 2005; Venturini et al., 2015; Yunker et al., 2002; Zhang et al.,
2023). However, with respect to quantitatively determining OM sources
in a complex aquatic system, the spatial abundance of both n-alkanes
and PAHs can be influenced by physical processes (particle transport
and phase transfer) and chemical and microbial processes (Galarneau,
2008; Liu et al., 2021; Wentzel et al., 2007). Using a more recently
developed and more advanced technique (compound-specific isotope
analysis [CSIA]), the isotopic signature of aliphatic or aromatic hydro-
carbons has the potential to facilitate source-tracing within coastal and
lake sediment, including those of OM (Canuel et al., 1997; Cooper et al.,
2015; Gschwend and Hites, 1981; Li et al., 2021; Maletić et al., 2019).
However, precise quantitative assessment of OM origins remains chal-
lenging in aquatic systems in which heterogeneous OM transport occurs.

In this study, we hypothesized that molecular ratios and CSIA can (1)
improve the accuracy of OM source appointment and (2) distinguish
between OM loads of natural and anthropogenic origins. To test our
hypothesis, we performed a case study in Lake Shihwa, where the land
use varies in the surrounding watershed (e.g., urban, industrial, and
rural areas). At these sites, environmental qualities (e.g., water and
sediment quality and biodiversity) are threatened by large inputs from
anthropogenic sources (e.g., trace metals, persistent organic pollutants,
and petrochemical spills) (Khim et al., 1999; Yoo et al., 2008; Lee et al.,
2014; Moon et al., 2012). Environmental qualities (e.g., biological ox-
ygen demand: 6.5–69.9 ppm; chemical oxygen demand: 11.1–103.2
ppm; heavy metals: 1.14–511 ppb) have deteriorated dramatically in the
lake since a sea dike was constructed in 1994 (Ministry of maritime
affairs and fisheries (MOMAF), 2011; Ra et al., 2011). Substantial in-
creases in PAHs, styrene oligomers, and alkylphenols at Lake Shihwa
have been traced to stormwater drainage pipes that carry pollutants
from upland areas to creeks feeding into the lake (Hong et al., 2019; Lee
et al., 2017b). Therefore, the main objectives of this study were to
identify natural and anthropogenic sources of OM in different land-use
types, and to constrain the discriminative contributions of these OM
sources to Lake Shihwa sediment.

2. Materials and methods

2.1. Sampling

Surface sediment samples were collected during two sampling
campaigns (July and December 2020) (Fig. 1). For this study, 35 sam-
pling sites were selected within different land-use types (9 urban areas;
11 old industrial complexes; 4 new industrial complexes; 1, rural area;
and 10 lake-sediment sites). Sediment samples were collected using Van
Veen grab samplers. Creek surface sediment was collected using
aluminum spoons. Both lake and creek surface sediment samples (from
the uppermost 2 cm) were transferred to glass jars. All sediment samples
were then freeze-dried and sieved (through 1 mm pores) and then
ground using a mortar. The homogenized samples were stored at − 20 ◦C
prior to geochemical analysis.

2.2. Bulk-element analysis

The contents and isotopic compositions of total organic carbon (TOC;
δ13CTOC) and total nitrogen (TN; δ15NTN) were analyzed using an
elemental analyzer (Vario Select Elementar, Hesse, Germany) connected
to an isotope-ratio mass spectrometry (VisION Elementar, Hesse, Ger-
many). For TOC analysis, inorganic carbon in sediment samples was
removed using 1 M HCl for 24 h under a fume hood, after which the
acidified sediment was neutralized by washing it three times with
deionized water (Kim et al., 2016). The isotopic composition was
expressed by δ notation relative to Vienna Pee-Dee Belemnite and at-
mospheric N2 for carbon and nitrogen, respectively. Instrumental checks
were conducted using standard material IAEA-CH-3 (C = 44.4 wt%,
δ13C = − 24.72‰) and IAEA-N-1 (N = 21.4 wt%, δ15N = 0.4‰), which
is certified by the International Atomic Energy Agency (Vienna,
Austria). The precision for bulk-element contents was better than ±0.1
wt%. The precisions for each bulk isotopic value were better than ±0.1
‰ and ± 0.3 ‰, respectively.

2.3. Extraction, separation, and purification

A 10-g aliquot of freeze-dried sediment was extracted using an ASE
200 extractor (Dionex, CA, USA) with a solvent mixture of dichloro-
methane (DCM) and methanol (MeOH) at a 9:1 ratio (v:v) and high
temperature and pressure (100 ◦C and 1500 psi). Internal standards of
5α-androstane and 2-fluorobiphenyl were added for quantification of n-
alkanes and PAHs, respectively. Lipid analytical procedures were
formed as described by Lee et al. (2018a, b). Briefly, the total lipid
extract (TLE) was passed through an anhydrous Na2SO4 column. The
TLE was separated into aliphatic and aromatic hydrocarbon fractions
according to the polarity of the compounds in an SiO2 column (activated
for 2 h at 150 ◦C). The aliphatic fraction was eluted using hexane (100
%), and the aromatic fraction was eluted using hexane and DCM at a
ratio of 8:2 (v:v). The eluent was concentrated using a gentle stream of
nitrogen and transferred into a gas chromatography (GC) vial. For
further purification in stable-isotope analysis, the n-alkanes fraction was
passed through a Ag2+-impregnated silica gel with hexane. The PAHs
were purified through thin-layer chromatography (TLC) to remove
interfering compounds. A 60 Å TLC silica-gel plate (Merck, Darmstadt,
Germany) cut to a length of 10 cm and a width of 4 cm was pre-cleaned
using DCM (1:1, v/v), and then activated at 120 ◦C for 1 h. After the TLC
plate cooled, a 1 cm mark was made with graphite to ensure the sample
would not directly contact the carrier-solvent mixture. The concentrated
PAH fraction was then loaded onto a TLC plate that had been eluted with
a solvent mixture of cyclohexane:toluene at a ratio of 3:2 (v:v). A thin
band of the TLC plate containing PAHs (Rf ~ 0.81) was confirmed under
short-wavelength (254 nm) ultraviolet light. The TLC plate with PAHs
was cut out and was extracted by sonication. The purified compounds
were subsequently concentrated to 40 μL using N₂ gas to ensure a suf-
ficient amount of the compound for analysis.
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2.4. Gas chromatography and gas chromatography–mass spectrometry

All aliphatic and aromatic hydrocarbons fractions were analyzed
using a 7890B GC apparatus (Agilent, USA) coupled to a 5977B mass
spectrometer (MS; Agilent, CA, USA) operating at 70 eV. A fused-silica
capillary column (HP-5MS; 30 m × 0.25 mm internal diameter [i.d.];
film thickness of 0.25 μm; Agilent, CA, USA) was used with helium as a
carrier gas. The aliphatic hydrocarbons were injected under a constant
flow (1 mL/min) at an initial oven temperature of 70 ◦C. The oven
temperature was programmed to increase from 70 ◦C to 130 ◦C at 20 ◦C/
min and then at 4 ◦C to a final temperature of 320 ◦C with a final hold
time of 25 min. The aromatic hydrocarbons were injected under same
helium flow. The initial oven temperature of 60 ◦C was held for 2 min,
then raised to 200 ◦C at 10 ◦C/min, increased to 240 ◦C at 2 ◦C/min and
held for 10 min, and then to a final temperature of 300 ◦C, with a final
hold time of 10 min. The n-alkanes were identified from ion fragments,
and their concentrations were determined by comparing peak areas with
those of 5α-androstane, using a GC flame ionization detector with a
fused-silica capillary column (DB-5, 60 m × 0.25 mm i.d.; film thickness
of 0.25 μm; Agilent, CA, USA). PAHs were identified from ion fragments,

and their concentrations were obtained in selective ion monitoring
mode.

2.5. Gas chromatography-combustion isotope-ratio mass spectrometry

The δ13C values of each compound were determined using an
isotope-ratio mass spectrometer connected to a gas chromatograph via a
combustion interface (a glass tube packed with copper oxide operated at
850 ◦C). The samples were subjected to the same temperature conditions
and capillary column described for the GC and GC–MS analyses. Isotopic
values were expressed as δ13C values per mil relative to Vienna Peedee
Belemnite. The analytical errors were <0.4‰ for all compounds.

