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A B S T R A C T   

Shenzhen Bay (SZB) in southern China is a typical eutrophic area, with internal pollution from its 
sediments representing an important nutrient source. However, the transport paths and sources of 
sediments in SZB remain unclear, making it difficult to analyze the nutritional budget and pro-
pose effective sediment management strategies. To address this, we linked a sediment finger-
printing technique to a Bayesian mixing model (MixSIAR) and conducted provenance analyses. 
We collected particle samples from SZB sediment and surrounding areas, including the Shenzhen 
River (SZR), Pearl River Estuary (PRE), and the northern South China Sea (SCS). Two groups of 
natural tracers were measured to trace different phases of sediments: (1) C and N parameters for 
the fates of the organic phase of sediments, and (2) rare earth element (REE) patterns for the 
provenance of mineral fragments. The results showed that the concentrations of total organic C 
and total N were 0.89–1.44 % and 0.05–0.13 %, respectively. MixSIAR suggested that fluvial 
inputs from SZR and PRE contributed 46.6 % and 30.3 % of organic matter, respectively. The 
organic matter in the PRE mainly originated from sewage and the upper reaches of the Pearl 
River. The concentration range of REEs in SZB sediments was 153.12–480.09 mg/kg with clear 
enrichment for light REE. MixSIAR results showed that the mineral fragments mainly originated 
from the outer bay (SCS and PRE, which contributed 57.2 % and 32.7 %, respectively). These 
results indicate that organic pollution follows a different path from the inorganic base, which is 
mainly related to anthropogenic input from land. This study highlights that complex sediment 
transport processes and pollution intrusions from the Pearl River are the issues that must be 
considered for eutrophication restoration in SZB.   

1. Introduction 

Shenzhen has experienced substantial economic liftoff in the past 40 years, and is now one of the most densely urbanized regions 
worldwide and one of the main hubs of China’s economic growth [1]. However, this was accompanied by the degradation of the 
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ecosystems of Shenzhen Bay (SZB), an estuary that has experienced severe eutrophication as a result of anthropogenic activities during 
urbanization [2]. Eutrophication poses various ecological threats to coastal environments, including harmful algal blooms [3], heavy 
metal pollution [4], and reduced biodiversity [5]. In 2021, the average concentrations of dissolved inorganic N (DIN) and ortho-
phosphate P (PO4

3− ) were over 1.3 and 0.1 mg/L, respectively, in the inner Bay, which is rated Grade Four, the worst seawater grade in 
China [6]. Therefore, there is an urgent need to determine the root cause of eutrophication and develop sustainable governance for 
seawater quality. 

The silted sediment has been proved as a key factor in eutrophication management and sustainable development of SZB. Previous 
study estimated the annual load of total N (TN) and total P (TP) in SZB and found point-source pollution accounted for 49.9–75.5 % and 
60.4–87.6 % of TN and TP, respectively [7]. Long-term excessive pollution loads can lead to high pollutant enrichment in sediments 
[8]. Internal pollution from sediments across the water–sediment interface is also regarded as an important source of eutrophication in 
SZB. As a modelling study predicted, even complete elimination of terrigenous loads of DIN would only decrease the DIN content of the 
SZB by half [9]. Our previous study quantitatively confirmed that internal loading supplied 65 % and 69 % of total DIN and PO4

3− input 
fluxes in SZB, which were 4.0 × 106 and 0.3 × 106 mol/d, respectively [10]. The silted sediment not only aggravates eutrophication, 
but also threatens vessel safety and brought an unfavorable perceptual experience for residents due to black-odor problem [11]. 
Therefore, the siltation and pollution were urgent problems ahead for the sustainable development of SZB. 

Sediment transport paths and particle sources determine the basic principles of estuarine sediment governance [12,13]. Sediment 
fingerprinting is an increasingly used approach for provenance analysis of coastal and riverine sediments [14]. This approach employs 
a physicochemical tracer property that distinguishes source materials (e.g., sediment size, trace metals, and fallout radionuclides) and 
combines it with statistical tools to unmix potential contributions [15]. Most researchers select C and N parameters (mainly stable 
isotopes and atomic ratios), which are widely used as natural tracers, to determine the provenance of organic matter (OM) [16,17]. 
These parameters are closely related to the types of organic components in sediments and vary considerably in particular end-members 
of marine ecosystems [18]. For example, algae have a distinctive C/N ratio (4–10) compared to that of vascular plants, which is higher 
than 20 [19]. In anthropogenic emissions, marine OM is characterized by a relatively enriched δ13C (− 23 ‰ to − 18 ‰) compared to 
terrestrial sources (− 28 ‰ to − 25 ‰) [20]. These chemical signatures have offered valuable insights for river basin and coastal 
management, as well as landscape conservation, in the Mississippi River Basin [21] and southeastern Brazil [22]. 

