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요   약   문

Ⅰ. 제  목

황해-북동 국해 퇴 물 기원지(S2S) 정량화 연구 (Quantification of sediment 

source-to-sink (S2S) in the Yellow and northern East China Seas)

Ⅱ. 연구개발의 필요성

 황해-북동 국해에서 퇴 물 기원, 이동, 확산, 퇴 (source-to-sink, S2S) 등의 퇴 환경

을 이해하기 한 다양하고 많은 연구가 이루어져 왔으나, 황해-북동 국해  해역을 커버

하는 해양과학  자료 부재 그리고 기존 연구들 사이의 상반된 결과와 해석 등 여러 문제

이 제기됨  

 특히 황해-북동 국해의 퇴 물 기원지에 한 부분의 연구가 정성  분석(qualitative 

analysis)에 머물러 있어, 기원지별 퇴 물의 기여도  퇴 량에 한 정량  평가

(quantification)는 해양(지질)과학  미해결 난제로 남아 있음

 따라서 S2S에 한 신뢰성 있는 객  자료와 해석을 해서는 황해-동 국해  해역에 

한 시료 확보와 일 성 있는 유의미한 분석 자료 도출과 함께 기원지의 정성

(qualitative analysis) 분석에서 정량 (quantification) 분석 단계로의 해양과학기술 고

도화  퇴 물의 기원-이동-확산-퇴 과정에 한 표 화 모델 정립 필요

 한, 퇴 물 기원지의 정량  분석 연구를 통해 황해 냉수 와 선역 등의 환경-생태학  

역할 그리고 육상· 기 오염물질 유입-이동-확산 등의 해양과학기술 안 응에 한 국가

 기반역량 강화 필요

Ⅲ. 연구개발의 내용  범

 황해-북동 국해 퇴 물의 기원지별 정량  기여도 산정을 한 지화학  정량화 모델 개발

- 퇴 물 기원지별(한국과 국 강 기원) 지화학 성분의 “end-member” 도출 

   - 퇴 물 기원별 기여도의 정량  평가를 한 지화학  모델 구축

 황해-동 국해  해역 퇴 물 기원지 정량화  시·공간  분포도 작성과 변동 해석

   - 황해-북동 국해  해역 퇴 물 기원지 별과 정량화의 시·공간  변동 특성

   - 퇴 물 이동-퇴 과정(S2S) 종합 해석 (기후변화, 선역-냉수  역할, 쿠로시오 변동 등)

 황해-동 국해에서의 퇴 물 기원지 별과 이동에 한 연구를 기존의 정성 (qualitative 

analysis) 분석에서 정량 (quantification) 평가 단계로의 해양과학기술 고도화

 해양시료도서  해양시료자원의 재활용을 통한 황해-북동 국해  해역 퇴 물 분석·활용

   

Ⅳ. 연구개발 결과

 본 연구를 해 황해-북동 국해의 연안과 륙붕  해역을 포함하는 약 400정 에서 표층 

 코어 퇴 물(표층 400 정 , 코어 퇴 물 14 정 의 약 200  부시료) 시료의 주성분
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(major elements)  희토류 (rare earth elements, REEs) 성분 특성을 분석함. 특정 

시료에 해서는 퇴 물 입자의 크기별(size fractionation), 결합형태별(labile and 

residual fractionation) 원소 성분 특성을 분석함

 분석 결과, Fe, Mg와 REEs 성분 등은 기원지별(한국  국 강) 정량화 별을 한 유

용한 지화학  추 자로 명됨. 특히, Fe와 Mg 함량의 경우 같은 퇴 물 입자 크기에서 한

국 강 퇴 물과 비교하여 국 강 퇴 물에서 높고, REEs의 경우 국 강 퇴 물에서 

middle-REE가 상 으로 높은 특징을 보임 

 이러한 지화학  추 자를 활용하여 황해-북동 국해에서 한국과 국 강 퇴 물의 기여도를 

정량 으로 별하기 한 새로운 “Al-Mg 회귀직선 모델”과 “REE fractionation 지수 모

델”을 개발·구축함.

 개발된 황해-북동 국해  해역 퇴 물 시료에 한 기원지별 기여도를 정량화하고, 시·공간

 분포도 작성함. 특징 으로 약 124°E 기 으로 한국과 국의 강 퇴 물이 약 50%씩 혼

합된 것으로 평가됨. 한, 국 강 퇴 물의 기여도는 황해 앙니질 (CYSM) 퇴 물에서 

55-80% 그리고 황해남동니질 (SEYSM, 흑산니질 ) 퇴 물에서 10-40% 범 로, 퇴 물 

입자 크기에 따라 변화함. 