2.6. Source-recognition ratio

Chemical indices were calculated using the concentrations of n-al-
kanes and PAHs. For n-alkanes, the terrestrial-to-aquatic ratio (TAR; odd

long-chain n-alkanes/even short-chain n-alkanes; >5 = terrestrial
sources, <1 = aquatic sources, Bourbonniere and Meyers, 1996),
average chain length (ACL; ~30 = higher plants, ~29 = marine origin,
~28 = petrogenic sources, Cranwell et al., 1987; Poynter and Eglinton,
1991), percent of aquatic macrophyte input (Pmar-aq; 0.01–0.25 =

terrestrial input, 0.4–0.6 = emergent aquatic plant, >0.6 =macrophyte
input, Ficken et al., 2000; Mead et al., 2005), carbon preference index
(CPI; >5 = higher terrestrial plants, ~1 = petrogenic sources, Bray and
Evans, 1961), natural n-alkanes ratio (NAR; ~0= petroleum sources,>1
higher terrestrial or aquatic plant, Mille et al., 2007), and pristane/
phytane value (Pr/Ph; <1 = petroleum input, Zaghden et al., 2017):

TAR =
[C27+ C29+ C31]
[C15+ C17+ C19]

(1)

ACL =
[25× C25+ 27× C27+ 29× C29+ 31× C31+ 33× C33]

[C25+ C27+ C29+ C31+ C33]
(2)

Pmar− aq =
[C23+ C25]

[C23+ C25+ C29+ C31]
(3)

NAR =
[
∑
C19–C32]–[2× (

∑
even C20–C32) ]

[
∑
C19–C32]

(5)

Pr
/
Ph =

Pristane
Phytane

(6)

where Cn is the concentration of the n-alkane containing n carbon atoms.

2.7. Statistical analysis

The fractional abundances of n-alkanes (n-C16 − n-C35, pristane, and
phytane) and PAHs (Phe, Ant, Pyr, Fl, BaA, Chry, BbF, BaP, IcdP, DahA,
and BghiP) were obtained by normalizing each concentration to a
summed concentration. Principal component analysis (PCA) was per-
formed on the fractional abundance data of each parameter to provide a
general view of the variability of the distribution of each parameter

Fig. 1. Information on sampling sites with categorized land-use types (rural, urban, industrial complexes) near Lake Shihwa.

CPI =
1
2
×

[(
[C25+ C27+ C29+ C31+ C33]
[C24+ C26+ C28+ C30+ C32]

)

+

(
[C25+ C27+ C29+ C31+ C33]
[C26+ C28+ C30+ C32+ C34]

)]

(4)
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using R (version 4.0) and FactomineR (version 2.4).

2.8. Bayesian mixing model

To estimate the proportional contributions among various OM
sources, such as terrestrial C3 plants, petroleum, and combustion, we
used δ13C values of n-alkanes and PAHs at our study sites. For repre-
sentative end members, the isotopic compositions δ13Cn-alkanes and
δ13CPAHs derived from each source were − 37.0 ± 1.6 ‰ and − 28.5 ±

1.5 ‰ for terrestrial C3 plants, − 28.4 ± 1.6 ‰ and − 26.9 ± 0.2‰ for
petroleum, and − 31.6 ± 0.5 ‰ and − 23.3 ± 2.3 ‰ for combustion,
respectively (Abrajano Jr. et al., 2003; Cooper et al., 2015; Gao et al.,
2018; McRae et al., 1999; Okuda et al., 2003; O'malley et al., 1994;
O'malley et al., 1997; Peng et al., 2006; Wilhelms et al., 1994). At least,
the application of these isotopic signatures may be suitable for esti-
mating source contributions by comparing indigenous values reported in
the surrounding areas of Lake Shihwa (Kim et al., 2017; Kim et al.,
2018). Based on these literatures, δ13C values of specific compounds (n-
alkanes: C27, C29, C31; PAHs: Fl, Pyr, BaA, Chry, IcdP, BghiP) were used
to estimate the source contributions of each OM sample. All analyses
were performed using R (version 4.0) and the MixSIAR package (version
3.1).

3. Results and discussion

3.1. Spatial characteristics of bulk elements

The TOC contents of the sediments were 3.9± 3.2 % for urban areas,
6.3 ± 6.8 % for old industrial complexes, 0.6 ± 0.3 % for new industrial

complexes, 3.9 % for rural areas, and 0.7 ± 0.3 % for Lake Shihwa. The
TN contents were 0.1 ± 0.1 % for urban areas, 2.3 ± 6.1 % for old in-
dustrial areas, < 0.1 % for new industrial areas, 0.2 ± 0.1 % for rural
areas, and < 0.1 % for Lake Shihwa (Fig. 2). The δ13CTOC values were −
25.6 ± 1.1 ‰ for urban areas, − 25.9 ± 1.7 ‰ for old industrial com-
plexes, − 23.5 ± 0.7‰ for new industrial complexes, − 29.0‰ for rural
areas, and − 22.1 ± 1.0‰ for Lake Shihwa. The δ15NTN values were 3.5
± 2.7‰ for urban areas, 1.7 ± 1.9‰ for old industrial complexes, 5.0
± 1.2‰ for new industrial complexes, 8.6 ± 0.0‰ for rural areas, and
6.7 ± 0.8‰ for Lake Shihwa (Fig. 2). The TOC contents at urban areas
(average of A1, A2, A3, S1, S2, S3, S4, S5, and S6) and old industrial
complexes (average of I1, I2, I3, I4, I5, I6, I7, I8, I9, I10, and I11) were
much higher than those of other land-use types (< 0.9 wt%; Fig. 2 and
Table 1). With respect to the significant increase in TOC content (> 24
wt%) at I4, these increased patterns may be involved in the large
discharge of sewage sludge derived from industrial activities within the
Lake Shihwa watershed (Kim et al., 2018; Lee et al., 2018a; Moon et al.,
2012). Regarding the spatial abundance of toxic compounds (e.g.,
organophosphate flame retardants, perfluorinated alky compounds; and
polybrominated diphenyl ethers) were higher near urban boundaries
(Lee et al., 2017a; Lee et al., 2018b; Rostkowski et al., 2006), and the
predominant TOC contents at I4 may be closely related to increases in
anthropogenic activities such as textile, automobile, and electrical
appliance manufacturing and petrochemical industries (Lee et al.,
2017b; Moon et al., 2012; Rostkowski et al., 2006). In addition, TN
contents were largely increased (~21 wt%) at old industrial complexes
(I1, shown in Fig. 2). For lake and river systems, including various land-
use types, TN sources may originate from nitrogen-fixing organisms,
atmospheric deposition, fossil-fuel combustion, fertilizer production,

Fig. 2. Spatial distribution of (a) TOC contents and their isotopic compositions, (b) TN contents and their isotopic compositions, abundance of (c) total n-alkanes and
(d) total PAHs.
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and wastewater (Elliott and Brush, 2006; Howarth, 2008; Ohkouchi and
Takano, 2013). With respect to the increased nitrogen loading derived
from the effluent of wastewater treatment plants (Lee et al., 2017b)
flowing into the Lake Shihwa watershed, the high TN contents at I1 may
be due to the substantial export of wastewater within industrial com-
plex. Meanwhile, spatial variations between TOC and TN showed
negligible correlations along sampling sites (R2= 0.1, p> 0.10). Various
forms of OM were heterogeneously exported by different land-use types
within Lake Shihwa (Lee et al., 2017b; Moon et al., 2012; Oh et al.,
2010), and these patterns may reflect the mix of contributions from
natural and anthropogenic OM.