However, traditional single-organic tracer systems consider sediment particles as a whole and are too broad for assessing coastal 
pollution sources [14]. In coastal areas, the bioavailability of the organic phase makes it difficult to use organic parameters alone to 
trace other constituents [23]. The mineral base can determine the behavior of the water–sediment interface and affect internal 
pollution from sediments [24,25]. Most research has focused only on the organic phase, ignoring the distinguishable transportation 
processes of inorganic constituents due to size and weight [26] or low biodegradability [27]. This prevents us from developing 
management strategies for issues dominated by inorganic components like sedimentation and benthic nutrient release [28]. To avoid 
the one-sidedness of organic tracers, we used another natural tracer, rare earth elements (REEs), to aid in the determination of the 
provenance of SZB sediments. REEs consist of 17 elements, La–Lu, Sc, and Y, which are widely distributed in rocks, soil, and sediments 
[29]. During erosion and fluvial transportation of the source material, the contents and differentiation characteristics of REEs are 
mainly controlled by the source rock and can only be further changed via metamorphic, weathering, or environmental processes [30]. 
Therefore, the quantity and distribution patterns of REEs are exemplary indicators for identifying the mineral sources in sediments [31, 
32]. For example, previous study found that light REEs (LREEs; including La, Ce, Pr, Nd, Sm, and Eu) were enriched in sediment 
samples and speculated that REE concentrations in offshore areas of the Shandong Peninsula were mainly controlled by continental 
inputs [33]. The above two natural tracers can provide information for distinguishing different sediment fragments. C and N pa-
rameters have been used to evaluate the sources of the OM deposited, whereas REE data focuses on the provenance of rock fragments. 
Such a combined fingerprinting system tracing two constituents separately will extend the discussion on discrepant sources of sedi-
ment fragments and is urgently needed for the development of corresponding SZB remediation policies. 

To obtain more comprehensive and accurate source apportionment results, we introduced a new generation of geo-fingerprint 
tools, the MixSIAR Bayesian mixing model, to our study [34]. The MixSIAR Bayesian mixing model uses fixed and random effects 
as covariates to determine the contribution ratio of each source [17,35]. Simultaneously, using a Markov chain Monte Carlo (MCMC) 
algorithm, it repeatedly simulates the random sampling of source variables, thereby achieving reasonable assessments of the likelihood 
of source proportions. Compared to traditional end-member models, the MixSIAR Bayesian model incorporates all source and mixture 
sample data and can produce a more reliable statistical prediction [36]. 

To the best of our knowledge, less consideration has been given to the provenance analysis of SZB sediment particles. The only 
study based on hydrodynamic equations showed that a triangular region outside the Dasha Estuary had a heavy sediment load, and 
that these sediments originated from both terrigenous and marine inputs [37]. In this study, we attempted to identify the source of SZB 
sediments and trace the different constituents separately by combining the C/N ratio, stable C isotopes, and REE patterns. Accordingly, 
we collected suspended particle and sediment core samples from SZB and the surrounding areas. After analyzing the physicochemical 
characteristics of the sediments, the relative contribution of potential sources was assessed using the MixSIAR model and two sediment 
fragments (organic and detritus phases) were quantitatively tracked. We intended to analyze the transport processes and overall 
budget of the sediment, which can provide a new perspective on the heavy anthropogenic influence on SZB and aid in the discovery of 
better strategies for estuary management. 
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2. Materials and methods 

2.1. Site description and sampling 

SZB is a semi-enclosed shallow bay located on the east of the Pearl River Estuary (PRE; approximately 113◦53′–114◦05′E, 
22◦30′–22◦39′N; Fig. 1a). It has a coastline of approximately 14 km and covers an estimated area of 89.5 km2, with an average water 
depth of approximately 3.0 m. The salinity of the waters in Shenzhen Bay is around 18 to 22 psμ. The bay experiences irregular 
semidiurnal tidal currents throughout the year, predominantly rotating counterclockwise. Due to the unique shape, the average ve-
locity of SZB remains relatively low, approximately 0.5 m/s. Over the last 40 years, SZB has become a typical eutrophic bay. Four 
rivers, namely, the Shenzhen River (SZR), Dasha River, Xiaosha River, and Yuen Long River, connect to the SZB. The freshwater 
entering the bay is mainly from SZR, which accounts for approximately 75 % of total freshwater inflow, with an average annual 
discharge of 5.3 × 108 m3 [38]. The measured seabed data indicated that large volumes of sediment rapidly accumulated in a silted 
triangular area outside the Dasha River Estuary (Fig. 1b). Approximately 33 % of the triangular region is exposed during low tides [37]; 
therefore, we selected these areas as the study sites. 

The sampling cruise was conducted in June 2020. Nine 75-cm-long independent sediment cores were collected from the silted area 
of SZB at 300-m intervals (designated as SZB1–SZB9; Fig. 1b) using a piston column sediment collector (length: 100 cm, diameter: 6 
cm). The sediment cores were evenly divided into five layers by depth using single-use polypropylene tablets. Each layer was 15-cm 
thick and was used for geochemical parameter measurements, including REE, isotope, and elemental analyses. The average sedi-
mentation rate of SZB was 2.58 cm/a over the past century, indicating that the 75-cm sediment section dated back to nearly 30 years 
[39]. Sediment particles were classified based on particle size distributions [11], and fine gravel (diameter: 2–5 mm), coarse sand 
(diameter: 0.3–2 mm), and fine sand (diameter: <0.3 mm) constituted approximately one-third of the total particles. 

Furthermore, suspended sediment samples (SS) were obtained from the confluence of the PRE and SZB (Fig. 1b) utilizing a floating 
sediment trap equipped with eight distinct tubes designed for the collection of particles [40]. Surface sediments from the SZR estuary 
(0–10 cm in depth) were collected using a stainless-steel grab (SZR; Fig. 1b). The constitution and operating methods of the 
above-mentioned tools are provided in the Supplementary information (SI). All the samples were transferred to the laboratory in a cool 
tank containing ice. Prior to chemical analysis, the sediments and particles were freeze-dried using a freeze dryer (Alpha 1–2 LD; 
Martin Christ Instrument Co., Germany) and ground into a fine powder through a 2-mm sieve. 

