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Introduction: Sedimentary evolution and river channel changes of large river
delta (e.g. Huang River, Changjiang River) in response to environmental changes
have been one of the key issues in global change research.

Methods: This study reconstructed sedimentary environment changes in the
modern Yellow River Delta (YRD), based on grain size and elemental chemical
analysis of two short cores (YDC and YDG) from the southern region of the Qing
8 course delta of the modern YRD.

Results: The results indicated that the cores YDC and YDG sediment were
dominated by silt (58.47% and 67.6%, respectively) with varied grain-size
variations and poor sediment sorting. The cores YDC and YDG sediments are
both predominantly composed of the major element SiO2, and have an average
content of 55.53% and 58.45%, respectively. The R-mode factor analysis showed
the content of chemical substances of core sediments was controlled by three
factors: grain size, sedimentary provenance, and marine sedimentary dynamics.

Discussion: Before the diversion of the Yellow River to the Qing 8 course in
1996, the two cores sediment were mainly sources from the Yellow River, and
both cores were in the delta-front sedimentary environment under weak
hydrodynamic conditions. After the Yellow River was diverted to the Qing 8
course, the cores YDC and YDG experienced significant erosion under the
nearshore strong waves and tides. And then the sedimentary environment of
the YRD changed from siltation to erosion. The results of the study would be
helps to further our understanding of the changes in sediment grain size and
geochemical element characteristics in the Yellow River estuary, and reveal the
evolution of its sedimentary environment.
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sediment grain size, geochemical elements, sedimentary environment, river channel
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1 Introduction

The delta region is located in the area of ocean-land interaction,
which is very sensitive to global and regional climate and
environmental changes (Milliman and Meade, 1983; Dethier et al.,
2022). Simultaneously, climatic change and sea level fluctuation have
emerged as major natural forces affecting the development of human
civilization. Their patterns of development and mechanisms of
influence have received considerable attention (Wang et al., 20105
Wu et al,, 2020; Hou et al.,, 2021). The Yellow River Delta (YRD) is
one of the most sensitive zone for land-sea interactions in the world,
which is characterized by high frequent channel migration in the
Yellow River estuary (Jiang et al., 2018; Wu et al,, 2020). In addition,
the silted coastline of the estuary is being pushed seawards by the
mass sediment supply from the Yellow River, while oceanic dynamics
(waves and tides) are simultaneously causing coastal erosion and
retreat (Li et al., 1998; Xu, 2000; Wang et al., 2010). Over the decades,
climate change and extensive human activities within the river basin
have greatly alternated estuary sediment concentions and the balance
of river-ocean dynamics, resulting in changes of sedimentary
transportion and sedimentary patterns of YRD estuary (Hou et al,
2021; Liu et al., 2022; Li et al,, 2023b, Li et al., 2023b).