 기원지별 기여도는 퇴 시기에 따라서도 크게 변화하며, 특히 국 기원 퇴 물은 7천년 (7 

kyr BP) 이후부터 황해-북동 국해에 퇴 되기 시작한 것으로 해석되며, 약 3-4천년 (3-4 

kyr BP)의 지구  아빙하기(cold event) 동안 쿠로시오 해류의 약화에 따라 국 기원 

퇴 물의 공 이 일시 으로 단된 것으로 나타남 

 황해-북동 국해 퇴 물 기원지의 시·공간  분포 특성과 퇴 물 이동은 기후변화, 쿠로시오 

해류의 변동과 세기, 선 , 냉수 , 지형 등의 복합  요인에 의해 조 되는 것으로 해석됨

Ⅴ. 연구결과 활용계획

 황해-동 국해에서 발생하는 제반 해양환경(특히 해양오염), 해양생태자원, 해양경계획정 문

제 등에 처하기 한 해양과학기술  핵심 자료로 활용

 해양과학  안 연구  하나인 퇴 물 기원지의 정량  별 문제를 해결함으로써 한반도 

주변 해양환경-생태계에 한 지식기반 확립

 기존 해양시료자원의 재사용을 통한 창의  연구 활성화 진

 퇴 물의 기원지를 별하는 효과 /경제  분석 기술 확보

    - 오염 물질의 기원과 확산 추 / 측하고 제어하는 기술 개발에 응용 가능

 

주요 핵심어: 황해-북동중국해, 지화학적 프락시, 퇴적물 기원지, 기여도 정량화, 해양시료자원
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S U M M A R Y 

I. Title

Quantification of sediment source to-sink (S2S) in the Yellow and northern East China Seas 

Ⅱ. Necessity of the research

 The Yellow and northern East China Seas (YECSs) has been extensively studied for the 

understanding of dispersal patterns and limits of sediments from neighboring countries 

including China and Korea. Although various sedimentological-geochemical-mineralogical 

approaches have been tried to solve the issues such as sediment origins, budgets, 

sediment accumulation rates, the published results are not enough for understanding them 

and sometimes even controversial. In this respect, the sediment provenance in the YECSs 

has long been a subject of interest, but its quantification is till inconclusive.

 With the oceanographic and sedimentological complexity, sediment source identification of 

the YECS sediments has been a challenge; in particular, information on the source-to-sink 

transport pathways within the YECS basin and how the sediment supply rate from those 

sources have changed over time is still limited. Thus, there remains a clear need to 

continue refining and scrutinizing quantitative examinations on the YECS sediment 

fingerprints for improving the robustness of source discrimination.

 This study provides a better understanding of the present- and paleo-depositional systems 

of the YECSs, successfully capturing land-ocean interactions and paleoenvironmental 

changes in the northwestern Pacific margin during the Holocene. And also, this research 

is necessary to strengthen the ocean science and technology capability to respond to 

national maritime policy issues such as environmental pollution problem, maritime 

boundary delimitation (e.g., silt line) and marine mangement in the YECSs. 

III. Research scope and contents

 Development of new estimation model for quantifying the sediment source-to-sink (S2S) 

of the YECS sediments

  - Suggestion of new geochemical proxies for discriminating the sediment sources (Korean 

and Chinese river sediments) 

  - Sediment S2S quantification model development using these geochemical proxies

 Application of quantification model to the YECS sediments and interpretation of 

spatio-temporal variation in quantitative source apportionments 

  - Contemporary spatial sediment source-to-sink quantification

  - Temporal variations of sediment S2S quantification over the last 20 kyr

  - Oceanographic-climatic forcings on the spatio-temporal variations sediment source

 Technological advances in the YECS sediment source-to-sink analysis from qualitative to 

quantitative estimation 
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 A creative research on reuse of the sediment sample resource of LIMS (Library of Marine 

Samples) 

Ⅳ. Research Results

 We performed an element compositional (major and REEs) analysis on all surface (400 

samples) and core (14 cores, 200 subsamples) sediment samples from the YECS for more 

robust and accurate data acquisition and interpretation. To better constrain geochemical 

links of YECS deposits to source rocks and provide more robust insights on their origins, 

further, elemental compositions of some sediments were granulometrically (silt and clay 

populations) and chemically (labile and residual phases) partitioned.  

 Our results revealed that some major elements (i.g, Fe and Mg) and REEs are 

unequivocal tracers for provenance identification of the YECS sediments. Although both 

the Korea river (KR) and Chinese river (CR) source groups have similar grain sizes, Fe 

and Mg are more enriched in the CR sediments, and also the REE fractionation patterns 

are significantly different between them. 

 In this study, we proposed new sediment source proxy models (i.e., Al-Mg regression 

model and REE-fractionation index model) that reflects innate characteristics of their 

fractionation distribution patterns and provides a reasonable and practical estimation for 

quantifying sediment source apportionments in the YECSs.