2.2. Organic C/N and isotopic composition analysis 

The pretreated sample (2 g dry weight) was weighed and treated with 15 mL 1 M HCl for 24 h. The sediments were then centrifuged 
(4000 rpm for 10 min), repeatedly rinsed with deionized water until the supernatant was neutral, and freeze-dried [41]. The dried 
samples were used for subsequent analyses. Total organic C (TOC) and TN contents were analyzed using an elemental analyzer (Flash 
EA-HT 1112; Thermo Scientific, Germany) with an analytical precision of <0.5 %. The C/N ratios were calculated using corrections for 
atomic mass [42]. Stable isotope analyses (δ13C) were performed using a Delta V Advantage isotope ratio mass spectrometer coupled 
with a Flash HT 2000 Elemental Analyzer (Thermo Fisher Scientific Inc., USA). The δ13C values were expressed using the delta notation 
(δ) in units per mil (‰), and defined as δ13C: δ (‰) = (Rsamples - Rstandard)/Rstandard × 1000, where R represents the isotopic ratio 
(13C/12C) of the samples and the standard (Vienna Peedee Belemnite and atmospheric N2 were used for C and N, respectively). The 
analytical precision calculated from the standards systematically interspersed in the analytical batches was 0.1 ‰. 

Fig. 1. Location of Shenzhen Bay (SZB) (a) and sampling sites in SZB (b). The black frame symbol represents the relative location of SZB in the Pearl 
River Estuary. The general area of the triangular silted area is framed by dotted lines. Blue curves indicate freshwater input from rivers. Orange dots 
represent sampling sites in SZB (SZB1–SZB9) and Shenzhen River (SZR) (SZR1–SZR3). The star symbol denotes the site where sediments samples 
(SS) in the joint area were collected. 
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2.3. Analysis of REE concentrations 

Fourteen REEs (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) in the freeze-dried samples were measured using a triple 
quadrupole inductively coupled-plasma mass spectrometer (Agilent 8800 ICP-MS, USA). Specifically, approximately 0.1 g frozen-dried 
sediment sample was weighed, dissolved in HF–HNO3 (1:1, v:v), and subsequently redried at 190 ◦C for 48 h. After cooling, the solid 
residues were redissolved in 3 mL 50 % HNO3, and then dried at 150 ◦C for an additional 8 h. The detection limits of REEs were 
0.001–0.01 μg/kg and the relative measurement error was <2 %. 

To eliminate the Oddo–Harkins effect, we introduced chondrite (CI) and Post-Archean Australian Shale (PAAS), which have been 
widely used to compare samples of coastal sediments [43,44], to normalize REE patterns. In this study, we used the measured values 
from meteoritic samples [45]. Additionally, the REE anomalies were calculated based on the chondrite-normalized pattern, referring 
to the enrichment level of some elements relative to their neighbors in the REE [43]. The Ce and Eu anomalies (δCe and δEu, 
respectively) were quantified using the following equations:  

δCe=CeCI/(LaCI × PrCI)0.5                                                                                                                                                                 

δEu=EuCI/(SmCI × GdCI)0.5                                                                                                                                                               

2.4. Statistical analysis 

2.4.1. Bayesian mixture model 
The MixSIAR package in R language (version 4.2.2) was used to establish three models for OM and rock fragment provenance [35]. 

Generally, we analyzed the OM source of SZB sediment using a nested model, which combined Models A and B. The geochemical tracer 
of the nested model included the δ13C and C/N ratios according to previous methods [17,34]. Because of the isotopic fractionation of 
microbial activity, deep sediments (<15 cm) were not included in this model. Additionally, we set Model C to compare the relative 
contributions of the rock fragments of SZB sediments from three potential sources: PRE, SZR, and marine sources (South China Sea, 
SCS). The tracers contained 14 REEs, and the configurations and model references for the aforementioned types are listed in Table 1. 
The MCMC parameters were set as follows: chain length = 1,00,000 and number of chains = 3. The convergence of the models was 
evaluated using the Gelman–Rubin diagnostic method. 

Table 1 
Model configurations.  

Model 
configuration 

Model A Model B Model C 

Mixtures Surface sediments of SZB Suspended sediments of SS Different sediment layers in depth of SZB 
Parameter δ13C and C/N atomic ratio δ13C and C/N atomic ratio concentration of 14 rare earth elements, including 

La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, 
and Lu 

Source 1 Sediments of SZR Sewage [17] 
δ13C: − 25.3 ± 2.8 ‰ 
C/N: 12.5 ± 0.8 

Sediments of SZR 

Source 2 Suspended sediments of SS Reaches of Pearl River [46] 
δ13C: − 23.9 ± 1.0 ‰ 
C/N: 13.3 ± 1.4 

Reaches of Pearl River [44] 

Source 3 Surface sediment from the continental 
shelf of the northern South China sea 
[46] 
δ13C: − 20.8 ± 0.4 ‰ 
C/N: 7.5 ± 1.1 

Surface sediment from the continental 
shelf of the northern South China sea 
[46] 
δ13C: − 20.8 ± 0.4 ‰ 
C/N: 7.5 ± 1.1 

Surface sediment from the continental shelf of the 
northern South China sea (NSCS) [47] 

Source 4 Marine phytoplankton [36] 
δ13C: − 18.5 ± 1.4 ‰ 
C/N: 8.9 ± 1.2 

Marine phytoplankton [36] 
δ13C: − 18.5 ± 1.4 ‰ 
C/N: 8.9 ± 1.2 

\ 

Source 5 C3 plant [36] 
δ13C: − 29.1 ± 1.8 ‰ 
C/N: 22.7 ± 11.6 

C3 plant [36] 
δ13C: − 29.1 ± 1.8 ‰ 
C/N: 22.7 ± 11.6  

Source 6 C4 plant [36] 
δ13C: − 13.1 ± 0.5 ‰ 
C/N: 24.6 ± 9.4 

C4 plant [36] δ13C: − 13.1 ± 0.5 ‰ 
C/N: 24.6 ± 9.4  

Prior Uninformative/generalist Uninformative/generalist Uninformative/generalist 
Discrimination 0 0 0 
Residual error error error 
Process error error error 
MCMC chain 

length 
100,000 100,000 100,000  
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2.4.2. Data analysis 
One-way analysis of variance (ANOVA) was used to determine the significant differences in isotopic and REE characteristics among 

different depth layers and sources using SPSS 18.0 software (IBM SPSS Statistics for Windows). 