Geochemical elements are widely used as proxy of sedimentary
environmental evolution. The geochemical characteristics of
sediments are the response for the changes of the environment,
which they can provide an important basis for distinguish
sedimentary environments and the process of environmental
evolution (Cao, 1992; Cui et al.,, 2017; Zhang et al., 2013; Cai et al.,
2018; Ling et al,, 2021; Tursun et al, 2022; Liu et al,, 2023). The
Yellow River is a major conduit for the transport of erosive sediments
from land to sea. And the sediment delivered by Yellow River to the
ocean mostly deposits in YRD. The YRD are both ‘drivers’ and
‘recorders’ of sedimentary sources and regional environmental
change changes. Numerous scholars have conducted extensive
research on sediment transport and sedimentation in the modern
YRD and its adjacent marine environments (Zhao et al,, 2016; Pang
et al, 2022). Pang et al. (2022) conducted a study on the distribution
characteristics of sediment geochemical elements in the Ningxia-
Inner Mongolia section of the Yellow River, revealing the complex
interaction between aeolian-sand and flow-sand processes. The
spatial distribution of chemical elements demonstrated noticeable
variations over distance, which was contributed to climatic changes,
source-rock composition, and sediment provenance variation. Zhao
et al. (2016) employed the Q-mode method to investigate the
geochemical zoning of surface sediments of the modern YRD. The
results showed that the concentrations and spatial patterns of
chemical elements were significantly influenced by grain size. Over
the past decades, geochemical element proxy (e.g. trace element B, B/
Ga and Sr/Ba ratios) have been extensively utilized in variations
sedimentary environment (e.g. lakes, loess and peat) to paleoclimate
reconstructions. In addition, previous studies indicates that the
content and distribution of geochemical elements can also
significantly influenced by sediment grain size (Zhao et al., 2016).
The relationship between grain size and elemental composition in
estuarine sediments is complex and varies among different elements.
Normally, finer-grain sediments tends to have higher concentrations
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of Fe, Mn, Cu, and Zn, especially in clay-sized particles, while coarse
grain sediment tends to have higher concentrations of Si. However,
some elements show an unclear relationship between the geochemical
element content and grain size, suggesting that the geochemical
composition of sediments can be influenced by other factors (e.g.
sources, sedimentary dynamics; Sanchez-Garcia et al.,, 2010; Zhao
et al,, 2019; Tursun et al, 2022). Therefore, it is challenging and
potentially inaccurate to assess the sedimentary environmental
evolution with a single geochemical element proxy. Additional,
grain size as an indicator of environmental conditions also presents
numerous changes (e.g. sediment sources, the variability of transport
processes, and the sedimentary environments). This indicate that
grain size parameters can only serve as a rough indicator of
sedimentary environment changes (Meng et al., 2023). However,
grain size end-member model facilitated the mathematical
decomposition of the complete set of grain size data based on
sedimentary dynamics and transport modes, enabling the
extraction of dynamic information from each end-member and the
elucidation of its environmental implications (Liu et al., 2021). The
Yellow River estuary was a weakly tidal estuary dominated by river
dynamics, formed by the injection of Yellow River sediment into a
weakly tidal, weakly wave-powered marine environment. Its complex
depositional environment was typical. The dynamic geomorphology
and sedimentary environment of the estuary were complex.
Therefore, it was important to investigate the evolution of the
sedimentary environment of the Yellow River estuary and its
response to the variability of incoming seawater sands, which can
provide a reference for the study of other weakly tidal estuaries. It can
also establish a knowledge link for the understanding of different
types of estuaries. To enhance the precision of sedimentary
environment determination, it was advisable to integrate sediment
geochemical elements with grain size end-member results. In this
study, we collected two cores YDC and YDG from the modern YRD,
and investigated the distribution characteristics of grain size and
chemical elements in modern sediments of the Yellow River Delta
(YRD) region to reveal the sediment records in response to frequent
estuarine channel migration and complex sedimentary environment.

2 Study area

The YRD (118°05’-119°10'E, 37°14’-38°10'N) is geographically
defined by its borders with the Bohai Bay to the north and the
Laizhou Bay to the east (Figure 1). Since 1855, Yellow River
northward to the Bohai Sea, the modern YRD has been formed
through the rapid deposition of significant amounts of sediment
delivered by delivered by frequent shifting of the river’s channel.
According to the statistical data from Lijin Hydrology Station in the
Yellow River mouth, the average annual water discharge is 300.56 x 10°
m?/yr and the average annual sediment load is 6.88 x 10® t/yr (Fu et al.,
2021). Recently, the Yellow River have experienced rapid reduction of
sediment supply into the sea owing to extensive human activities such
as water resource development, reservoir construction and water-sand
diversion. The YRD is distinguished by a silty tidal flat that undergoes
regular cycles of siltation and erosion as a result of sediment deposition
and oceanic hydrodynamics. Wave patterns in the YRD are primarily
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FIGURE 1

(A) Map of the Yellow River basin (Wu et al., 2017). (B) Interannual variations of sediment and water discharge a from 1975 to 2020 at Lijin station
(Wang et al., 2022). (C) Map of river channel changes and core locations in the Yellow River delta.

influenced by the winds from the Bohai Sea, exhibiting significant
seasonal variability in both direction and speed (Wang et al., 2022). The
tidal regime of the YRD is dominated by an irregular semi-diurnal tide.
The nearshore tidal range in the YRD is comparatively restricted,
suggesting a reduced impact from tidal forces (Fu et al, 2021). The
YRD region exhibits a warm-temperate semi-humid continental
monsoon climate, displaying uniform climatic patterns in its
northern and southern areas. The average annual temperature in the
YRD ranges from 11.7°C to 12.8°C. The majority of precipitation
occurs during the summer, contributing to 70% of the total annual
rainfall, while average annual evaporation rates range from 1,900 to
2,400 mm.