 The spatio-temporal variations in quantitative source apportionment of the CR sediments 

based on these models showed abrupt decline in the CR contribution at around 124°E, 

which indicates a boundary of the CR sediment transportation to the eastern part of the 

Yellow Sea. Our quantitative source estimates clearly depict a considerable supply of the 

CR sediments (～50%) to the southwestern Korean coastal region (SEYSM deposit), and 

the KR sediments (30-40%) to the CYSM deposit, which accounts for a good balance 

between the sediment supply and budget of the shelf deposit.

 On the basis of the REE-source index model, meanwhile, proportional contributions of CR 

sediments to the central (CYSM) and southeastern Yellow Sea mud (SEYSM) deposits 

were estimated to be 55-80% and 10-40%, respectively.

 Further, the observed variations in proportions between Huanghe-, Changjiang- and 

Korean river-derived sediments over the last 15 kyr - notably an abrupt increase of CR 

contribution since ～7 ka, followed by a sudden drop at ～3-4 ka - exhibit a good 

correspondence with other mineralogical proxy records. 

 These temporal provenance changes witnessed robust palaeoenvironmental signals which 

fit to major climatic and oceanographic events linked with sea-level, intensity of the 

Kuroshio Current inflow and the East Asian monsoon. This study improves understanding 

of what pathways and sinks exist within the YECS basin, and how rates of sediment 

supply from adjacent rivers have changed over time.
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Ⅴ. Application of the research results

 Used as core data for national policy establishment to respond to marine science issues 

such as marine environments, marine ecological resources, and maritime boundary 

delimitation occurring in the YECSs

 Establishing a knowledge base for marine environments and ecosystems around the 

Korean seas by solving the problem of quantitative apportionment of sediment sources, 

which is one of the challenges of current marine science research

 Applicable to the development of technology to track and predict the occurrence and 

spread of pollutants

 Promotion of creative research through reuse of LIMS’s marine sample resources

Keywords: Yellow-northern East China Sea, geochemical proxy, sediment source-to-sink 

(S2S), quantification model
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Marine sediments provide an invaluable key for unlocking a hidden history of 

Earth’s climate system as well as a window into future climate projections. The 

sediment deposits of the Yellow and East China Seas (YECSs) include 

contributions of massive river inputs from the Korean Peninsula and mainland 

China (~15 billion tons per year; 10% of the world’s river sediment discharge to 

the ocean). These sediment deposits have been considered as an ideal benchmark 

region for studying the complex interactions between the land–ocean processes of 

Earth’s climate system. A sound understanding of the different terrestrial 

components recorded in marine sediments, as well as the origins of these terrestrial 

components, is essential for ongoing global climate research. The sediments of the 

YECSs vary widely with respect to their multiple riverine sources, and provide a 

fundamental basis for investigating not only the marine environment ecosystem and 

its resources, but also the delimitation of the Yellow Sea’s maritime boundaries. 

This study aims to develop a novel sediment fingerprinting technique for a more 

precise quantitative estimation of sediment source proportions in the YECSs.  

The YECSs, one of the well-known epicontinental marginal seas in the 

western Pacific, occupies the broad continental shelf between the Korean peninsula 

and the Chinese mainland, and receives a vast amount of sediment, which comes 

mainly from the Huanghe of China. The sea has several small and large source 

rivers entering from the neighboring countries (Korea and China), with their 

various spectrums of basin rock composition, as well as complex coastal and shelf 

current systems affected by the locations of river mouths (Guan, 1994; Yang et al., 

2003a and references therein; Li et al., 2006; Yang et al., 2009). Characteristically, 

on the shelf, there are several isolated mud depositions that were deposited and 

transported by large seasonal and spatial variations of coastal and shelf currents 

coupled with the Yellow Sea Warm Current (Zhu and Chang, 2000; Bian et al., 

2013). Until now, much effort has been expended to discriminate sediment origin 

(e.g., Korean Han, Keum and Yeongsan Rivers or Chinese Huanghe and 
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Changjiang) in the coastal and shelf mud depositions of the sea, especially by 

employing geochemical techniques (e.g., Cho et al., 1999; Yang et al., 2003a; Yang 

and Youn, 2007; Jung et al., 2012; Lim et al., 2013), because such sediment 

provenance information might improve our understanding of the present complex 

depositional system and enable assessment of paleoceanographic reconstructions 

(e.g., evolution of the Kuroshio and coastal currents) (e.g., Lim et al., 2007; Wang 

et al., 2014). Considering the comparatively small sediment load of Korean rivers, 

it has been presumed that the sea is overwhelmingly covered by sediments 

supplied by the Chinese rivers. However, several studies have suggested that the 

sediments of the sea (especially the central and southeastern coastal areas of the 

Yellow Sea) consist of a mixture of Korean (KR) and Chinese river (CR) 

sediments (e.g., Yang et al., 2003a; Lim et al., 2006, 2007, 2013 and references 

therein; Bian et al., 2013). This suggestion has created a new paradigm in study 

of the sediment provenance of the Yellow Sea and highlights its importance. With 

the oceanographic and sedimentological complexity, accordingly, sediment source 

identification of the YECS deposits has been a challenge; in particular, information 

on the source-to-sink transport pathways within the YECS basin and how the 

sediment supply rate from those sources have changed over time is still limited. It 

may be primarily due to a lack of reasonable and practicable estimation methods. 