3. Results 

3.1. TOC, TN, C/N, and δ13C of sediment samples 

The elemental compositions of the collected samples were first presented to show the basic chemical characteristics. Fig. S1 shows 
the vertical distributions of TOC, TN, C/N, and δ13C in SZB sediments. The TOC and TN contents of SZB sediments ranged from 0.89 % 
to 1.44 % and 0.05 %–0.13 %, respectively. The atomic C/N ratios analyzed in this study ranged from 10.39 to 22.46. One-way ANOVA 
revealed few significant differences in TOC, TN, and C/N ratio among the sampling sites (p ≥ 0.1). However, significant differences 
were noted among the sediment sections at different depths (p < 0.01). Vertically, the 0–15 cm layer had highest average TOC (1.28 ±
0.14 %) and TN (0.12 ± 0.01 %) values. These two parameters first decreased, and then increased at a depth of 60–75 cm (TOC: 1.08 ±
0.10 %; TN: 0.11 ± 0.00 %). A strong positive correlation was observed between TOC and TN in the sediment samples (TN% = 0.111, 
TOC% = 0.0301, R2 = 0.50); however, the C/N ratio showed the opposite trend to TOC and TN (P < 0.01). 

The TOC and TN of the sediment particles from SS and SZR were significantly higher than those of the SZB samples, respectively (p 
< 0.05). The average contents of TOC in SS and SZR were 1.46 ± 0.23 % and 1.72 ± 0.17 %, respectively, while the TN contents of the 
two sites were 0.18 ± 0.01 % and 0.20 ± 0.01 %, respectively. The TOC and TN of the SCS sediment were 0.73 ± 0.12 % and 0.13 ±
0.01 %, respectively [46]. 

The δ13C in the SZB sediment samples ranged from − 25.85 ‰ to − 23.24 ‰, with an average value of − 24.53 ± 0.64 ‰ (n = 45). 
The δ13C values fluctuated significantly among the different layers with depth (one-way ANOVA, p < 0.01); however, the variation in 
sampling sites was not significant (p ≥ 0.1). Generally, the δ13C values increased with depth, where the 0–15 cm layer had the lowest 
δ13C value (− 25.31 ± 0.32 ‰). The average δ13C value in SCS sediment was − 21.42 ± 0.07 ‰ [46]. 

3.2. Provenance of OM in SZB sediments 

To identify the source of OM in SZB, the scatter diagrams of the samples and potential sources were drawn based on the C/N and 
δ13C value (Fig. 2). The dominant plants in south China, C3 plants, use the Calvin photosynthetic pathway and have a much lower δ13C 
value (− 29.10 ± 1.80 ‰) than C4 plants, which use the Hatch–Slack pathway (− 13.10 ± 0.50 ‰) [36]. Marine planktons may use 
HCO3

− (1 ‰) and atmospheric CO2 (− 7‰) for photosynthesis and therefore have higher δ13C than C3 plants [42]. In comparison, 
sediment particles had higher δ13C values than C3 plants, and significant differences in δ13C values were identified among sediment 
particle sources (SZR, SS, and SZB) using one-way ANOVA (p < 0.001, R2 = 0.63). The sediment samples from the upper reaches of the 
Pearl River (PRE) had elemental characteristics that were most similar to SZB sediments. In particular, the SZB sediments at 60–75 cm 
depth had nearly identical positions. Additionally, SS and SZR were tightly focused around SZB sediments. 

Nested Bayesian models (Models A and B) were used to estimate the relative contributions of different OM sources in the surface 
sediments (at a depth of 15 cm) of SZB. In this nested model, an SS (PRE end-member) was used as a source in Model A and a mixture in 
Model B. This design enabled a more accurate assessment of the fate of OM because PRE is influenced by many factors and should not 
be regarded as the ultimate source of OM. 

Fig. 2. C/N and δ13C of sediments in Shenzhen Bay (SZB) and other the potential sources. Error bars indicate the standard deviation of each 
member. SZB sediments were collected from the following depths: 0–15, 15–30, 30–45, 45–60, and 60–75 cm. 
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The bay ecosystem had four sources of OM: C3 and C4 plants, marine phytoplankton (MP), and marine-source particles (MS). In 
Model A, two specific sources were considered for the hydrodynamic analysis: (1) particle inputs from PRE (SS) and (2) particle inputs 
from the SZR riverway. The convergence of all the variables was assessed and met the Gelman (<1.05) and Geweke criteria. Probability 
distributions showed low correlation among different sources (Fig. 3a). SZR and PRE (SS) may be the two major OM contributors in 
SZB, with average contributions of 46.6 % and 30.3 %, respectively (Fig. 3b). C3 plants contributed approximately 14.0 % of OM in 
surface sediments, while the contributions of C4 plants, SCS, and marine phytoplankton were very small (all <4 %). 