3 Materials and methods

In 2018, cores YDC (119°11'17.03"E, 37°44'37.88"N) and YDG
(119°11'20.01"E, 37°44'26.35"N) of 1m length were collected near the
southern part of the Qing 8 course mouth in the modern YRD
(Figure 1). The water depth of core sites was aboutl.5 m.
Subsequently, the cores were sectioned at 2 cm intervals, and a total
of 50 samples were obtained from the cores YDC and YDG,
respectively. Grain size samples smaller than 2 mm were analyzed
using a Mastersizer 3000 laser grain sizer, which has a measuring range
of 0.01-3000 um with a measuring error of <0.02 pm. To ensure the
accuracy of the experimental data, each sample was measured 3 times
to take the average value. The Udden-Wentworth isobaric system,
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which utilizes @-values to classify grain sizes as <4 pm (clay), 4-63 pm
(silt) and >63 um (sand), was employed as the standard for grain size
classification. The geochemical samples were analyzed at the Shaanxi
Key Laboratory of Earth Surface System and Environmental Carrying
Capacity, School of Urban and Environmental Sciences, Northwest
University. The geochemical elemental analyses were conducted using
a PW2403 X-Ray fluorescence spectrometer. The test items included
the detection of major element such as SiO,, Fe,O;, CaO and K,O, and
trace elements including Cl, Cu, Mn, Zn, Ga, Ba and Rb. Standard
samples (GSS1, GSD12) were added for calibration during the
measurement. The detection methods adhered to the Technical
Regulations, GB/T14506-93 and DZG20.03-1987. The discrepancies
between measured and reference values were found that within a
margin of error of less than 5%. The test results satisfied the stipulated
criteria in the Technical Specification. Further analyses, including
correlation and principal factor analyses, were conducted on the
standardized data units by using SPSS software.

4 Results and analysis
4.1 Grain-size characteristics

The results of the modern YRD sediment grain size analysis
show that both cores YDC and YDG were primarily composed of

clay and silt (Figure 2). The two cores were both divided into two
units according to sedimentary characteristics. Within Unit 1 (28-
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100 cm) of core YDC, the range of clay content exhibited the
greatest variability with a maximum value of 79.26%. Conversely, in
core YDG Unit 1 (28-100 cm), the clay content displayed the largest
amplitude of variation peaking at 92.18%. In Unit 2 (0-28 cm) of
core YDC, a maximum value of the silt content was 50.76%, and the
maximum sand content was15.98%. In Unit 2 of core YDG, the
maximum clay value was 64.76%. The sediment grain-size
composition and profiles of the two cores showed contrary
trends. In core YDC, the clay content increased gradually from
top to bottom with depth, and had higher content at the depth of
Unit 1 (28-100 cm). While the silt and sand content showed a
decreased trend from top to bottom, and both have higher content
in Unit 2 (0-28 cm). In the core YDG, the higher clay content was
mainly concentrated in Unit 2 (0-28 cm), while the silt and sand
contents were highest in Unit 1 (28-100 cm). The variation of
sediment characteristics within different cores indicates distinct
sedimentary environments.

The average grain size of core YDC ranged from 0.28 pum to
32.17 pm with a mean value of 10.42 pm. While core YDG average
grain size exhibited a range of 0.08 um to 35.64 [Lm with an average
of 21.71 um, which showed a relatively narrow fluctuation range.
The sorting coefficient (o) values of cores YDC and YDG ranged
from 1.57 to 4.1 and 2.21 to 18.89, respectively, indicating relatively
poor sorting. The skewness (Sk) values of core YDC exhibited a
range from -0.62 to 0.56, while the core YDG displayed range from -
0.63 to 0.58. The kurtosis (Kg) values of core YDC ranged from 0.57
to 1.56, while the core YDG ranged from 0.58 to 1.88, indicating a
narrow kurtosis curve in both cores.

4.2 Characteristics of sediment
geochemical elements

The chemical compositions of sediments served as proxy of
variations in sediment sources, sedimentary environments, and
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sedimentary dynamics (Li et al, 2021; Li et al, 2022; Li et al,
2023a; Liang and Jiang, 2017; Yang et al., 2021; Wei et al., 2023). An
overwhelming presence of the major element SiO, was identified in
cores YDC and YDG (Table 1), with SiO, content ranging from
49.25% to 61.16% (mean of 55.53%) in core YDC and from 45.99%
to 62.96% (mean of 58.45%) in core YDG. The coefficients of
variation for SiO, content were calculated as 6.73% for core YDC
and 7.58% for core YDG. The coefficient of variation for the SiO,
content in the two cores was found to be smaller. This similarly
change was also observed from CaO, with content ranging from
6.34% to 8.14% (YDC) and 5.79% to 9.27% (YDG), respectively,
which accompanied by small coefficients of variation. The Fe,O;
content in cores YDC and YDG ranged from 3.6% to 5.4% and
3.33% to 5.98%, respectively. K,O was identified as the lowest major
element content, with average content of 2.25% and 2.23% in the
two cores, respectively. The trace element composition of cores
YDC and YDG was found to be both primarily composed of Cl, Mn
and Ba. The average content of Cl was 18,462.8 mg/kg and 12,535.1
mg/kg, respectively. The coefficients of variation for elements were
significantly high for the two cores YDC (54.06) and YDG (102.5),
indicating a significant degree of variability between the two cores.
In contrast, the contents of trace elements such as Cu, Mn, Zn, Ga,
Ba and Rb do not exhibited significant changes overall, and
coefficients of variation that were comparatively low.