The isotopic signature of OM has been often used to distinguish
autochthonous and allochthonous origins, because different isotopic
fractionation occurs between reactant and product (Canuel and Har-
dison, 2016; Thornton and McManus, 1994). In this study, δ13CTOC
values were more enriched (− 22.1± 1.0‰) in lake sediment, compared
to those of land-use types (urban: − 25.6 ± 1.1 ‰; old industrial com-
plexes: − 25.9 ± 1.7‰; new industrial complexes: − 23.5 ± 0.7‰; and
rural: − 29‰; Table 1 and Fig. 2). Typically, δ13C values of various OMs
showed discriminative isotopic ranges (− 10‰ to − 30‰ for terrestrial
C3 and C4 plants; − 24‰ to − 18‰ for phytoplankton; − 62‰ to − 6‰
for bacteria; and − 27 ‰ to − 25 ‰ for anthropogenic sources organic
fertilizer and sludge) (Derrien et al., 2018; Fry and Sherr, 1989; Parat
et al., 2007; Vuorio et al., 2006). The most depleted δ13C values at rural
areas (R1) may be related to the specific metabolic pathway of terrestrial
C3 plants (Chikaraishi et al., 2004; Smith and Epstein, 1971), indicating
their predominance within a rural boundary. However, δ13CTOC values
at new industrial complexes showed significantly enriched patterns (p <

0.05) compared with those of urban areas and old industrial complexes
(Fig. 2). With respect to the isotopic signatures (− 16 ‰ to − 24 ‰)
derived from carbon fixation of phytoplankton (Fry and Sherr, 1989; Gu
et al., 2006; Xu et al., 2019), 13C-enriched patterns at these sites can
provide the evidence of predominant algal communities that accumulate
in sediment. Actually, considering anthropogenic derived-nitrates near
industrial complexes can be predominantly transported into water col-
umn of Lake Shihwa (Kim et al., 2024), variation in elemental ratios
(nitrogen and phosphate) may influence in situ biosynthesis of algal
communities (Inomura et al., 2022). As another possibility involved in
the presence of C4 plants, we confirmed the absence of terrestrial C4
plant in our study site (Lee et al., 2017b; Kim et al., 2022). Based on
these literatures, we consider that these C4 plant sources as the potential
OM end-members may be excluded for tracing OM source in Lake
Shihwa. Meanwhile, the overlapping δ13CTOC values (− 25.9 ± 1.7 ‰)
from urban areas (A1, A2, A3, S1, S2, S3, S4, S5, S6) and old industrial
complex (I1, I2, I3, I4, I5, I6, I7, I8, I9, I10, I11) may reflect the mixed
signatures of various source of OM (e.g., terrestrial C3 plants, phyto-
plankton, sludge, organic fertilizer, and bacteria). Among them, the
more 13C-enriched signatures at I4 showed mixed signatures for
anthropogenic and natural sources (Bosch et al., 2015; Derrien et al.,
2018; Fry and Sherr, 1989; Gleason and Kyser, 1984; Vuorio et al., 2006;
Maksymowska et al., 2000; Spies et al., 1989). Together with the export
of point sources (e.g., municipal sewage treatment plants), these pat-
terns appear to provide evidence for a mixed contribution transported
via unintentional non-point sources (e.g., atmospheric deposition and
surface runoff).

The δ15NTN values were more enriched in rural area R1 (8.6 ‰)
compared with other land-use types (urban areas: 3.5 ± 2.6 ‰; old in-
dustrial complexes: 1.7 ± 1.8 ‰; and new industrial complexes: 5.0 ±

1.1 ‰; Table 1 and Fig. 2). For lake and river systems, δ15NTN values
have broad isotopic variations (e.g., forest leaf: − 1.4 ± 1.1‰; C3 plant:
7.4± 1.9‰; C4 plant: 10.7± 0.2‰; organic fertilizer: 9.2± 3.4‰; and
sewage: 3.3 ± 2.7 ‰) (Debruyn and Rasmussen, 2002; Derrien et al.,
2018; Elliott and Brush, 2006; Dover et al., 1992). Among them, ac-
cording to the frequent use of organic fertilizers at the agriculture
boundary (Diebel et al., 2009), 15N-enriched isotopic compositions at R1
may reflect the export of some organic fertilizers (e.g., oilcake and
manure), which was characterized with ammonia volatilization and
denitrification (Derrien et al., 2018; Vitòria et al., 2004; Bottchew et al.,
1990; Diebel et al., 2009). Meanwhile, more 15N-depleted isotopic sig-
natures at some sites (S1, S2, S3, S4, I1, I2, I7, I9) may be indicative of
increased export of wastewater derived from urban areas and old in-
dustrial complexes (Elliott and Brush, 2006; Lee et al., 2014). These
patterns are supported by previous N-isotopic signatures (− 3.4‰ to 7.7
‰) derived from anthropogenic sources via outfall pipes at Shihwa in-
dustrial complexes (Lee et al., 2017b; Hong et al., 2019). Based on
different signatures of δ15NTN values associated with various land-use
types, the δ15NTN values at Lake Shihwa (4.8 ‰ to 7.2 ‰) appear to
be heterogeneously influenced by a mix of exports of natural sources (e.
g., terrestrial C3 plant, algae, and bacteria) and anthropogenic sources
(e.g., fertilizer and sewage). To effectively constrain the intrinsic char-
acterization of mixed OM sources within Lake Shihwa, we further
investigated spatial variations of molecular biomarkers that can provide
source specificity and conservative behavior of mixed OM.

3.2. Spatial variations of n-alkanes and PAHs

Short-chain and long-chain n-alkanes (n-C16 to n-C35), as well as
other saturated alkanes and pristane and phytane compounds with an
unresolved complex mixture were found at all sites (supplementary in-
formation Fig. S1). Corresponding to spatial variations of TOC abun-
dances measured at each sampling site, the abundance of lipid molecules
was commonly normalized by using TOC abundances. The TOC-
normalized concentrations of alkanes were 0.2 ± 0.2 mg/g for urban
areas and 0.2± 0.2 mg/g for old industrial complexes, indicating higher

Table 1
The bulk contents and isotopic compositions of sedimentary carbon and
nitrogen.

Land use type Site Bulk element

TOC TN

wt% ‰ VPDB wt% ‰ air

Lake Shihwa L1 0.5 − 24.2 0.1 4.8
L2 1.0 − 24.1 0.1 5.5
L3 1.0 − 21.8 0.0 6.9
L4 0.4 − 21.8 0.1 7.0
L5 0.3 − 21.9 0.1 7.1
L6 1.0 − 21.5 0.2 7.1
L7 0.7 − 21.2 0.1 6.9
L8 1.0 − 21.7 0.2 7.1
L9 0.6 − 21.6 0.2 7.2
L10 1.0 − 21.6 0.1 6.8

Urban A1 1.3 − 23.9 0.1 7.3
A2 0.5 − 23.3 0.0 7.1
A3 0.7 − 25.3 0.0 5.9
S1 5.5 − 26.7 0.0 0.5
S2 10.7 − 26.4 0.5 2.9
S3 5.3 − 25.9 0.3 1.4
S4 6.0 − 26.8 0.2 1.6
S5 3.9 − 25.9 0.1 3.9
S6 0.8 − 25.9 0.1 0.4

Old industrial complex I1 0.7 − 25.2 21.5 0.7
I2 3.4 − 25.5 0.3 4.6
I3 4.5 − 26.9 1.1 1.6
I4 24.8 − 20.9 1.0 3.5
I5 10.6 − 26.8 0.6 1.1
I6 5.0 − 26.8 0.1 1.7
I7 2.2 − 26.7 0.0 0.4
I8 12.2 − 27.0 0.3 1.6
I9 1.7 − 26.4 0.0 0.0
I10 3.8 − 26.3 0.3 4.6
I11 0.8 − 25.9 0.0 − 1.1

New industrial complex NI1 0.4 − 23.3 0.1 3.8
NI2 1.1 − 22.7 0.0 4.5
NI3 0.5 − 24.6 0.0 6.7
NI4 0.3 − 23.2 0.0 5.0

Rural R1 3.9 − 28.9 0.2 8.6
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concentrations compared with those found in other land-use types, such
as new industrial complexes (< 0.1 mg/g TOC), rural areas (0.1 ± 0.0
mg/g), and Lake Shihwa (0.1 ± 0.1 mg/g) (Fig. 2, and Table 2). The
total PAH concentrations (for Phe, Ant, Fl, Pyr, BaA, Chry, BbF, BaP,
IcdP, DahA, and BghiP) were 0.3 ± 0.5 mg/g TOC for urban areas, 0.1 ±
0.1 mg/g for old industrial complexes, < 0.1 mg/g for new industrial
complexes, < 0.1 mg/g for rural areas, and 0.3 ± 0.2 mg/g for Lake
Shihwa (Fig. 2 and Table 3). Based on spatial variations of both com-
pounds within different land-use types, including lake sediments, we
performed a PCA using the relative abundance of these compounds
normalized by TOC content (Fig. 3). For n-alkanes, PC1 and PC2
accounted for 27.5 % and 20.0 % of total variance, respectively (cu-
mulative 47.6 % of variance). The odd-numbered long-chain n-alkanes
(n-C27, n-C29, n-C31) are closely related to each other, representing
negative correlations with PC1. In contrast, the short/even-numbered n-
alkanes, pristane, and phytane variables were positively loaded to PC1.
PC2 showed a positive correlation with those in the Lake Shihwa while
representing a negative correlation with those in urban areas. Mean-
while, as shown in Fig. 3, PC1 and PC2 accounted for 52.0 % and 17.5 %
of variables, respectively. In PC1, the highly conjugated aromatic hy-
drocarbons (IcdP, BghiP) at Lake Shihwa were opposite to those of low
molecular-weight aromatic hydrocarbons (Phe, Ant, Pyr, Fl). PC2

showed a weak positive correlation with the sediment from Lake Shihwa
while representing a slightly negative correlation with sediment from
urban areas.