Thus, there remains a clear need to continue refining and scrutinizing quantitative 

examinations on the YECS sediment fingerprints for improving the robustness of 

source discrimination. By developing a new sediment source-to-sink fingerprinting 

technique, we aim to enhance the level of sediment provenance studies that have 

always been qualitative to semi-quantitative methods and to upgrade the capability 

of Marine Science and Technology.

The main objectives of this study is as follows: 1) Development of new 

estimation model for quantifying the YECS sediment source-to-sink (S2S): 

suggestion of new geochemical proxies for discriminating the sediment sources 

(Korean and Chinese river sediments) and S2S quantification model development 
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using these geochemical proxies. 2) Application of quantification model to the 

YECS sediments and spatio-temporal variations in quantitative source 

apportionments: contemporary spatial sediment source-to-sink quantification, 

temporal variations of sediment S2S quantification over the last 20 kyr, and 

oceanographic-climatic forcings on the spatio-temporal variations sediment source. 

In this study, as a result, we suggested new models (Al-Mg regression model and 

REE-source index model) for quantifying sediment source in the YECSs. These 

quantification estimations well define spatiotemporal sediment source-to-sink 

dynamics in the sea. The results provide significant insights on dispersal systems 

of riverine sediments in the sea.

Figure 1. Tactics for sediment source quantification in the YECSs.
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Quantification reconstruction of 
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1. Research background

The East Asian marginal seas form a transition between the world's largest 

continent and its largest ocean, representing major sediment repositories of 

information on an interaction between the two realms, with a wide variance in 

their responses to climatic and environmental changes. The Yellow and northern 

East China Seas (YECSs, Fig. 1a), a representative of East Asian marginal seas, 

are characterized by broad continental shelves and huge terrigenous sediment inputs 

from the largest and most turbid rivers on Earth (e.g., Huanghe, Changjiang, and 

several small Korean rivers) (Milliman and Meade, 1983). These terrigenous 

sediments form several unique muddy depositional patches and belts on the shelves 

that are basically determined by diverse riverine sediment sources with various 

spectrums of bedrock compositions, old deltaic sediment shifts, complicated 

transport processes associated with strong tidal rearrangement, and intricate 

coastal-shelf current patterns that include historical variations of the Kuroshio (Yang 

et al., 2003; Lim et al., 2007, 2015a; Bian et al., 2013; Wang et al., 2014). This 

complexity in the formation of the shelf muddy deposits makes the YECSs an 

ideal natural laboratory for the study of sediment source-to-sink dynamics and land

–sea interactions during the late Quaternary (e.g., Gao and Collins, 2014; Li et al., 

2014a, 2016a; Yang et al., 2014b; Wang et al., 2019). 

In view of this, the sediment source-to-sink and related depositional processes 

in the YECSs have been widely studied over the past decades, and several 

plausible explanations have been proposed. However, there is still an ongoing and 

controversial debate about the source discrimination and dispersal pattern of the 

sediments (Yang et al., 2003; Lim et al., 2006; Bian et al., 2013; Wang et al., 

2014). For example, notwithstanding the notion that the Yellow Sea sediments are 

mostly derived from Chinese rivers (CR) (e.g., Milliman et al., 1985; Ren and Shi, 

1986; Alexander et al., 1991; Park and Khim, 1992), there have been little 

evidence of the CR sediment transports to the eastern portion of the Yellow Sea. 
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In fact, there is growing evidence for a greater contribution of Korean river 

(KR)-sourced sediments to the eastern and even central portions of the sea (e.g., 

Lee and Chu, 2001; Chough et al., 2002; Li et al., 2014b; Lim et al., 2015a; Rao 

et al. 2015; Wang et al., 2014). Further, recent findings reveal more complicated 

source origins, as can be seen from the central region of the Yellow Sea (e.g., 

Zhao et al., 1990, 1997; Wei et al., 2003; Lim et al., 2007; Li et al., 2014b; 

Wang et al., 2014) and as far as the Korean coastal zone (Lim et al., 2007, 2013; 

Cho et al., 2015; Um et al., 2015). With such oceanographic and sedimentological 

complexity, provenance identification of the YECS sediments has been a challenge; 

in particular, information on the source-to-sink transport pathways within the YECS 

basin and how the sediment supply rate from those sources have changed over 

time are still limited. Thus, there remains a clear need to continue refining and 

scrutinizing quantitative examinations on the YECS sediment fingerprints for 

improving the robustness of source discrimination. 