The vertical changes of elemental composition with depth in the
two cores were shown in Figures 3 and 4.The examination of
geochemical elemental composition with the various grain sizes in
sediment samples extracted from core YDC indicated three
discernible patterns: a reduction in SiO, and Ba, stabilization in
Ga, Cu, and K,0O, and an elevation in Zn, Rb, Fe,03, CaO, Mn, and
Cl. Specifically, the CaO content increased from 6.34% in the
surface to 8.14% in the bottom, and similar increasing trends
were observed from Zn, Rb, Fe;O3; and Mn. Furthermore, certain
elements (SiO, and Ba) exhibited a declining trend with increasing
depth. The highest contents of Zn, Rb, Fe,03, CaO, Mn and Cl were

Mz () Lithology (%)

50 100

Clay

Depth(cm)

Characteristics of grain-size parameters with depth for cores YDC (A-E) and YDG (F-J).
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TABLE 1 Major (weight percentage) and trace (ppm) elemental data for YDC and YDG cores.

10.3389/fmars.2024.1370336

Sio, 61.16 49.25 55.53 6.73 62.96 45.99 58.45 7.58
K,O 2.45 2.02 2.25 5.45 2.56 2.1 2.23 5.07
CaO 8.14 6.34 7.18 6.97 9.27 5.79 6.68 12.13
Fe,04 5.4 3.6 4.48 11.25 5.98 3.33 4.12 1533
Cl 42319 5446 18462.8 54.06 53742 4151 12535.1 102.5
Mn 896 478 635.6 18.97 912 367 540.16 21.57
Cu 30 17 23.62 17.17 36 18 22.54 20.75
Zn 82 52 66.38 13.4 92 52 63.06 17.41
Ga 18 12 15.26 10.23 20 13 15.04 10.14
Ba 677 457 566.9 12.24 676 387 588.14 11.25
Rb 15.75 10.15 1291 10.56 16.95 9.42 11.76 11.43

Trace element content in x10°.

all found in Unit 1 (0-28cm), indicating significant variability in
elemental composition. The Cl contents fluctuate significantly was
especially, which ranges from 4151 mg/kg to 53742 mg/kg with an
average concentration of 12535.1 mg/kg. In contrast, the
concentrations of Zn, Rb, Fe,03, CaO, and Mn of core YDC
exhibited a gradual decrease trend, and have higher concentration
in Unit 2 (0-28cm) with relatively minor fluctuations in elemental
content. The core YDC exhibited the most significant elemental
variation within Unit 2 (28-100 cm), ranging from between 533 mg/
kg and 866 mg/kg. Conversely, the fundamental changes in core
YDG were small, exhibiting an opposite distribution trend with core
YDC. Core YDG demonstrated significant elemental variations in
Unit 1 (0-28 cm), while core YDC showed more pronounced
differences in elemental composition in Unit 2 (28-100 cm).

5 Discussion

5.1 Geochemical environmental analysis

Geochemical elements were served as a significant indicator of
sediment composition, and the observed variations of the
geochemical elements can provide valuable information for the
origins of sedimentary environments (Li et al., 2012; Zhang et al,,
2013; Liu et al., 2016; Gao et al,, 2021; Yuan et al., 2022). Meng et al.
(2023) utilized the grain-size end-member analysis of the cores
YDC and YDG to identify distinct end members (EM1, EM2, EM3,
and EM4) associated with particular sedimentary processes
(Table 2). The utilization of the geochemical characteristics and
grain size distribution analysis demonstrated greater efficacy in
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FIGURE 3
Characteristics of elemental content with depth for the YDC core.
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identifying sediment sources and elucidating sedimentary
environment evolution. Correlation analysis and R-mode cluster
analysis were conducted on sediment grain-size end-members and
chemical elements of cores YDC and YDG to effectively determine
environmental significance of geochemical elements.