In Model B, SS was used as the mixture. Based on similar previous research [17,46], sewage and OM from the upper reaches of the 
Pearl River were selected as potential sources of PRE sediments. These variables had satisfactory convergence, which met the Gelman 
(<1.05) and Geweke criteria. Similarly, a low correlation was observed among the different sources because no coefficient varied 
beyond ± 0.3 (Fig. 3c). The output of the MixSIAR suggested that sewage contributed the majority of OM in PRE sediments, with an 
average contribution value of 46.3 % (Fig. 3d). This was followed by the upper reaches of the Pearl River (33.7 %) and SCS (17.4 %). 
The other three sources contributed little to OM in SS (all <2 %). 

Fig. 3. Output of the nested model (combined Models A and B) based on MixSIAR. Images (a) and (c) show the matrix plot of potential sources in 
Models A and B, respectively. Histograms indicate probability distributions for each source and numeric value is the correlation between the 
contributions of the two sources. Contour diagram shows the joint probability of both sources. Scaled relative probability (y-axis) of proportional 
source contribution (x-axis) for (b) Shenzhen Bay (SZB) sediment and (d) SS. MS means marine sources (sediments in SCS). MP means marine 
phytoplanktons. 
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3.3. REE concentrations and patterns 

The REE concentrations of SZB, SS, and SZR sediments are listed in Table 2. The mean REE values in all samples were in the 
following order: Ce > La > Nd > Pr > Gd > Sm > Dy > Er > Yb > Eu > Ho > Tb > Tm > Lu. In SZB, the total REE concentration of 
sediment samples ranged from 153.12 mg/kg to 480.09 mg/kg, with an average value of 274.40 ± 63.98 mg/kg. One-way ANOVA 
revealed significant differences in the total REEs among the different layers at different depths (p = 0.07). Sediments from the 15–30- 
cm layer had the lowest abundances of total REEs (255.47 ± 35.70 mg/kg). The 45–60-cm layer had the highest abundance of total 
REEs (296.98 ± 83.92 mg/kg). The ratio of LREE to heavy REE (HREE) ranged from 10.32 to 13.53, with an average of 12.09. In 
contrast, the SS and samples from SZR had much lower REE abundances than those from SZB, with average values of 169.97 ± 11.65 
mg/kg and 155.16 ± 7.45 mg/kg, respectively (p ≤ 0.01). The average ratios of LREE to HREE were 9.86 and 7.69, respectively. 

Two-normalized patterns were used to compare different sources of SZB sediments. The chondrite-normalized pattern indicated 
minor differences among the various types of samples (Fig. 4a). Differences in the enrichment of LREE compared to that of HREE and a 
slight Eu anomaly were evident in all samples. These trends are consistent with typical patterns of marginal sea sediments worldwide 
[33]. However, the PAAS-normalized pattern highlighted the differences among the different samples (Fig. 4b): all metal elements 
were enriched in PRE particles but deprived in SCS samples. SZB sediments were characterized by enrichment in LREE and deprivation 
in HREE. Only two elements (Pr and Lu) were enriched in the SS. 

3.4. Provenance of rock fragment in SZB sediments 

REE anomalies have been widely used for provenance differentiation. In this study, Ce and Eu anomalies were selected for the 
scatter plots to distinguish the supply relationship (Fig. 5). Samples of SZB sediments were dispersed, except for samples collected at a 
depth of 60–75 cm. Similarly, SCS sediments had a wide range of δCe values. SS and SCS largely overlapped with SZB sediment, 
indicating high similarity among the samples. SS was surrounded by other samples, suggesting that it was influenced by many sources 

Table 2 
Rare earth element (REE) concentration in Shenzhen Bay (SZB) sediments and other sources. The data represent mean values and standard deviations 
of the mean.  

mg/kg SZB sediments in different depth (n = 9) SS (n=3) Surface sediment 
of SZR (n = 3) 

Surface sediment 
from NSCS (n =
273) 