With respect to the predominant abundance of long-chain alkanes (i.
e., n-C27, n-C29, n-C31) at Lake Shihwa and rural areas, these compounds
may be typically originated from terrestrial higher plants (Meyers,
2003). In contrast, odd short-chain alkanes (i.e., n-C15, n-C17, n-C19) and
even short-chain alkanes (i.e., n-C16, n-C18, n-C20) were predominant at
old industrial complexes and urban areas, reflecting natural (e.g., algae,
bacteria and macrophyte) and anthropogenic (e.g., coal and petroleum)
origins, respectively (Gelpi et al., 1970; Meyers, 2003; Mille et al., 2007;
Rojo, 2009; Wang et al., 2010). In this regard, aliphatic hydrocarbons
are indicative of source origins and diagenesis/catagenesis processes by
environmental changes, as patterns of the odd- to even-chain numbers in
aliphatic hydrocarbons may be changed by selective degradations and/
or cleavage of the C–C bond (Tareq et al., 2005). At least, the patterns of
this aliphatic compound investigated at our study may be attenuated
under higher biodegradability (Kim et al., 2018). To resolve these as-
pects, we considered the integration of aromatic hydrocarbons for
effectively determining anthropogenic sources such as petroleum and
combustion origins. With respect to the increased abundance of LMW
PAHs (2 to 3 aromatic rings; Phe and Ant) at urban areas and old in-
dustrial complexes (Table 3), such compounds derived from petrogenic
sources may be associated with the use of plastic waste and crankcase oil
(Conesa et al., 2021; Lee et al., 2018b). According to PCA results which
are potentially related to the substantial transport of petroleum sources,
the origin of these LMW PAHs may be influenced by substantial trans-
port of petroleum sources under extensive industrial activities sur-
rounding Lake Shihwa. By contrast, the predominant abundance of
higher-molecular-weight (HMW) PAHs (4 to 6 aromatic rings; BaA,
Chry, BbF, BaP, DahA, BghiP, and IcdP) at old industrial complexes and
urban areas may be related to the source contribution (e.g., petroleum
and combustion) derived from anthropogenic activities near Lake
Shihwa (Abdel-Shafy andMansour, 2016). The abundance of these PAHs
increased continuously at industrial complex boundaries, which could
be related to the fossil fuels used in industrial activities over the last
decades (Dai et al., 2022; Kwon and Choi, 2014). In addition, with
respect to the increase of HMW PAHs in urban boundaries, these com-
pounds may be introduced via atmospheric depositions such as soil road
dust, vehicular exhausts, inland heating combustion, and incineration
(Bian et al., 2016; Kim and Chae, 2016). These properties might reflect
the continuous contamination of anthropogenic sources near Lake
Shihwa.

Based on spatially discriminative patterns of natural and anthropo-
genically derived compounds, we compared spatial variations of specific
n-alkane indices (e.g., TAR, ACL, Pmar-aq, CPI, NAR, Pr/Ph ratio) along
different land-use types (Fig. 4). First, TAR values ranged from 2.5 to
30.0, showing relatively higher patterns at Lake Shihwa, compared with
those of old industrial complexes (I2, I3, I4, I5, I7, I9, I11). The increased
TAR values (> 5) may reflect the predominant input of terrestrial plants
within the Lake Shihwa (Ortiz et al., 2013; Silliman et al., 1996).
However, other indices (ACL and Pmar-aq) showed insignificant differ-
ences (p > 0.11 and p > 0.26, respectively) among land-use types
(Fig. 4), reflecting ubiquitous distribution of epicuticular leaf wax into
Lake Shihwa (Ficken et al., 2000; Mead et al., 2005; Sikes et al., 2009;
Kim et al., 2018). Based on these indices, terrestrial plant sources within
each land-use type may be heterogeneously transported into Lake
Shihwa. Meanwhile, CPI, NAR and Pr/Ph values are often used to esti-
mate specific OM origins and their diagenetic processes (Peters et al.,
2007; Volkman et al., 1992). For CPI values, each value (1.1 to 6.8 for
CPI) showed overlapping patterns between most sites (Fig. 4). Among
them, CPI values were much closer to 1 at urban areas (S3, S4, S6) and
old and new industrial complexes (I4, I7, I9, I11, NI2) compared with
those of other land-use types. Together with CPI values, NAR values,
which can roughly estimate the proportions of natural and petroleum
(Mille et al., 2007; Sojinu et al., 2012), showed a spatially overlapped

Fig. 3. Principal component analysis of fractional abundance of (a) n-alkanes
and (b) PAHs.
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Table 2
The concentrations of n-alkanes within land-use boundaries.

Land use type Site Aliphatic hydrocarbon (μg/gTOC)

C16 C17 Pr C18 Ph C19 C20 C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 C31 C32 C33 C34 C35

Lake Sihwa L1 0.2 0.4 0.1 1.7 0.2 1.4 1.8 2.4 2.6 3.3 2.7 4.6 2.5 8.0 3.5 13.4 2.8 11.6 2.9 6.3 1.8 2.1
L2 0.7 1.1 0.9 1.9 1.9 1.7 1.8 1.8 2.1 2.8 2.0 5.6 3.5 8.8 4.8 15.5 4.4 22.6 4.3 10.1 2.9 2.3
L3 0.3 0.1 0.0 0.1 0.0 0.2 0.4 0.4 0.5 0.7 0.4 1.0 0.5 1.5 0.6 2.4 0.4 2.3 0.4 1.0 0.2 0.3
L4 0.3 0.8 0.2 0.7 0.2 0.9 1.3 1.7 1.8 3.1 2.2 4.6 1.9 7.6 3.1 14.7 2.3 14.9 2.6 7.0 1.4 1.8
L5 0.8 1.4 1.5 2.4 2.0 2.7 2.7 3.7 4.9 6.0 6.4 11.0 6.0 17.2 7.3 31.1 7.6 37.2 8.5 24.2 7.2 6.5
L6 0.1 0.3 0.1 0.4 0.1 0.5 0.4 0.7 0.9 1.7 1.1 2.6 1.4 4.9 1.9 9.3 1.6 9.0 1.3 4.1 0.6 1.2
L7 0.1 0.2 0.0 0.3 0.0 0.4 0.9 1.0 1.4 2.3 1.8 3.1 1.4 4.1 1.5 6.4 1.0 5.5 0.8 2.2 0.3 0.6
L8 0.4 0.7 0.6 1.4 0.5 1.2 1.6 1.9 17.2 2.4 2.6 3.5 2.4 6.2 2.8 10.1 2.7 11.7 2.3 6.2 1.2 1.5
L9 0.1 0.4 0.2 1.0 0.1 1.1 1.3 1.5 8.8 2.5 1.6 3.9 2.0 6.3 2.4 11.4 1.7 10.7 1.5 4.6 0.7 1.3
L10 0.1 0.2 0.2 0.5 0.2 0.6 0.5 1.0 1.4 1.7 1.0 2.7 1.5 4.9 1.6 8.5 1.4 8.8 1.1 3.7 0.5 1.2

Urban A1 0.2 0.6 0.1 2.5 0.2 1.3 2.8 1.4 2.0 3.9 3.1 5.6 1.8 6.2 1.9 11.1 1.7 11.0 1.5 4.6 0.8 1.0
A2 0.3 0.4 0.1 2.6 0.2 1.8 4.5 1.4 3.5 3.6 2.8 4.5 1.8 5.7 2.5 7.6 1.7 7.3 1.8 4.3 1.0 1.2
A3 0.4 1.4 0.2 2.6 0.4 1.6 2.8 2.3 3.6 2.5 2.8 3.4 2.6 4.6 2.9 9.4 4.0 14.2 4.4 7.6 3.5 2.2
S1 0.5 1.8 1.6 1.6 2.3 1.3 2.0 1.9 2.9 3.8 3.7 7.0 4.9 12.0 7.3 29.8 10.2 30.3 11.1 12.7 8.0 3.9
S2 1.5 7.9 1.2 2.2 2.1 2.0 2.3 2.4 2.7 3.0 3.3 6.2 4.2 11.5 6.8 28.0 11.4 33.4 14.3 17.2 10.3 5.3
S3 0.7 3.6 0.5 1.5 1.0 1.0 1.5 1.2 2.1 1.9 2.5 4.1 3.5 7.3 5.0 20.2 7.7 20.1 9.1 9.0 6.2 2.7
S4 0.5 2.2 0.3 2.4 0.7 1.5 2.9 1.7 3.5 3.3 4.2 6.2 6.4 11.7 7.9 34.5 13.3 33.8 14.2 15.4 11.1 4.8
S5 0.3 0.7 0.3 1.0 0.6 0.8 1.3 1.0 1.4 1.8 1.8 2.7 2.1 4.8 2.5 10.0 3.0 8.8 3.3 3.7 2.6 1.2
S6 4.1 9.3 2.6 13.0 4.4 8.6 15.5 8.1 17.1 10.8 19.3 17.6 24.8 30.3 33.1 72.8 46.9 77.0 52.4 37.0 37.0 10.6