Despite a wide range of application of sediment source tracers – mainly 

geochemical properties (e.g., alkaline-earth elements, REEs and Nd-Sr isotopes), 

existing work using these fingerprinting in the YECS sediments has tended to 

produce rather equivocal signals (Yang et al., 2003a). Recently, Lim et al. (2006, 

2015b) recognized a significant potential of some alkaline earth elements including 

Mg and Fe as elemental fingerprints in identifying different sources of fine-grained 

YECS sediments. By implementing the preliminary work of Lim et al. (2006), we 

propose an alternative approach of the YECS sediment source quantification based 

on the advanced Al-Mg regression model, with the aim to increase its application 

effectiveness. To support this overview, we explored spatiotemporal variations of 

the YECS sediment source apportionments by applying this tracing approach to 

historic sedimentary deposits as well as contemporary spatial sediments over the 

region. The present study provides a broader understanding of the present- and 

paleo-depositional systems of the YECSs, successfully capturing land–ocean 
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interactions and paleoenvironmental changes in the northwestern Pacific margin 

during the Holocene. 

Figure 1. (a) A map showing the study area including the current system. KC: 
Kuroshio Current, TC: Taiwan Warm Current, ECSCC: East China Sea Coastal 
Current, TWC: Tsushima Warm Current, CWC: Cheju Warm Current, YSWC: Yellow 
Sea Warm Currents, YSCC: Yellow Sea Coastal Currents, CFP: Changjiang Freshwater 
Plume, KCC: Korean Coastal Current, YSCWM: Yellow Sea Cold Water Mass (after 
Hu, 1984; Chen, 2009; Liu et al., 2007; Yu et al., 2016). (b) Sampling sites of the 
surface (n = 399), and core sediment samples (n = 14) for the study. Hatched areas 
indicate the mud deposits. CYSM: Central Yellow Sea Mud, SEYSM: Southeastern 
Yellow Sea Mud (or Huksan Mud Belt, HMB), ECSDM: East China Sea Distal Mud 
(or Southwestern Cheju Island Mud, SWCIM). Dots: surface sediments, Numbers: 
sediment cores ① E61, ② E65, ③ E310, ④ E410, ⑤ Y21, ⑥ E619, ⑦ YSDP103, 
⑧ YSDP102, ⑨ NY9203 and YGC06, ⑩ YC11 and YGC1, and ⑪ YGC11 and 
YGC13. 
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2. Materials and methods

For this study, a total of 399 surface sediments from the coastal and shelf 

zones of the YECSs, and 14 sediment cores from the several mud patches (Central 

Yellow Sea Mud, CYSM: 2 cores, Southeastern Yellow Sea Mud, SEYSM: 4 

cores, East China Sea Distal Mud, ECSDM: 2 cores, and Korean coastal zone: 6 

cores) have been investigated (Fig. 1b). For an improved demonstration of land–

ocean interactions and paleoenvironmental changes in the YECS regime, we applied 

a new fingerprinting technique to two deep-drilled cores, YSDP102 (~60 m in core 

length) and 103 (~35 m in core length), from the SEYSM (or Hunksan Mud Belt) 

patch (KIGAM, 1996). 

Grain-size analyses for some surface sediments (n = 179) were carried out 

using a standard dry-sieving technique for the sand fraction (> 63μm), and the 

pipette method for the mud fraction (< 63μm) after the removal of organic matters 

and carbonates. Al2O3, and MgO contents of all surface and core sediments 

together with standard reference material (MAG-1) were analyzed using an 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) after a 

sequential pretreatment and acidic digestion (e.g., Lim et al., 2013). An accuracy 

of the analytical method was monitored by repeated measures (n = 58) of the 

standard reference material together with a batch of sediment samples. The results 

showed that relative deviations between measured and known values were generally 

less than 2% (Al2O3 = 16.14% ± 0.20, MgO = 3.01% ± 0.04), indicating 

satisfactory recoveries. The bulk and chemical fractionation data of Al2O3, Fe2O3 

and MgO contents for riverine sediments in this study are obtained from Lim et 

al. (2013, 2015b). Some outliers in the bulk compositional data of the riverine 

sediments are statistically removed. A dataset including grain size, carbon isotopic 

ratio (δ13Corg), and oxygen index (OI) of Rock-Eval pyrolysis for the deep-drilled 

core YSDP102 and 103 sediments was obtained from KIGAM (1996). 

Age model of deep-drilled core YSDP103 was constructed on the basis of 
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sedimentation rates reported by Park et al. (2000); sedimentation rates of the upper 

(0–18.2 m) and lower (18.6–32.4 m) sections of the core are 5.4 mm/yr and 2.4 

mm/yr, respectively, which are quite comparable with those of Kong et al. (2006). 