Suspended 
particles in PRE (n 
= 6) 0–15 cm 15–30 cm 30–45 cm 45–60 cm 60–75 cm 

La 67.91 ±
11.82 

66 ± 8.58 69.89 ±
18.73 

74.23 ±
20.97 

66.26 ±
10.77 

36.92 ±
2.68 

32.86 ± 1.55 33.72 ± 11.71 89.66 ± 33.15 

Ce 117.02 ±
20.48 

110.73 ±
16.29 

116.63 ±
40.78 

131.75 ±
39.57 

128.66 ±
22.15 

71.53 ±
5.02 

61.19 ± 3.72 65.61 ± 24.02 193.45 ± 73.19 

Pr 14.04 ±
2.12 

13.22 ±
2.05 

13.81 ±
3.85 

15.09 ±
4.18 

13.79 ±
2.65 

9.31 ±
0.71 

8.56 ± 0.34 7.43 ± 2.84 23.51 ± 9.57 

Nd 40.92 ±
5.73 

37.94 ±
5.71 

40.18 ±
12.28 

43.31 ±
12.21 

41.11 ±
7.66 

30.15 ±
2.40 

28.27 ± 1.09 26.89 ± 10.28 85.91 ± 34.99 

Sm 7.73 ±
1.14 

7.01 ±
1.10 

7.32 ±
2.33 

8.09 ±
2.26 

7.28 ±
1.92 

5.46 ±
0.43 

5.51 ± 0.25 5.24 ± 1.97 14.62 ± 6.21 

Eu 1.41 ±
0.24 

1.26 ±
0.20 

1.37 ±
0.35 

1.53 ±
0.55 

1.58 ±
0.26 

0.95 ±
0.08 

0.92 ± 0.04 0.97 ± 0.4 2.24 ± 0.87 

Gd 7.73 ±
1.04 

7.08 ±
1.22 

7.49 ±
2.49 

8.29 ±
2.31 

7.76 ±
1.49 

4.54 ±
0.34 

5.17 ± 0.27 4.40 ± 1.65 11.63 ± 4.81 

Tb 1.08 ±
0.16 

1.08 ±
0.11 

1.06 ±
0.29 

1.09 ±
0.3 

1.01 ±
0.25 

0.83 ±
0.10 

0.98 ± 0.11 0.76 ± 0.28 1.80 ± 0.76 

Dy 5.18 ±
0.82 

4.58 ±
0.64 

4.81 ±
1.47 

5.50 ±
1.57 

5.10 ±
0.95 

3.8 ±
0.26 

4.48 ± 0.24 4.07 ± 1.52 11.59 ± 5.06 

Ho 1.09 ±
0.18 

0.95 ±
0.13 

1.00 ±
0.31 

1.16 ±
0.35 

1.02 ±
0.28 

0.81 ±
0.06 

0.95 ± 0.06 0.81 ± 0.3 2.25 ± 1.00 

Er 2.89 ±
0.48 

2.56 ±
0.32 

2.69 ±
0.76 

3.14 ±
0.95 

2.89 ±
0.51 

2.34 ±
0.17 

2.69 ± 0.17 2.41 ± 0.9 6.17 ± 2.73 

Tm 0.41 ±
0.07 

0.35 ±
0.05 

0.37 ±
0.12 

0.45 ±
0.14 

0.41 ±
0.08 

0.37 ±
0.03 

0.41 ± 0.03 0.34 ± 0.13 0.83 ± 0.35 

Yb 2.51 ±
0.44 

2.23 ±
0.25 

2.34 ±
0.60 

2.80 ±
0.92 

2.53 ±
0.41 

2.32 ±
0.20 

2.49 ± 0.17 2.27 ± 0.83 4.78 ± 1.98 

Lu 0.56 ±
0.08 

0.47 ±
0.10 

0.44 ±
0.06 

0.53 ±
0.03 

0.30 ±
0.16 

0.65 ±
0.07 

0.70 ± 0.03 0.33 ± 0.12 0.89 ± 0.40 

ΣREE 270.47 ±
43.08 

255.47 ±
35.7 

269.39 ±
83.84 

296.98 ±
83.92 

279.70 ±
48.24 

169.97 ±
11.65 

155.16 ± 7.45 155.26 ± 56.55 449.32 ± 174.24 

ΣLREE 249.03 ±
40.56 

236.16 ±
33.21 

249.20 ±
78.00 

274.01 ±
77.71 

258.68 ±
44.64 

154.31 ±
10.93 

137.30 ± 6.62 139.85 ± 50.94 409.4 ± 157.56 

ΣHREE 21.44 ±
2.97 

19.31 ±
2.57 

20.19 ±
5.90 

22.96 ±
6.27 

21.02 ±
3.73 

15.66 ±
0.94 

17.85 ± 0.95 15.40 ± 5.72 39.93 ± 16.88 

L/H 11.62 ±
0.90 

12.22 ±
0.43 

12.28 ±
0.54 

11.94 ±
0.56 

12.33 ±
0.60 

9.86 ±
0.48 

7.69 ± 0.22 9.11 ± 1.00 10.48 ± 0.88  
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and could not be regarded as an endmember. Accordingly, in the Bayesian model, we selected the SCS, SZB, and PRE as potential 
sources of SZB rock fragments. 

MixSIAR first analyzes the variability and dependency among sources. Histograms based on probability distributions indicate a 
strong positive correlation between the contributions of SZR and PRE, with a numerical value of − 0.81 (Fig. 6a). The pair correlations 
between SCS and the other two sources were weak and moderate with coefficients of − 0.23 and − 0.39. Fig. 6b–d shows scaled relative 
probability of proportional source contribution for different sediment layers in the order of 0–15, 15–30, 30–45, 45–60, and 60–75 cm, 
respectively. The rock fragments were likely to have originated mainly from SCS and PRE. The relative proportions of SCS and PRE 
were approximately stable among different layers, with mean values of 57.2 % and 32.7 %, respectively. This indicates that the 
contribution of SCS was highest in the 60–75-cm layer at 65.6 %. With increasing depth, the proportion of PRE source showed no 
observable changes. However, the contribution of SZR widely ranged from 2.9 % to 15.2 %, and maximum and minimum values 
appeared in surface (0–15 cm) and bottom (60–75 cm) layers. 

4. Discussion 

4.1. MixSIAR helped effectively identify the sediment sources of SZB 

In this study, we introduced MixSIAR, a Bayesian mixing model in R, to separately track two sediment components. The advantage 
of MixSIAR is that it treats all the model parameters probabilistically and incorporates a separate residual error term [48]. Although 
these steps can reduce the likelihood of unrepresentative data, relative uncertainty remains regarding element fractionation in particle 
transit, which may present a weakness in the application of all MixSIAR methods. Therefore, it was necessary to verify whether the 
predicted values agreed with the observed data. 

Fig. 4. Rare earth element (REE) patterns of Shenzhen Bay (SZB) sediments and the potential sources. Abundances are normalized to the rec-
ommended mean value of chondrites (a) and Post-Archean Australian Shale (PAAS) (b). SZB sediments were collected form the following depths: 
0–15, 15–30, 30–45, 45–60, and 60–75 cm. The star represents normalized patterns for sediments samples (SS). Three potential sources are rep-
resented as dots with different colors: Shenzhen River (SZR; pink), South China Sea (SCS; green), and Pearl River Estuary (PRE; red). 