Old industrial complex I1 1.1 1.5 0.7 4.2 1.0 2.2 4.0 3.6 5.2 4.9 6.2 8.0 4.6 12.1 5.5 27.2 5.8 45.3 6.5 15.7 4.9 2.3
I2 1.3 8.1 2.7 3.0 10.9 3.8 2.9 6.5 3.0 1.9 3.2 3.9 3.0 4.7 3.5 11.3 2.9 13.8 2.8 11.4 2.4 2.0
I3 6.2 20.9 5.2 7.5 12.0 9.1 10.3 22.3 24.5 15.1 27.1 26.3 12.8 38.5 17.0 63.4 17.2 82.1 22.7 62.1 17.1 10.9
I4 1.8 3.5 1.3 3.0 2.5 2.6 3.4 2.5 5.2 2.0 5.4 3.0 3.7 4.8 3.5 9.0 3.8 9.8 3.8 10.1 3.9 1.8
I5 2.1 7.9 3.7 5.0 4.5 5.1 4.0 5.1 4.3 5.0 4.5 8.8 4.4 14.4 6.3 32.9 8.4 23.9 8.4 10.1 5.9 3.5
I6 0.9 3.4 0.7 2.3 1.4 2.0 2.9 2.8 3.3 5.2 6.4 12.0 8.2 15.9 8.8 36.2 11.4 30.0 9.3 10.9 7.4 3.0
I7 1.0 7.3 0.8 2.9 1.3 2.3 3.4 2.8 4.4 3.6 5.0 6.3 5.7 10.2 7.3 22.6 9.3 25.1 11.8 11.9 9.6 4.4
I8 1.5 1.6 0.6 1.4 1.0 0.9 1.3 2.4 1.7 1.4 2.3 3.5 2.3 7.0 3.5 13.1 4.2 17.0 5.2 6.0 4.3 2.2
I9 1.8 5.7 3.8 7.6 7.6 8.9 9.4 9.0 8.3 7.5 9.0 10.3 7.4 12.4 10.8 13.2 10.9 19.0 15.0 10.5 10.6 4.8
I10 0.3 0.6 0.2 0.6 0.2 0.5 0.6 0.6 0.6 1.0 0.5 1.6 0.8 3.5 1.0 9.3 1.7 14.4 1.7 5.1 1.2 0.8
I11 3.3 8.3 5.4 15.3 10.9 16.2 25.1 23.0 26.5 20.3 22.2 22.2 20.1 22.9 20.4 31.3 27.6 37.5 32.1 22.7 24.9 8.7

New industrial complex NI1 0.3 0.4 0.1 1.1 0.4 1.0 1.5 1.4 1.8 1.8 1.7 2.7 1.7 3.9 1.7 5.7 1.6 7.0 1.4 4.5 0.9 0.9
NI2 0.1 0.3 0.1 0.2 0.1 0.2 0.4 0.3 0.6 0.5 0.7 0.8 0.6 1.1 0.7 1.7 0.7 1.9 0.8 1.2 0.7 0.5
NI3 0.1 0.6 0.1 0.4 0.1 0.5 1.3 0.8 1.2 2.1 1.2 3.4 1.1 4.6 1.1 9.6 1.2 16.3 1.5 4.2 0.3 0.6
NI4 0.4 0.8 0.9 5.7 0.5 2.8 5.8 2.6 4.0 4.0 4.5 4.1 2.6 4.9 4.1 8.9 2.3 12.5 2.9 9.1 2.6 2.0

Rural R1 1.1 2.6 0.4 3.1 1.3 2.3 2.2 3.4 3.0 10.7 3.4 7.3 3.1 10.5 5.9 26.4 6.1 24.6 5.0 6.7 2.0 1.6
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pattern (− 0.7 to 0.6; shown in Fig. 4) within land-use types, including
Lake Shihwa. These patterns may indicate a mix of contributions from
natural and anthropogenic OM. In this regard, lower values (< 1) of Pr/
Ph may support the existence of petroleum-derived OM at sedimentary
environments (Zaghden et al., 2017), reflecting the increased maturity
of OM transported from urban areas and older industrial complexes.

The source-recognition ratio of PAHs (m/z 178; Phe, Ant, m/z 202;
m/z 228; BaA, Chry, m/z 276; IcdP, BghiP) is often used to provide
specific evidence regarding anthropogenic sources, and petroleum and
combustion origins in particular (Yunker et al., 2002). In this regard,
specific PAH indices showed varied ranges (Ant/(Ant+Phe); 0.1–0.8,
BaA/(BaA + Chry); 0.2–0.5, Fl/(Fl + Pyr); 0.4–0.7, IcdP/(IcdP+BghiP);
0.3–0.5) along land-use types near Lake Shihwa (Fig. 5). Generally, the
increased ratios (> 0.1) of Ant/(Ant+Phe) have been represented for
combustion origins (e.g., for carbonization of bituminous coal, coal tar
or coal combustion [Oros and Simoneit, 2000; Wise et al., 1988]). A
ratio > 0.4 for BaA/(BaA + Chry) is often considered evidence of
combustion, while ratios <0.2 may reflect petroleum used in diesel oil,
crude oil and lubricants (Grimmer et al., 1981; Grimmer et al., 1983;
Wang et al., 1999). Meanwhile, other PAHs (Fl, Pyr, IcdP, BghiP) were
the most definitive compounds, with large differences in thermody-
namic stability. Ratios of 0.4–0.5 for Fl/(Fl + Pyr) reflect petroleum
origins (e.g., liquid fossil fuel, vehicle and crude oil, and kerosene),
while ratios >0.5 may be indicative of grass, wood, or coal combustion
(Jenkins et al., 1996; Laflamme and Hites, 1978; Yunker et al., 2002).
The IcdP/(IcdP+BghiP) value is <0.5 for petroleum (e.g., creosote and
asphalt) and combustion (e.g., wood soot, combustion aerosols, and
bush fire particles) (Jenkins et al., 1996; Wakeham et al., 1980). For this
study, both values (Ant/[Ant+Phe] vs. Fl/[Fl + Pyr]) showed ambig-
uous patterns along land-use types, providing mixed signatures for

petroleum combustion, and grass, wood, and coal combustion. For
another dual-ratio pattern, BaA/(BaA+ Chry) values showed significant
differences (p < 0.10) between new industrial complexes (NI1, NI2, and
NI3) and other land-use types, reflecting the predominant contribution
of petroleum. In contrast, Fl/(Fl + Pyr) patterns at Lake Shihwa
(L1− L10) were greater than those of other land-use types (p < 0.05),
indicating increased deposition of combustion origins. These patterns
may be closely related to the transportation and logistics industry
(which use petrol engines) in the Shihwa/Banwol industrial complex,
where the steel, petrochemical, machinery, and electronics industries
are highly developed. Increased transportation and logistics activities in
these regions may lead to a higher atmospheric influx of combustion-
derived PAHs that are subsequently deposited into the water column
of Lake Shihwa (Kim and Chae, 2016; Tobiszewski and Namieśnik,
2012). Finally, IcdP/(IcdP+BghiP) patterns at our study sites showed
lower values near the industrial complexes (and I3 in particular), indi-
cating a significant increase in petroleum combustion in vehicles
(Tobiszewski and Namieśnik, 2012). Actually, together with the abun-
dance of PAHs within air dust (e.g., PM 10 and PM 2.4) collected near
Lake Shihwa (Baek et al., 2020; Kang et al., 2020; Kim et al., 2021), we
may consider partial possibility of PAH contributions derived from air
dust. Therefore, corresponding to the significant evidence of petroleum-
derived OM at urban areas and industrial complexes, the mixed OM (e.
g., from terrestrial plants, petroleum, and by-products of combustion)
within Lake Shihwa appears to be heterogeneously deposited through
atmospheric deposition, outfall pipe, and surface runoff. In such situa-
tions, the use of these lipid indices has limited potential for use in tracing
intrinsic OM sources transported into a lake system as they may undergo
secondary diagenetic process (e.g., decomposition and weathering)
within sediment (Dvorská et al., 2011; Liu et al., 2021; Rojo, 2009). To

Table 3
The concentrations of PAHs within land-use boundaries.