Meng et al. (2023) observed that EM1 and EM2 were
characterized by the fine-grained sediment including clay and silt
that were deposited under weak hydrodynamic conditions resulting
from the long-distance sediment transport from the Yellow River.
EM3 and EM4 consisted of coarse-grained sediments, such as
coarse silt and sand, that were deposited under intense
hydrodynamic conditions that were impacted by nearshore waves
and tides. By analyzing the relationships between the four major

elemental compounds, the results showed that EM1 and EM2
exhibited negative correlations with SiO, (R*=-0.83, R*>=-0.62)
and significant positive correlations with K,O (R?=0.746, R°=-
0.62), CaO (R*=0.82, R’=-0.62) and Fe,0; (R°=0.84, R*=-0.62).
Conversely, EM3 and EM4 displayed positive correlations with SiO,
(R?=0.14, R*=-0.84) and negative correlations with K,O (R*=-0.27,
R?=-0.64), CaO (R*=-0.18, R*=-0.81) and Fe,O; (R*=-0.62, R*=-
0.83). Among the eight trace elements, EM1 and EM2 were
positively correlated with Cl (R*=0.75, R*=-0.43), Mn (R*=0.83,
R?*=0.62), Cu (R*=0.81, R?=0.50), Zn (R*>=0.83, R*=0.57), Ga
(R*=0.79, R®=0.48) and Rb (R*=0.78, R*=-0.58) and significantly
negatively correlated with Ba (R*=-0.83, R*=-0.54). EM3 and EM4
were negatively correlated with Cl (R*=-0.10, R*>=-0.72), Mn (R*=-

TABLE 2 Correlation analysis of each grain-size end member with geochemical elements of cores YDC and YDG.

EM

EM1 EM2 EM3 4 SiO, KO CaO FeyO3
EM 1 1
EM 2 0.45 1
EM 3 -0.44 0.12 1
EM 4 -0.78 -0.80 -0.15 1
Sio, -0.83 -0.62 0.14 0.84 1
K,O 0.76 0.50 -0.27 -0.68 -0.89 1
CaO 0.82 0.62 -0.18 -0.81 -0.94 0.84 1
Fe,0; 0.84 0.62 -0.17 -0.83 -0.97 0.94 0.95 1
Cl 0.75 0.43 -0.10 -0.72 -0.93 0.74 0.80 0.85 1
Mn 0.83 0.62 -0.23 -0.80 -0.92 0.84 0.90 0.92 0.81 1
Cu 0.81 0.50 -0.21 -0.75 -0.94 0.97 0.90 0.97 0.83 0.89 1
Zn 0.83 0.57 -0.19 -0.80 -0.95 0.96 0.91 0.98 0.83 0.89 0.99 1
Ga 0.79 0.48 -0.29 -0.69 -0.87 0.95 0.84 0.92 0.74 0.84 0.95 0.94 1
Rb 0.78 0.55 -0.15 -0.77 -0.93 0.95 0.82 0.94 0.85 0.85 0.96 0.97 0.92 1
Ba -0.84 -0.54 0.27 0.76 0.95 -0.96 -0.91 -0.97 -0.83 -0.90 -0.97 -0.97 -0.94 -0.95 1
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0.23, R>=-0.80), Cu (R*=-0.21, R*=-0.75), Zn (R*=-0.19, R*=-0.77),
Ga (R*=-0.29, R?=-0.69) and Rb (R*=-0.15, R*=-0.77) and positively
correlated with Ba (R*=0.27, R*=0.76). Generally, the reaction for
sedimentary dynamic conditions exhibited greater intensity when
the sediment grain size is coarser. Variations of sediment
composition caused by fluctuations of hydrodynamic conditions
can result in the differences of elemental contents (Lucic et al.,
2021). The results indicated that the content of SiO, and Ba were
influenced by grain size with the enrichment decreasing as grain
size increases, which suggested a predominance of coarse minerals
that exhibited greater resistance to weathering. The contents of
K,O, CaO, Fe,03, Cl, Mn, Cu, Zn, Ga and Rb were also clearly
controlled by grain size. Their enrichment increased with
decreasing sediment grain size. This suggested that the primary
minerals containing these elements exhibited limited resistance to
weathering, rendering them susceptible to fragmentation or erosion
into clay-like minerals (Li et al., 2016; Wang et al., 2019).

R-mode cluster analysis was a multivariate statistical method
used to examine the relationships among chemical elements by
analyzing the changes in the content of multiple elements and
simplifying multivariate variables to univariate ones. The
geochemical characteristics of sediments of the core YRD were
affected by various factors including sediment sources and
sedimentary environments. The chemical fractions of sediments
from two cores can be classified into three distinct elemental
assemblages (Figure 5). The first group of assemblages included
the major elements K,O, CaO, Fe,O; and the trace elements Mn,
Cu, Zn, Ga, Rb, which showed susceptibility to redox effects and a
sensitive environmental response. Specifically, CaO and Mn were
the manifestations of the high calcium carbonate content in the
sediments of the Yellow River source, which was easy to oxidize to
generate carbonate and reflects the changes of the sedimentary
environment. The second group of assemblages consisted of SiO,
and Ba, with the sediment elements being influenced by grain size.
The third group exclusively contained CI. The cores were located in
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FIGURE 5
Dendrogram of R-mode cluster analysis
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close proximity to the mouth of the Yellow River, subjected to the
marine environment. Cl served as a marine controlling factor in the
marine environment.