Especially, two sections of the core are separated by a thin gravelly sand layer, 

suggesting a significant time gap or hiatus between them (Park et al., 2000; Kong 

et al., 2006; Chang and Ha, 2015; Lee et al., 2015). Ages of YSDP102 sediments 

were established based on a well-constructed chronostratigraphic framework for the 

SEYSM deposition; several stratigraphic studies, together with accelerator mass 

spectrometer 14C age data, also revealed that the YSDP102 deposit was 

accumulated during 7.0–3.5 ka (e.g., Park et al., 2000; Lee et al., 2014), with a 

sedimentation rate of 14.9 mm/yr. Meanwhile, age models of two short cores 

(E619 and YS21) collected near the YSDP102 coring site were reconstructed on 

the basis of an averaged sedimentation rate (3.9 mm/yr, Park et al., 2000) 

measured by using total 210Pb activities of the cores in this area.

3. Al-Mg regression analysis for sediment fingerprinting and source apportionment 

We performed an elemental compositional analysis on all YECS sediment 

samples for more robust and accurate data acquisition and interpretation, in an 

attempt to improve sensitivity of the fingerprint method established by the 

pioneering work of Lim et al. (2006). Al2O3 and MgO contents in the YECS 

surface and core sediments ranged from 6.20% to 21.11% and 0.18% to 3.29%, 

respectively, which correspond well with variations in the mean grain-size 

distributions (Fig. 2), showing that sediment grain size is a primary factor affecting 

spatial and vertical distributions of these elements in the YECSs. 

In several studies (i.e., Lim et al., 2006, 2013, 2015a), Fe and Mg have been 

regarded as unequivocal tracers for provenance identification of the YECS 

sediments. Indeed, plots of elements versus conservative Al in our study display 
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distinctive linear regression trends, along with different slopes for both the KR and 

CR sediment sources (Fig. 3a). 

Figure 2. Bivariate plots of mean grain size, Al2O3, and MgO contents in (a–c) the 
surface sediments, and (d) the core sediments from the YECSs.
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This geochemical disparity is also obvious in the grain-size (silt and clay 

fractions) and chemically partitioned (labile and detrital fractions) elements (Figs. 

3b, c, and d), revealing that although both the KR and CR source groups have 

similar grain sizes, Fe and Mg are more enriched in the CR sediments. This 

geochemical dissimilarity between these riverine sediments might reflect inherited 

signatures of their source rocks; the bedrocks in Korea are dominated by 

Precambrian granite and gneiss and in China by complex basin rock compositions 

(i.e., Paleozoic carbonate rock, acidic metamorphic rocks, Quaternary clastic 

sediments, and loess deposits). Lim et al. (2015a) recently revealed that CR 

sediments can be of weathering products from relatively more mafic rocks (i.e., 

abundant ferromagnesian minerals and plagioclase feldspar minerals), which can be 

generally considered as granodiorite that would result in relatively high Fe, Mg, 

Ca, V, and Ni contents, and more radiogenic 143Nd/144Nd ratios. In contrast, KR 

sediments are mostly derived from silicic granites, characterized by relatively higher 

quartz and potassium feldspar contents, tend to represent lower Fe and Mg and 

higher K.

Despite the fact that the source rock origin is one of crucial factors 

controlling chemical compositions of river sediments, there are secondary important 

processes, such as silicate weathering and geo- and physico-chemical alterations in 

river sediments (Nesbitt et al., 1980 and references therein; Babechuk et al., 2014; 

Dinis et al., 2017). Nevertheless, studies on chemical index of alteration (CIA) and 

Al/Na values – within a limited range of grain size (i.e., silt or clay size 

fractions) in the detrital fraction – showed that difference in the degrees of silicate 

weathering between the KR and CR sediments is not large, except for the 

clay-dominated fraction of the Huanghe sediments with its slightly lower intensity 

(Yang et al., 2004; Lim et al., 2015a). This supports the notion that such 

compositional dissimilarity, particularly in Fe and Mg contents may be stem from 

different source rock types (Yang et al., 2003; Lim et al., 2014, 2015a), by which 
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a provenance characterization of the shelf sediments can be achieved.

Figure 3. Al-Fe-Mg discriminant plots for Korean (KRs) and Chinese river 

(CRs) sediments: (a) total contents of bulk sediments, and (b) total, (c) labile 

(1 M hydrochloric acid-leachable phase), and (d) detrital (1 M hydrochloric 

acid-insoluble phase) phases of silt-dominated (60–20 μm) and clay-dominated 

(< 20 μm) fractions. Note a distinct compositional disparity between KR and 

CR sediments in grain-size and chemically partitioned elements (excluding Fe 

contents in labile fraction); given that both the KR and CR source groups 

have similar grain sizes, Mg are more enriched in the CR sediments. Data 

are taken from Lim et al. (2015a). 
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Unlike Mg, meanwhile, the labile fractions of Fe used failed to discriminate 

between the two river sediments (Fig. 3c), possibly due to secondary addition and 

amorphous Fe-hydroxides formed in the water column, in contrast to the 

differentiation provided by the detrital fraction. This casts doubt on the reliability 

of Fe as a tracer of river sources. Thus, the Al-Mg discrimination plot produces a 

more reasonable and robust provenance discrimination of YECS sediments. The 

alkaline earth elements (Mg, Ba, and Sr) has also been proposed as a potential 

proxy of sandy-sediment provenance in the YECSs (Kim et al., 1999). 