Land use type Site Aromatic hydrocarbon (μg/gTOC)

Phe Ant Fl Pyr BaA Chry BbF BaP IcdP DahA BghiP

Lake Sihwa L1 2.7 0.5 52.8 38.4 24.6 51.1 75.2 20.8 82.0 16.6 86.8
L2 1.0 0.3 3.9 3.8 1.4 2.3 3.1 1.4 3.2 0.8 4.3
L3 0.3 0.1 6.7 6.5 5.5 11.0 17.7 3.9 19.6 4.5 19.4
L4 1.1 0.6 35.2 28.5 18.8 37.1 59.0 16.8 64.7 13.6 68.5
L5 1.1 0.3 7.3 6.9 3.0 4.5 6.1 2.9 6.4 1.9 8.9
L6 0.8 0.2 11.0 7.1 4.9 8.4 13.7 4.4 14.4 3.1 14.1
L7 1.5 0.3 89.2 69.7 60.0 99.5 130.3 45.7 139.3 31.9 133.4
L8 1.1 0.4 6.3 4.7 2.6 4.3 6.9 2.5 7.5 1.6 8.0
L9 4.4 1.4 58.3 39.8 26.0 62.0 71.0 22.2 84.7 16.6 95.6
L10 4.4 1.0 37.9 24.2 15.9 34.2 40.3 15.1 48.4 9.4 50.3

Urban A1 10.9 1.3 172.7 127.2 81.6 163.0 218.4 46.2 210.8 46.9 202.8
A2 7.6 1.0 114.9 130.1 62.6 130.2 147.8 35.9 146.5 35.2 176.3
A3 0.4 0.1 1.1 1.3 0.5 0.8 0.9 0.5 1.1 0.4 2.0
S1 1.1 1.3 2.3 2.7 0.8 1.5 1.3 1.0 1.1 0.6 2.3
S2 0.8 1.3 2.5 3.4 0.8 1.2 0.9 0.9 0.8 0.4 1.5
S3 0.6 0.8 1.3 1.6 0.6 0.9 0.7 0.6 0.6 0.4 1.2
S4 3.7 2.3 4.0 5.1 1.8 3.1 2.5 2.1 2.4 1.3 4.5
S5 0.7 0.6 1.5 1.6 1.0 1.2 1.2 1.1 1.1 0.8 1.5
S6 7.7 6.8 12.0 12.4 5.7 8.0 7.0 6.1 6.1 3.7 9.4

Old industrial complex I1 2.8 0.4 10.3 9.8 6.0 8.1 8.8 7.1 11.1 2.8 13.7
I2 0.4 0.1 1.2 1.7 0.5 1.0 0.9 0.7 1.2 0.7 2.3
I3 3.7 0.7 9.6 13.4 3.4 7.9 5.9 4.2 6.8 2.9 16.9
I4 4.9 0.9 11.7 13.0 5.1 8.6 7.7 6.5 8.5 2.4 13.6
I5 2.0 1.1 2.4 3.1 1.2 1.7 1.5 1.4 1.4 0.8 2.7
I6 1.1 1.0 2.6 3.1 1.0 1.6 1.5 1.3 1.3 0.7 2.5
I7 3.0 1.4 2.7 3.7 2.0 2.0 2.3 2.3 2.1 1.7 3.0
I8 0.8 0.7 1.3 1.7 0.7 1.3 1.2 0.9 1.0 0.5 2.5
I9 2.7 5.0 24.8 11.2 4.3 7.1 5.5 5.2 4.7 2.8 6.7
I10 2.5 1.1 2.5 2.9 1.1 2.2 1.9 1.3 1.6 0.8 2.6
I11 17.6 16.6 38.7 42.2 12.2 17.8 12.1 10.6 9.2 5.6 15.1

New industrial complex NI1 2.7 11.1 22.0 23.0 11.6 23.5 16.4 9.4 11.3 3.4 10.7
NI2 0.3 0.2 3.2 3.9 1.3 5.9 4.1 1.1 4.5 0.9 7.4
NI3 0.6 0.6 7.9 8.1 3.9 20.8 13.2 3.5 17.4 3.6 24.5
NI4 1.8 0.3 8.0 11.0 3.0 8.9 8.2 3.0 10.0 2.2 16.6

Rural R1 0.2 0.0 0.4 0.3 0.2 0.3 0.4 0.2 0.4 0.2 0.3
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fill the gap, CSIA approaches are consistently described as useful for
estimating the relative proportion of mixed OM sources within complex
natural systems (Fry, 2006; Parnell et al., 2013). With respect to reliable
estimates of source apportionments, we used the isotopic data of n-al-
kanes and PAHs.

3.3. Isotopic signatures of n-alkanes and PAHs

CSIA approach has the potential to facilitate OM identification
within natural sediments by exploiting differences in δ13C values of lipid
compounds (Marshall et al., 2007; Cooper et al., 2015). The δ13C values
of selected n-alkanes (n-C27, n-C29, n-C31) ranged from − 34.5 ‰ to
− 30.7 ‰ for urban areas, − 39.8 ‰ to − 34.0 ‰ for old industrial
complexes, − 35.7‰ to − 27.5‰ for new industrial complexes, − 35.2‰
to − 34.3‰ for rural areas, and − 35.5‰ to − 26.2‰ for Lake Shihwa,
showing noticeably depleted values as carbon numbers increased. The
δ13C values of PAHs (Fl, Pyr, BaA, Chry, IcdP, BghiP) ranged from − 27.4
‰ to − 24.3 ‰ for urban areas, − 26.9‰ to − 24.5 ‰ for old industrial

complexes, − 29.4‰ to − 26.2‰ for new industrial complex, − 30.3‰
to − 26.4‰ for rural areas, and − 30.8‰ to − 18.6‰ for Lake Shihwa
(Fig. 6). Based on the predominance of odd long-chain n-alkanes (n-C27,
n-C29, n-C31) at sampling sites, δ13C values of these compounds were
significantly different in different types of land use (− 32.9 ± 1.2‰ for
urban areas, − 35.7 ± 2.0 ‰ for old industrial complexes, − 31.5 ± 3.2
‰ for new industrial complexes, − 34.6 ± 0.4 ‰ for rural areas, and −

31.2 ± 2.6 ‰ for Lake Shihwa; Fig. 6 and Table 4). In general, the iso-
topic signatures of lipid compounds show evidence of 13C depletion
compared with bulk tissue, according to biosynthetic fractions (δ13Cbulk
− δ13Cbiomarker; 5 ‰ − 10 ‰ for algae and 7 ‰ − 10 ‰ for vascular
plants; Collister et al., 1994; Ballentine et al., 1996; Schouten et al.,
1998; Wiesenberg et al., 2004). In this regard, the isotopic variations of
n-C27, n-C29, n-C31 have been typically shown for the different source
origins, ranging from − 37.4 ‰ to − 35.6 ‰ for terrestrial C3 plants,
− 30.6 ‰ to − 26.1 ‰ for petroleum, and − 32.2 ‰ to − 31.0 ‰ for
combustion, respectively (Cooper et al., 2015; O'malley et al., 1997;
Wilhelms et al., 1994). Based on the results of previous studies, δ13C

Fig. 4. Spatial variations of various n-alkane indices: (a) terrestrial/aquatic ration (TAR), (b) average chain length (ACL), (c) % of aquatic plants (Pmar-aq), (d)
carbon preference index (CPI), (e) natural n-alkanes ratio (NAR), and (f) pristane/phytane (Pr/Ph).
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values of odd long-chain n-alkanes investigated at our study sites may
provide evidence for the discriminative contribution of mixed OM
transported from different land-use types. First, the δ13C value of odd-
chain alkanes from urban areas (S1, S2, S4) and industrial complexes
(I10) was − 33.7 ± 0.7 ‰, indicating that the deposited OM may be
mixed between natural (e.g., terrestrial C3 plant) and anthropogenic (e.
g. oil spill, asphalt sweeps, crankcase oil) origins (O'malley et al., 1997;
Wilhelms et al., 1994; Kim et al., 2018). Second, for rural boundaries
(R1), the average δ13C value of odd-chain alkanes was − 34.6 ± 0.5 ‰,
reflecting the predominant occurrence of natural OM (e.g., tree, gra-
minoid debris) near agriculture and forests. Given the isotopic variation
in long-chain n-alkanes depends on multiple factors, such as source or-
igins, physiological responses, and degradation (Farquhar et al., 1982;
Meyers, 2003; Cooper et al., 2015; Kim et al., 2018), their isotopic
properties within different land-use types may determine discriminative
OM contributions between anthropogenic and natural origins. Based on
this information, δ13C values of odd-chain alkanes at Lake Shihwa (L1 −
L10) showed ranges similar to those of urban and industrial boundaries.
We therefore inferred that anthropogenically derived OM (e.g., from
petroleum and combustion) within urban and industrial complexes are
mainly deposited into the surface sediment of Lake Shihwa.