Fig. 5. Values of the and Pr/Pr × anomalies of sediments from Shenzhen Bay (SZB) in and the potential sources. The anomalies of rare earth el-
ements (REEs) are calculated based on the chondrite-normalized pattern. SZB sediments were collected form the following depths: 0–15, 15–30, 
30–45, 45–60, and 60–75 cm. 
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Calibration coefficients (CCs) are basic calculations used to verify the validity and effectiveness of stimulated values [49]. When we 
calculated CCs (multiple sources by their respective contribution ratios) and incorporated sources in the mixture space, we produced C 
values that were exactly equal to those of the observed value (Fig. 7a). The offset (percentage of the difference and observed value) of 
δ13C was only 2.39 % and that of C/N value was 28.40 %. This difference reflects the specificity and variability of the C/N values and 
the biochemical transformation of sediment storage [50]. The C/N parameters of original sources had high variation: the coefficients of 
variation (CVs) of C/N of C3 and C4 plants were 38.21 % and 51.10 %, respectively. Considering the noise introduced by creating 
random values, the output was acceptable. 

In contrast, REE tracers showed lower end-member uncertainty because using multiplex fingerprint properties is thought to reduce 
uncertainty [51,52]. In Model C, MixSIAR used 14 relatively independent tracers to identify sources and provided reliable results 
within an acceptable range (Fig. 7b–f). The average offsets of all elements in different layers were 14.82 %, 22.05 %, 20.13 %, 13.48 %, 
and 21.36 %, much lower than the CVs of elemental distributions of SCS and PRE, which were over 35 % on average. 

Furthermore, different types of REEs have different offset ranges. HREEs (except for Gd and Tb) deviated more from the real 

Fig. 6. Output of the Model C based on MixSIAR. (a) Matrix plot of three sources (South China Sea [SCS], Pearl River Estuary [PRE], and Shenzhen 
River [SZR]). Histograms indicate probability distributions for each source, and the numeric values represent the correlation between contributions 
of the pair sources. Contour diagram shows the joint probability of both sources. Images (b–d) show scaled relative probability (y-axis) of pro-
portional source contribution (x-axis) for different sediment layers in the order of 0–15, 15–30, 30–45, 45–60, and 60–75 cm, respectively. 

Fig. 7. Comparison between the observed and MixSIAR-simulated data. Simulated values are multiplicative, which equals the sum of the tracer 
value of each source multiplied by its corresponding contribution based on MixSIAR. Black dots represent the observed values, whereas green 
squares represent the simulated values. Image (a) used data from Model A. Images (b–d) used data from Model C. 
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average value than LREEs. According to the output of Model C, most of the HREEs were overrated. The total offsets of these HREEs 
were greater than 24 %, with Dy having the largest offset of 30.91 %. This difference is associated with the different fates of LREEs and 
HREEs; generally, LREEs are more readily complexed by solid particles [53], whereas HREEs have a stronger affinity toward dissolved 
ligands [54]. This caused a poor fit of the HREEs between the observed and simulated values; therefore, it is necessary to calculate the 
fractionation coefficients of the different types of REEs for more precise modes. Taken together, although non-conservative REE 
transport is not completely understood, our results support the use of MixSIAR with appropriate offsets for provenance differentiation 
in SZB. A quantitative and high-precision evaluation of MixSIAR is not easy, and further research is necessary. 

4.2. Different fragments of sediments have different transport paths 

In open-sea areas, the transportation of most OM is considered to be bound to inorganic base components due to OM–mineral 
interactions [55]. However, in estuaries and coastal areas, the association between two fragments is uncertain [56]. A previous study 
emphasized the stabilization between transported OM and sediment generation [57]; however, uncoupling between organic and 
inorganic fragments in sediments occurs frequently due to several factors, such as photosynthesis [58], solubilization and sorption 
[59], and OM disaggregation [60]. 

Similarly, from the results of Model A, we found that the OM of SZB sediments, but not inorganic fragments, mainly originated from 
SZR and PRE. In other words, fluvial transport influenced by extensive anthropogenic activity was the dominant pathway for OM. 
Visually, SZB sediment is unnaturally black with an unpleasant smell, suggesting a high OM content (e.g., sulfur compounds), and is 
always affected by the urbanization [61]. Both the Pearl River and SZR are surrounded by densely populated districts and have un-
dergone severe eutrophication; with the Pearl River receiving approximately 7 and 2 billion m3 of domestic wastewater and industrial 
wastewater annually, respectively, and treated and untreated wastewater is discharged into the PRE and its adjacent waters [62]. In 
the SZR, 71 % of the area had poor water quality in the past, with a chemical oxygen demand exceeding 13 mg/L and TN exceeding 10 
mg/L [63]. This transport provides mass OM to the bay, and some OM is converted into marine sediment particles through thermal 
transformation and sorption–aggregation [64]. Additionally, bacteria can assimilate OM and silt into sediment [65]. 

Fluvial OM was found to be the dominant source of sediment, in contrast to the previous findings [42,66]. These two studies 
indicated that, in some shallow lakes, algae were the main source of OM because terrigenous inputs enhanced C sequestration. 
However, in the SZB, the fluvial inputs in organic form (46.6 %) were significantly greater than the primary production from marine 
phytoplankton (2.3 %). Consistent with this interpretation, C/N in SZB sediment (12.23, on average) was much higher than that of 
marine phytoplankton (8.9, on average), suggesting the influence of land organic inputs. Notably, nutrient supplementation from SZR 
was not accompanied by the transport of rock particles, as SZR only contributed approximately 15 % to SZB rock fragments. This is 
because most river-driven particle OM have a lower density and are therefore easier to move with the current. In contrast, owing to 
interception facilities and silted riverbeds, large particles have difficulty moving with the flows and are generally intercepted before 
entering SZB [67]. 