Geochemical analysis was performed to elucidate the origins
and controlling factors of elements in the sediments of the two
cores, providing insights into sedimentary processes and
environmental changes. This analysis employed R-mode factor
analysis using major and trace elements as variables. The results
showed that sediment chemical composition was impacted by three
factors leading to the classification of sediment elemental content
(Table 3). These factors contributed variances of 45.08%, 28.53%
and 23.77%, and the cumulative contribution of 97.38%. The
chemical combinations of the elements associated with the F,
factor included SiO,, K,O, Fe,O3, Cu, Zn, Ba, Ga and Rb. The
research revealed a significant positive relationship between SiO,
and the grain size, whereas Ba enrichment exhibited a negative
correlation with the grain size. Because of the changes of the
sedimentary environment, K,O and Fe,O; exhibited a propensity
to assume colloidal or granular states when sediments entered the
ocean and were adsorbed by clay minerals (Wang and Yu, 2015). Rb
was a stabilizing factor during the process of weathering and was
mainly retained by adsorption from clay sediments (Wang and Yu,
2015). Therefore, it can be inferred that F; was closely related to clay
minerals and represented the control of the grain size. The F, factor
was represented by CaO, Mn, SiO,. According to previous studies,
the Yellow River was characterized by a significantly high Ca
content (Zhao et al.,, 2016). Sediments from the Yellow River were
rich in carbonates, facilitating the enrichment of Mn to form
carbonates. The chemically stable mineral SiO, was readily
preserved in land-sourced detritus leading to a decrease in the
content of other elements (Wang and Yu, 2015). This dilution effect
of SiO, was often negatively correlated with other elements.
Analysis of chemical element correlations suggests that F, may
serve as a controlling factor of the Yellow River (Table 3). F; is
characterized by the dominance of Cl, representing the chemical
composition of seawater. In 1996, the diversion of the Yellow River
to the Qing 8 course resulted in a change in the sediment source of
two cores. The hydrodynamic influence of nearshore waves and
tides strengthened ocean control. Therefore, F; can be served as a
marine control factor.

5.2 Significance of source indication of
sediment chemical elements

The transportation of chemical elements in natural systems was
distinguished by the prevalence of stable elements in water with
brief residence times. Mechanical sedimentation occurred rapidly
under appropriate hydrodynamic conditions without significant
chemical changes (Wang and Yu, 2015; Gao et al, 2021). As a
result, the chemical elements were transported in nearly equal
proportions leading to a more precise depiction of sedimentary
dynamics and environments. The examination of sediment
chemical composition has been shown to be a valuable approach
for studying the sources of sediment (Faust et al., 2014; Wang and
Yu, 2015; Xiao et al., 2020). Meng et al. (2023) conducted a detailed
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TABLE 3 R-mode rotating factor loadings for each element of YDC and
YDG boreholes.

F1 F2 Fs
K,O 0.844 0.412 0.314
CaO 0.485 0.765 0.378
Fe,05 0.651 0.601 0.448
Cl 0.376 0.382 0.840
Cu 0.751 0.479 0.432
Zn 0.743 0.496 0.435
Ga 0.828 0.421 0.302
Rb 0.765 0.348 0.521
SiO, -0.739 -0.583 -0.399
Mn 0.487 0.713 0.423
Ba -0.731 -0.502 -0.437
mulati
cori:t:iblilt:)tnv:ate 4509 7362 9739

analysis of the sediment characteristics and grain-size end-members
data from cores YDC and YDG, which were subsequently divided
into two distinct units: Unit 1 (28-100 cm) and Unit 2 (0-28 cm).
Based on the abrupt change in sediment grain size and end member

10.3389/fmars.2024.1370336

data at 28 cm, and in combination with the sediment sedimentary
rate, it was deduced that 28-100 cm was formed before 1996, and 0-
28 cm was formed after the Yellow River was diverted (1996-2018).
The sedimentary environments of cores YDC and YDG exhibited
dynamic changes due to alterations in river channels and
anthropogenic influences. Core YDC was located in the delta-
plain sedimentary facies, and core YDG was located in the delta-
front facies (Meng et al., 2023).