Figure 3. c) and d) (continued)
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In the Al-Mg discrimination plot (Fig. 4), most of the surface and core 

sediment samples are scattered between the KR and CR sources, implying that 

they are a mixture of the two sources. To quantify source contributions of these 

sediments, we constructed an evaluation method using the different Al-Mg linear 

regression equations between both river source groups. The relative source 

contributions of each sample can be calculated from perpendicular distances 

between the location of a sediment sample and each of the linear regression lines 

(Fig. 4a). For this analysis, notably, the value of the (x, y) coordinate of the 

intersection point of the two regression lines was transformed to the origin (0, 0), 

as the two lines were not parallel (Fig. 4a, see Lim et al., 2006 for more details); 

additionally, the Al and Mg contents of all sediment samples were also corrected 

using the transformed origin (Fig. 4b). This correction involves the normalization 

of bulk contents to account for differences of grain size in sediment geochemistry, 

which would enable more unequivocal sediment source discrimination in the 

YECSs (Lim et al., 2006). In the unlikely event that the intersection point of two 

linear lines with different slopes is not at the origin (0, 0), for example, a simple 

calculation of the Mg/Al ratio may lead to a misinterpretation; specifically, the two 

river sediments is likely to be assigned the same source origin, with the same 

ratio value, by assuming that the best-fit linear regression line passes through the 

origin. 

The method presented here provides a reasonable and practicable estimation 

for quantifying sediment provenance apportionment. For this, a normalization of 

bulk elemental contents to various sediment textures should be applied, especially 

for continental shelf sediments with uniquely different end-member sources.
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Figure 4. (a) Al-Mg linear regression model for quantitative sediment source 
discrimination of the Korean rivers (KRs) and Chinese rivers (CRs). For 
Al-normalization, in this study, the intersection point of the two regression lines of 
KR and CR sediments is used as the origin (0, 0). (b) Origin-transformed Al-Mg 
discriminant diagram for all sediment samples from the YECSs. Note that most of the 
surface and core sediment samples are scattered between the KR and CR sources, 
implying that they are a mixture of the two river sediments.
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4. Contemporary spatial sediment source-to-sink quantification 

In this section, we examine whether the Al-Mg regression model-based 

sediment fingerprinting can provide robust constraints on source apportionments of 

sediments from the complex YECS catchment. The results over the entire YECS 

area reveal an unambiguous spatial distinction between the KR and CR attributions 

(Fig. 5). Overall, the northern East China Sea (ECS) shelf sediments, including the 

ECSDM (or Southwestern Cheju Island mud, SWCIM, Fig. 1a) are dominated by 

the CR sediments (>80% of the contribution) from the old-Huanghe delta, carried 

by the southward Yellow Sea Coastal Current (YSCC) and the Changjiang 

Freshwater Plume (CFP), and finally being trapped within a cyclonic upwelling 

gyre (Hu and Li, 1993; Xiang et al., 2006; Youn and Kim, 2011; Dou et al., 

2015 and references therein). Of particular note is an abrupt decline in the CR 

contributions around 124°E (Figs. 5 and 6), indicating that the CR sediments do 

not reach the eastern part of the Yellow Sea blocked by this boundary, despite its 

massive supply (>10% of the world’s fluvial sediment discharge, Hay, 1998).

A closer look on the aforementioned boundary shows a narrow zone (124–

125°E) along the ~70-m depth contour of the Yellow Sea trough. This zone is 

characterized by an admixture of the KR and CR sources; the two sources appear 

to show a sudden drag as they pass across their ~60% contribution zone (Fig. 5). 

This notion gains support from an abrupt decrease in sediment accumulation rates 

from > 5 mm/yr to < 1 mm/yr (Lim et al., 2007; Qiao et al., 2017), which 

roughly overlaps with the center of the Yellow Sea Cold Water Mass (YSCWM, < 

10°C, Yang et al., 2014a; Zhu et al., 2018), the deepest part of the Yellow Sea 

(Fig. 1a). One possible but still speculative explanation for this mixing zone could 

be overall stable condition of the YSCWM, which would prevent direct dispersal 

of the CR-sourced suspended matters from the coastal zone to the eastern Yellow 

Sea, thus acting as a ‘‘barrier’’ (e.g., Naimie et al., 2001; Wang et al., 2014; Li et 

al., 2019); the YSCWM developed in this area, together with a cyclonic eddy, is 
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of primary importance as it traps finer particles, resulting in the CYSM deposition. 