In comparison, marine sediment brought by tides was the source of sediment mineral constituents (57.2 %) but with extremely low 
OM inputs (<3 %). This is consistent with the previous findings, which reported the similarity of rock types between SCS and SZB 
sediment particles and highlighted the potential particle transfer relationship [68]. The transportation of these SCS sediments to SZB is 
highly likely to be facilitated by tidal exchange water, as extensive evidence supports the dominance of tides in the local water budget. 
The tide fluxes were 37.57 × 106 and 21.63 × 106 m3/d in the wet and dry seasons, respectively. This value is approximately ten times 
higher than that of terrigenous freshwater flows [10]. Using Delft 3D models, other researcher found that at maximum ebb and flood, 
suspended sediment particles from the outer bay (SCS and PRE) were trapped in the area outside Dasha Estuary because of its shallow 
water depth [37]. Therefore, these marine particles formed an inorganic sediment basement in SZB. 

4.3. Theoretical support for SZB restoration 

MixSIAR results showed that terrigenous inputs (SZR and PRE) contributed over 75 % of OM in SZB sediments. Although the 
sampling points in this study do not fully cover the entire SZB, all samples come from the areas with the highest sedimentation rates, 
which can reflect the characteristics of particle input over a long period in the past. Previous studies have confirmed that pollution 
originating from river sources contributes to sediment contamination [10,38]. Therefore, reducing the anthropogenic emissions of the 
surrounding cities is crucial for SZB restoration. Governments have realized this, and remediation efforts have been made to reduce 
pollution in the target river waters. For example, since the 2000s, five wastewater purification plants have been established in 
Shenzhen, and approximately 90 % of TP and 65 % of TN can currently be removed after treatment [38]. Moreover, governments are 
pushing ahead with bans on P detergents and effectively controlling TP inputs to local waters. However, sediment pollution always lags 
in response to a decrease in input stress; thus, reducing accumulated nutrients and achieving self-purification requires a relatively long 
time period [69]. Moreover, the highly polluted background of PRE may potentially undermine the efficiency of these efforts. Our 
study showed that particles from PRE contributed 30 % of the OM in the sediment, which aligns with the fact that the PRE effectively 
transports a substantial amount of organic particles through tides. It was determined that PRE exerted significant control over the flow 
exchange in SZB, particularly during the wet season [70]. This influence facilitated the intrusion of pollutants from the Pearl River. 
Additionally, when we sought to pinpoint the source of organic matter (OM) in PRE, Model B indicated that anthropogenic factors 
predominantly shaped the destiny of PRE-derived OM, with sewage contributing to 46.3 % of the total. Sewage mostly originated from 
PRE–urban agglomeration (including nine cities located in the lower reaches of the Pearl River), which accounts for 79.1 % of the total 
GDP of Guangdong Province [71]. We emphasize that multiregional coalitions across the upstream and downstream regions would be 
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more effective in pollution control of SZB. For example, emission permit trading has been regarded as a powerful tool to reduce total 
sewage discharge and the number of wastewater over-discharged cities in the Songhua River Basin [72]. Policymakers should consider 
both socioeconomic and ecological implications when proposing restoration strategies. 

The transportation of mineral components is associated with sedimentation. Some researchers have proposed solving the internal 
pollution problem using dredging operations [73], which appears to be the most straightforward approach. Sediment removal will 
reduce internal pollution and ameliorate eutrophication. However, dredging decreases taxonomic richness and damages the estuarine 
ecosystem [74]. SZB is a large habitat for estuarine species, particularly migratory birds, and dredging seriously harms habitats and 
interferes with bird settlement. Another major problem is the treatment and dumping of dredged sediments containing various 
contaminants [75]. More importantly, our study showed that tides from the outer bay caused continuous sediment deposition into the 
inner bay. From the results of Model C, in terms of silted volume, over 80 % of volume was from the outer bay. Although SZR 
contributed mineral components of only 2.9 % in earlier years, it has increased to 15.2 % in recent times. With increasing silting years, 
the water depth becomes shallower and sediment deposition becomes heavier [37]. The tidal transport from the sea source will 
inevitably result in continuous sediment deposition, leading to repeated dredging operations, which requires considerable manpower 
and resources and cannot fundamentally handle this problem. Therefore, dredging is not the first choice for pollution control in SZB. 
Administrators must consider these complex considerations when designing restoration and management approaches for sediment 
eutrophication problems. 

5. Conclusion 

In this study, we investigated the sediment profiles of organic C, N, and REEs. Then, the MixSIAR Bayesian mixing model was used 
to identify the contributions from potential sources. The model results showed that SZR and PRE contributed 46.6 % and 30.3 % of OM 
in SZB, respectively. However, over 57 % of the rock fragments in the sediments originated from marine sources (SCS). The uncoupling 
of the organic and inorganic fragments indicated that human activities altered the natural process of particle accumulation and 
increased the flux of organic matter into the sediments of SZB. Our research findings validate the important role of the PRE in 
influencing nutrient budgets within SZB. Although this study had a limited sampling scope, collecting only the sediment-dense inner 
bay area, the results proved that particles from marine tides lead to persistent accumulation issues that cannot be fully resolved by 
dredging. Therefore, it is essential to consider the environmental effects of all complex factors in the restoration and management of 
SZB. 
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