The δ13C values of specific PAHs (Fl, Pyr, BaA, Chry, IcdP, BghiP)
varied from − 27.4‰ to − 24.3‰ for urban areas, − 26.9‰ to − 24.5‰
for old industrial complexes, − 29.4 ‰ to − 26.2 ‰ for new industrial
complexes, − 30.3‰ to − 26.4‰ for rural areas, and − 30.8‰ to − 24.2
‰ for Lake Shihwa (Fig. 6). Overall, δ13C values of specific PAHs showed
more enriched patterns, compared with those of odd long-chain n-al-
kanes (Fig. 6). Isotopic variations of specific PAHs are typically shown
for different source origins (terrestrial C3 plants: − 30.0‰ to − 27.0‰;
petroleum: − 27.3 ‰ to − 26.9 ‰; and combustion: − 25.6 ‰ to − 21.0
‰; Abrajano Jr. et al., 2003; Andrusevich et al., 1998; Gao et al., 2018;
McRae et al., 1999; O'malley et al., 1994; Peng et al., 2006). These
isotopic variations may be closely associated with the degree of the
polyaromatization reactions that can cause carbon-isotopic fraction-
ation (Bosch et al., 2015; Pedentchouk and Turich, 2018). For this study,
overall δ13CPAHs values show overlapping isotopic patterns among
different land use types (Fig. 6). However, δ13CBaA+Chry values at Lake
Shihwa (L5, L9) and rural areas (R1) showed relatively depleted patterns
(− 30.4 ± 0.3 ‰), implying the partial contribution of combustion of
fossil fuels. Meanwhile, the high TOC content at old industrial com-
plexes (I4) may be influenced by anthropogenic activities, the isotopic
values of specific PAHs (BaA + Chry; − 26.9 ± 0.4 ‰) at this site may
reflect the predominant contribution of petrogenic OM derived from
urbanization and industrialization. In addition, the enrichment of
δ13CPyr values (− 25.8 ± 0.2 ‰) also provides evidence for the petro-
genic origins of OM from urban areas and old industrial complexes
(O'malley et al., 1994; Abrajano Jr. et al., 2003). Combined with the
evidence inferred from bulk elements and specific indices, our CSIA
results suggest that anthropogenic activities near urban and industrial
complexes may mainly result in a substantial increase of anthropogenic
derived-OM (e.g., petroleum and combustion) within the Lake Shihwa.

3.4. Quantitative estimation of mixed OM within watersheds

The relative contribution of mixed OMs within five boundaries (Lake
Shihwa, urban areas, industrial complexes, and rural areas) were esti-
mated using a Bayesian mixing model, based on the isotopic composi-
tions of long-chain n-alkanes and LMW/HMW PAHs. We used natural
and anthropogenic OM end members (terrestrial C3 plants, petroleum,
and combustion; Fig. 6) which have been reported near various aquatic
systems (e.g., East China Sea, Bohai Bay) including those on Korean

(caption on next column)

Fig. 5. Spatial variations of various PAH indices: (a) Ant/(Ant+Phe) and Fl/(Fl
+ Pyr) (b) BaA(BaA + Chry) and Fl/(Fl + Pyr), and (c) BaA(BaA + Chry) and
IcdP/(IcdP+BghiP).
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coasts (Derrien et al., 2018; Hu et al., 2012; Wang et al., 2015). The
relative contributions of three OM sources showed discriminative pro-
portions along different land-use types of Lake Shihwa (Fig. 7 and
Table 5). However, considering the transport of mixed OMs within Lake
Shihwa is fluctuates drastically in tributaries (Kim et al., 2014; Lee et al.,
2017b), these properties may lead to attenuated input of anthropogenic
OM sources transported from industrial complex and urban. Our com-
plementary approach involved quantitative source apportionments of
mixed OM; the results were integrated into TOC abundances at five
boundaries. As a result, the transport of OM from three sources showed
substantial differences along land-use type in the Shihwa watershed
(Fig. 7). Together with the increased TOC abundance within the urban
areas and Shihwa watershed, anthropogenic sources showed substan-
tially increased transport via urban activities and petroleum combus-
tion. As these integrated approaches have been successfully applied to
estimating the quantitative contribution of OM loading within a com-
plex river system (Lee et al., 2021), TOC-weighted source apportion-
ments may be useful for estimating the OM ongoing (origin and
transport) during high-flow conditions. We suggest that our integrated
approach may be more effective in managing water and sediment
quality within complex aquatic systems, where urbanization near Lake
Shihwa has been actively expanded.

Overall, our case study provides potential insights into how an in-
tegrated framework incorporating various isotopic approaches can

quantitatively assess OM under the pressure of increased anthropogenic
conditions in complex watersheds. Nevertheless, the quantitative esti-
mation of mixed OMs is still subject to uncertainty arising from several
limiting conditions. First, the application of multi-isotope analysis (e.g.,
deuterium and radiocarbon) may provide additional evidence to more
precisely trace sources origins (Bosch et al., 2015; Gao et al., 2018; Ren
et al., 2020). Second, incorporating additional environmental factors (e.
g., rainfall and irrigation) in the case study should be explored in a
future study. Although these considerations may pose difficulties when
applying the method to more complicated and larger river basins, a
multi-isotopic approach coupled with specific lipid compounds may
demonstrate the advantages quantifying the impact of anthropogenic
activities on watersheds. Finally, given that heterogeneous OM abun-
dances near anthropogenic land-use types may be influenced by water-
flow simulations (Lee et al., 2021), time-series sampling campaigns may
minimize this uncertainty. An automatic sampling approach may be
necessary to enhance the sampling frequency at each study site. In
addition, when extended to other large-scale interface regions, the un-
certainty of quantitative OM estimates may be reduced by using more
sampling data. Based on these considerations, we propose that our in-
tegrated framework can be supplemented to more precisely estimate
quantitative OM transport between river and coastal interfaces, with
systematical management for sustainable developments.

Fig. 6. Carbon isotopic compositions of specific lipid compounds (δ13CC27, δ13CC29, δ13CC31, δ13CFI, δ13CPyr, δ13CBaA+Chry, δ13CIcdp, δ13CBghiP).
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Table 4
The carbon isotopic composition of n-alkanes and PAHs within land-use boundaries.