Unit 1 (28-100 cm) was formed before the Yellow River was
diverted to the Qing 8 course in 1996. The sediment in the two cores
primarily source from the Yellow River and consists mainly of
sandy clay (Figure 6) (Shi, 2021; Meng et al, 2023). The
sedimentary environment was characterized by siltation. The
Yellow River sediments contain CaO, a representative content in
the erosion processes of the Loess Plateau. Additionally, the loess
sediments transported by the river also impacted its chemical
composition. The sediments from the Yellow River exhibited high
carbonate content with the element Mn readily enriching to form
carbonates. The average content of CaO was 7.44% in the core YDC
and 6.27% in the core YDG, and the average content of Mn was
687.97 mg/kg and 480.14 mg/kg, respectively. The sedimentary
environment was primarily influenced by the Yellow River.

In addition, the distinct sedimentary phases of the two cores
resulted in significant differences of their chemical compositions.
Specifically, the delta-front facies exhibited a lower clay content and
higher sand content compared with the incoming sand, while the
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silt content remained relatively consistent. The clay content of the
core YDG located in the delta-front facies was measured at 8.4%,
which was significantly lower than the 46.8% clay content observed
in core YDC. The sand content of 13.73% was higher than that of
2.49% in the core YDC. The results of chemical element analyses
showed that SiO, was identified as a characteristic element of sands
due to its predominant enrichment in sandy sediments and coarse-
grained composition in accordance with the grain size control law
of elements. The SiO, content demonstrated a gradual increase with
larger grain sizes. In Unit 1 (28-100 cm), cores YDG and YDC
exhibited average contents of SiO, are 63.88% and 53.65%,
respectively, and Ba contents of 622.49 mg/kg and 530.03 mg/kg.
The two cores were located an estuarine region influenced by the
interaction of river and ocean dynamics resulting in a diverse
sedimentary environment characterized by alternating processes
of river siltation, wave and tidal erosion. Wu et al. (2017)
demonstrated the significant impact of river flow and sediment
grain size on the evolution of the delta. Before 1996, the
implementation of engineering interventions led to the
channelization of the river causing an increase of the suspended
sand grain size at the inlet. The gradual seaward advancement of the
active delta at a rate of 11.9 km?/yr. The dominant sediment types of
the core YDG were silt and sand with an average silt content of
77.8%, while the core YDC was characterized by clay and silt with a
relatively high clay content of 46.8%. The coarse-grained fraction
EM4 in core YDG had an average content of 66.5%, while the fine-
grained fraction EM1 in core YDC averaged 33.75%. The sediment
grain-size compositions of the two cores were reflect the variations
between them. Sediments from the Yellow River source spread to
the distant sea after the fine particles are resuspended by wave
action. Therefore, the sediments in this area were mainly fine
particles, which were easy to adsorb chemical elements.
Additionally, the elemental compositions of the cores correlated
with the variations of the sediment grain-size composition. The
analysis of chemical elements distribution with depth revealed that
the trends of major elements K,O, Fe,0; and trace elements Cu, Zn,
Ga, Rb, which were adsorbed from clay sediments, exhibited
variations based on the granularity of the sediment particles.

Unit 2 (0-28 cm) was formed during 1996-2018. The Yellow
River was artificially diverted in 1996. The entrance to the sea
extended from the Qing 8 course to the northeast and eroded to the
southeast. The sedimentary dynamics of the two cores changed
from siltation to erosion as results of alterations in topography,
geomorphology, sediment sources and river-sea interactions (Meng
et al,, 2023). The change in the sedimentary source of the Yellow
River resulted in a decrease in the content of fine-grained sediments
including clay and silt. The grain size of the core YDC exhibited a
favorable response for the change of the sedimentary source. In
Unit 2 (0-28 cm), there was a notable increase of the silt and sand
content by 28.6% and 80%, respectively, while the clay content
decreased by 35.4%. The EM1 content exhibited a rapid decrease to
an average of 1.3%, and the EM4 content experienced a significant
increase to 40.2%. The strong hydrodynamic forces from clockwise
circulation and coastal currents resulted in the recurrent scouring of
sediments, which showed fine-grained sediment to be transported
away and coarser-grained sediment to be deposited. The core YDC
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was in a hydrodynamic environment characterized by coarser
sediments with lower adsorption capacity for chemical elements
resulting in a low content of chemical elements. Analysis of
sediment chemical elements indicated a reduction in the average
content of CaO as a key indicator of the Yellow River source. The
average Mn content decreased to 513.27 mg/kg, while the average
contents of SiO, and Ba influenced by grain size increased to 60%
and 653 mg/kg, respectively. Core YDG, located in the delta-front
facies, is subject to heightened impacts from tidal currents and
marine wave action, which lead to a significant sedimentary effect
from the diffusion of nearshore fine sandy clay suspension (Han
et al, 2011; Zhou et al,, 2016; Shi, 2021). This was evidenced by a
rapid increase of the clay content by 85% in Unit 1 compared with
Unit 2 and a significant increase of the EM1 content by an average
of 44.5%. Additionally, reductions of the silt and sand content were
observed with the most notable decrease of 96% in sand content.
The EM4 content was reduced accordingly with an average content
of 2.2%. Owing to the influences of the finer grain-size composition
of the sediments, there was a reduction in the average content of
SiO, and Ba by 15% and 43%, respectively. The profiles of major
elements K,O, Fe,O3 and trace elements Cu, Zn, Ga, Rb exhibited a
same trend of variation with clay content with average contents of
2.36%, 4.97%, 28.5 mg/kg, 77.78 mg/kg, 16.86 mg/kg and 109.57
mg/kg, respectively.

The core YRD was located in the coastal humid-semi-humid
seawater-impregnated saline zone, a modern salt accumulation
process (Fan et al, 2010). Coastal saline soils were formed
through regular inundation and lateral impregnation by seawater,
resulting in the accumulation of salt due to strong evaporation. Core
YDG in the eastern part of the YRD was strongly impregnated by
seawater via lateral seepage, and mineralization of the groundwater
was relatively high (Li et al., 1998; Wu et al, 2017). These
geochemical elements were significantly influenced by the return
of salt from groundwater resulting in a significant increase of the
salt accumulation in the surface layer compared to other regions. Cl
was a primary component of seawater and served as a controlling
factor in oceanic processes. The average content of Cl at Unit 2(0-
28 cm) was 28566.21 mg/kg, which represented a fourfold increase
compared to the content observed at Unit 1(28-100 cm). Core YDC
was located the delta-plain sedimentary facies, where the effects of
seawater infiltration were restricted and the influence of salt re-
entry from groundwater was limited, resulting in a subsurface
salinity distribution higher than that of the surface layer.

6 Conclusion

The sediment grain-size composition and geochemical elements
of the cores YDC and YDG were analyzed through field collection
of modern YRD core sediments combined with the sediment grain-
size end member analysis method. This study offered valuable
insights for understanding the evolution of sedimentary dynamics
and the sedimentary environment in the modern YRD.

(1) Significant differences were observed in the grain-size
compositions of cores YDC and YDG with both cores
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primarily consisting of silt and exhibiting a dispersed grain-
size composition. In Unit 1 (28-100 cm), the average grain
size of cores YDC and YDG were 4.96 um and 30.04 pm,
respectively with fine silt and medium silt being the main
components. In Unit 2 (0-28 cm), the average grain size of
cores YDC and YDG was 23.85 um and 2.25 pm,
respectively with silt and clay being the dominant

grain sizes.

(2) The results from the cluster analysis and factor analysis of
sediment chemical elements in cores YDC and YDG
indicated that the distribution of these elements was
influenced by three factors including source, grain size and
seawater. Specifically, CaO and Mn were identified as source-
control elements, while SiO,, K,O, Fe,03, Cu, Zn, Ba, Ga and
Rb were associated with grain size control. Cl was identified
as a control element for the marine environment.

(3) The cores YDC and YDG in the modern YRD recorded the
diversion of the river and the evolution of the sedimentary
environment near the mouth of the Yellow River at the Qing
8 course. Based on the sediment grain size composition and
grain size end member data, it was concluded that the core
YDC was located in the delta-plain sedimentary facies, and
the core YDG was located in the delta-front facies. Before the
Yellow River was diverted to the Qing 8 course in 1996, cores
YDC and YDG were in the delta-front estuarine sedimentary
environment with a reference point of 28 cm. The clay and
silt content exhibited higher levels with the CaO content
serving as a key indicator of the source of the Yellow River
showing a significant increase. Additionally, the SiO, content
as an indicator of the rate of grain size control decreased with
finer grain size. The elemental Cl content of core YDC was
significantly higher than that of core YDG owing to the
influence of subsurface re-salting. After the diversion of the
Yellow River to the Qing 8 course, the core YDC located in
the delta-plain sedimentary facies exhibited a significant
decrease in clay content alongside an elevation of the
coarse-grained silt and sand content. The contents of K,O,
Fe,03, Cu and Zn elements decreased, whereas those of SiO,
and Ba increased. The rapid changes observed in core YDG
including the increases of the clay content, CaO and Mn
contents, and a decrease in SiO, content can be attributed to
the suspension and diffusion of nearshore fine sand
influenced by tidal currents and wave. Influenced by
seawater impregnation and subsurface re-salinization, the
Cl content of the surface was much higher than that in other
parts of the core. The sedimentary environment changed

from river sedimentation to nearshore wave erosion.
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