Compounds Land use type

Lake Sihwa Urban Old industrial complex New industrial complex Rural

Min Max Aver s.d Min Max Aver s.d Min Max Aver s.d Min Max Aver s.d Min Max Aver s.d

n-alkanes C16 – – – – – – – – – – – – – – – – – – – –
C17 – – – – – – – – – – – – – – – – – – – –
Pr – – – – – – – – – – – – – – – – – – – –
C18 − 32.4 − 32.4 − 32.4 – – – – – − 26.5 − 26.5 − 26.5 − 29.0 − 29.0 − 29.0 − 28.9 − 28.9 − 28.9 –
Ph – – – – – – – – – – – – – – – – – – – –
C19 − 33.6 − 21.8 − 28.0 ±4.9 − 26.9 − 23.6 − 25.3 ±2.3 − 34.5 − 31.0 − 32.8 ±2.5 − 27.1 − 27.1 − 27.1 – − 31.2 − 31.2 − 31.2 –
C20 − 27.1 − 22.4 − 24.8 ±3.3 − 25.0 − 25.0 − 25.0 – − 30.9 − 30.9 − 30.9 – − 24.8 − 24.8 − 24.8 – − 27.1 − 27.1 − 27.1 –
C21 − 30.6 − 23.8 − 26.4 ±3.7 − 28.1 − 28.1 − 28.1 – – – – – − 24.3 − 24.3 − 24.3 – − 32.9 − 32.9 − 32.9 –
C22 − 28.6 − 27.2 − 27.9 ±0.6 − 27.0 − 27.0 − 27.0 – – – – – − 25.3 − 25.3 − 25.3 – − 29.8 − 29.8 − 29.8 –
C23 − 30.6 − 27.0 − 28.8 ±1.7 − 31.4 − 28.1 − 29.8 ±2.3 – – – – – – – – − 32.4 − 32.4 − 32.4 –
C24 − 29.6 − 27.1 − 28.3 ±1.2 − 28.2 − 24.6 − 26.4 ±1.5 – – – – − 26.6 − 26.6 − 26.6 – − 30.0 − 30.0 − 30.0 –
C25 − 37.7 − 26.6 − 29.5 ±3.6 − 33.6 − 31.0 − 31.9 ±1.2 − 36.0 − 33.1 − 34.6 ±2.1 − 30.1 − 30.1 − 30.1 – − 33.7 − 33.7 − 33.7 –
C26 − 32.1 − 17.0 − 28.0 ±5.1 − 29.6 − 27.9 − 28.7 ±0.7 – – – – − 24.6 − 24.6 − 24.6 – − 30.1 − 30.1 − 30.1 –
C27 − 35.5 − 26.2 − 29.4 ±3.6 − 34.0 − 31.1 − 32.5 ±1.2 − 39.8 − 35.8 − 37.8 ±2.8 − 29.7 − 29.7 − 29.7 – − 34.3 − 34.3 − 34.3 –
C28 − 38.5 − 29.8 − 33.9 ±3.0 − 31.7 − 29.0 − 30.7 ±1.2 − 30.4 − 30.4 − 30.4 – − 31.3 − 31.3 − 31.3 – − 32.5 − 32.5 − 32.5 –
C29 − 33.6 − 29.7 − 31.1 ±1.3 − 33.2 − 31.4 − 32.6 ±0.7 − 34.0 − 34.0 − 34.0 – − 33.6 − 27.5 − 30.6 ±4.3 − 34.4 − 34.4 − 34.4 –
C30 − 32.2 − 25.8 − 29.6 ±2.4 − 31.7 − 29.8 − 30.7 ±0.7 − 26.7 − 26.7 − 26.7 – − 35.3 − 30.6 − 33.0 ±3.3 − 35.7 − 35.7 − 35.7 –
C31 − 34.5 − 30.8 − 32.9 ±1.3 − 34.5 − 30.7 − 33.6 ±1.4 − 36.0 − 34.9 − 35.3 ±0.6 − 35.7 − 30.9 − 33.3 ±3.4 − 35.2 − 35.2 − 35.2 –
C32 − 33.6 − 10.7 − 26.7 ±7.5 − 31.5 − 30.9 − 31.2 ±0.2 − 36.1 − 32.1 − 34.1 ±2.8 − 27.2 − 27.2 − 27.2 – − 30.3 − 30.3 − 30.3 –
C33 − 32.4 − 27.5 − 30.6 ±1.7 − 33.6 − 32.1 − 33.1 ±0.6 − 34.0 − 32.2 − 33.2 ±0.9 − 32.4 − 29.3 − 30.9 ±2.2 − 32.8 − 32.8 − 32.8 –
C34 − 38.8 − 38.8 − 38.8 – – – – – − 33.5 − 29.0 − 31.3 ±3.2 – – – – – – – –
C35 − 37.3 − 30.6 − 33.3 ±3.6 – – – – − 27.7 − 25.0 − 26.4 ±1.9 – – – – – – – –

PAHs Phe – – – – – – – – − 28.0 − 28.0 − 28.0 – – – – – – – – –
Ant – – – – – – – – − 36.6 − 36.6 − 36.6 – – – – – – – – –
Fl − 27.6 − 26.4 − 25.8 ±0.9 − 25.5 − 24.3 − 24.9 ±0.8 − 25.8 − 24.5 − 25.1 ±0.7 − 26.2 − 26.2 − 26.2 – − 27.4 − 27.4 − 27.4 –
Pyr − 26.5 − 24.2 − 25.4 ±0.7 − 27.4 − 25.4 − 26.4 ±1.4 − 25.8 − 25.2 − 25.6 ±0.3 − 26.3 − 26.3 − 26.3 – − 26.9 − 26.9 − 26.9 –
BaA + Chry − 30.8 − 26.0 − 27.3 ±1.7 − 26.9 − 26.7 − 26.8 ±0.1 − 26.9 − 25.7 − 26.4 ±0.6 − 27.9 − 27.9 − 27.9 – − 30.3 − 30.3 − 30.3 –
BbF − 26.9 − 24.7 − 25.5 ±0.7 − 25.3 − 25.2 − 25.3 ±0.1 − 25.9 − 24.2 − 25.1 ±0.9 − 26.5 − 26.5 − 26.5 – − 25.5 − 25.5 − 25.5 –
BaP − 25.3 − 22.7 − 24.2 ±0.8 − 25.2 − 25.1 − 25.2 ±0.1 − 27.0 − 25.6 − 26.1 ±0.8 − 26.7 − 26.7 − 26.7 – − 23.5 − 23.5 − 23.5 –
IcdP − 30.5 − 18.6 − 26.8 ±3.2 − 26.7 − 25.8 − 26.3 ±0.6 − 25.9 − 25.5 − 25.7 ±0.3 − 29.4 − 29.4 − 29.4 – − 29.9 − 29.9 − 29.9 –
DahA − 26.5 − 23.3 − 24.4 ±1.1 − 24.5 − 23.2 − 23.9 ±0.9 − 25.8 − 24.7 − 25.3 ±0.8 − 22.6 − 22.6 − 22.6 – − 22.9 − 22.9 − 22.9 –
BghiP − 27.5 − 24.6 − 25.5 ±0.8 − 24.8 − 24.8 − 24.8 ±0.0 − 26.3 − 25.8 − 26.1 ±0.4 − 27.0 − 27.0 − 27.0 – − 26.4 − 26.4 − 26.4 –
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4. Conclusion

We tested an integrated framework using multi-isotopic properties (i.
e., bulk elements and aliphatic/aromatic hydrocarbons) to effectively
estimate the quantitative contribution of anthropogenic OM along
different land-use types of Lake Shihwa. Together with an increased
abundance of bulk elements (C; 3.4 ± 4.8 %, N; 0.8 ± 3.6 %), their
isotopic compositions (δ13C; − 24.5 ± 2.2 ‰, δ15N; 4.2 ± 2.7 ‰) may
reflect the mixed contributions of natural and anthropogenic sources. To
constrain source specificity and conservative behavior of mixed OM, we
additionally investigated spatial variations in n-alkanes and PAHs. With
respect to the predominant abundance of both hydrocarbons (n-alkanes;
0.2 ± 0.1 mg/g TOC and PAHs; 0.1 ± 0.3 mg/g TOC) at urban and in-
dustrial complexes, specific indices calculated via their abundances may
be an indicator of mixed origins (terrestrial plants, petroleum, com-
bustion) by various pathways (e.g., atmospheric deposition, outfall pipe,
and surface runoff). Based on these properties, the compound isotopic
signatures at both land-use types may provide the significant evidence
for predominant anthropogenic derived-OM (> 90 %) deposited within
Lake Shihwa. In the near future, assessments of water discharge,

hydrological process, and multi/radioactive isotope could be tested to
improve the ability to evaluate anthropogenic OM loading in other
large-scale interfaces. We therefore concluded that our integrated
framework can strengthen the core idea of precisely estimating quanti-
tative OM transport between rivers and coastal interfaces.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2024.117220.
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Fig. 7. Source apportionment of specific organic matter (C3 plant, petroleum, and combustion) within five boundaries of surface sediments.

Table 5
The relative contributions of OM sources to sediment within land-use categories.

Source
Land-use type

C3 plant Petroleum Combustion

Average ± Stdev Average ± Stdev Average ± Stdev

Rural 0.68 0.10 0.20 0.10 0.12 0.10
New industrial complex 0.15 0.07 0.62 0.11 0.23 0.10
Old industrial complex 0.06 0.04 0.37 0.10 0.57 0.11
Urban 0.13 0.09 0.51 0.15 0.36 0.16
Lake Shihwa 0.10 0.08 0.65 0.13 0.25 0.13
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