Figure 5. Spatio-temporal variations in quantitative source apportionments of the CR 
sediments in the YECSs. Note the abrupt decline in the CR contribution at around 
124°E, which indicates a boundary of the CR sediments transportations to the 
eastern part of the Yellow Sea. Numbers represent the sediment cores.
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That is, the YSCWM has a unique role to trap suspended sediment under the 

thermocline due to weakening tidal current and residual current there (Li et al., 

2016a, Li et al., 2019). Additionally, a strong tidal front along the southwestern 

Korean coasts (Fig. 1a) would also restrict the KR-sourced (i.e., Geum and 

Youngsan rivers) sediments to be dispersed to the western Yellow Sea by 

surpassing the mixing zone (Lie, 1989; Lee and Chu, 2001; Ren et al., 2014). 

Given that the YSCC has a primary control over the CR sediment distributions 

over the YECS regime, this boundary, with two opposite water currents (the 

southward YSCC and the northward Yellow Sea Warm Current, YSWC), represents 

the weakest tidal-current and cyclonic eddy zone in the YSCWM (Shi et al., 2003; 

Hickox et al., 2000; Dong et al., 2011; Wang et al., 2014 and references therein). 

It is here that the CYSM deposit, with diverse sediment sources (Huanghe, 

Changjiang, and other small rivers, Zhao et al., 1990, 1997; Shi et al., 2003; Wei 

et al., 2003; Li et al., 2014b; Wang et al., 2014), can be developed. Another issue 

is the CR sediment supplies and contributions to the Korean coastal mud deposits, 

which has been an ongoing debate until recently (e.g., Lim et al., 2007, 2015b). In 

this regard, the predomination of the CR source in the Southeastern Yellow Sea 

Mud (SEYSM) deposit along the southwestern Korean coasts, with its sharp 

contrast to the adjacent region, is noteworthy (Fig. 5). Our estimates clearly depict 

a considerable supply of the CR sediments (~50%) to the southwestern Korean 

coastal region. This gains further support from the sediment cores of major mud 

depocenters in the Yellow Sea and Korean coastal regions; the CR contribution of 

the SEYSM core sediments was lower than that of the CYSM and ECSDM cores 

but was much higher than that of the Korean coastal cores (Fig. 5).

 On the basis of total volume (1.03 × 1011 m3, Lee et al., 2015) and dry 

bulk density (0.7–1.2 g/cm3; mean: 1.0 g/cm3, Lee, 2015) of the SEYSM 

sediments, the total amount of sediments accumulated in the deposit over the last 

7 kyrs (Lim et al., 2007) is estimated to be approximately 1.47 × 107 ton/yr. 



- 20 -

Figure 6. Cross-sectional distributions of the CR source contribution in the 
middle (cross-section1) and southern part (cross-section 2) of the Yellow Sea, 
and the northern East China Sea (cross-section 3). 

However, given that sediment supply from the Geum and Yeonsgsan rivers of 

the Korea to the SEYSM deposit is a maximal rate of 1.22 × 107 ton/yr if at 

least half of the riverine materials escape from the estuary and coastal zone (Lim 

et al., 2007) the actual sediment contribution of these rivers to the SEYSM would 

be only approximately 6 × 106 ton/yr, which cannot account for the entire deposit. 

This means that additional sediment supplies to the SEYSM deposit another half of 

the total budget (~8.7 × 106 ton/yr) needs to be further explained. Notably, the 

additional sediment supply can be drawn from quantitative estimates of the CR 

sediment contribution to the Korean coastal mud deposit; the CR sediment 

contribution to the SEYSM is estimated to be ~50% on average (Fig. 5, ~7.4 × 

106 ton/yr), which, in fact, compensates for the gap in the total sediment budget. 

Also, it has been suggested that fine-grained sediments from the old-Huanghe delta 

and/or the Changjiang are delivered to the northern ECS; at a later time, some of 

these sediments were reworked and transported to the inner shelf of Korea by the 

YSWC (Lim et al., 2007; Dou et al., 2015). Indeed, this notion is evidenced by 
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the tongue-shaped distribution (Fig. 5), in which the CR sediment accumulation 

decreases gradually from the southern (~60%) to the northern part (~30%) of the 

deposit. Considering all of the above, our results account for a good balance 

between the sediment supply and budget of the SEYSM deposit, which has been a 

subject of debate in studies of the Yellow Sea depositional system since the 

mid-2000s. 

5. Oceanographic-climatic forcings on the Holocene sediment source variations

Holocene sedimentation in the YECSs is epitomized by peculiar shelf muddy 

deposits (i.e., CYSM, SEYSM, and ECSDM, Fig. 1b), which are strongly 

connected to regional ocean circulation dynamics, including the Kuroshio (e.g., 

Dong et al., 2011; Hu et al., 2014; Gao et al., 2015; Zeng et al., 2015; Li et al., 

2016a, b) and East Asian monsoon system (e.g., Wang et al., 2006; Wang and 

Yang, 2013; Kim and Lim, 2014; Li et al., 2014a; Lim et al., 2015a; Wang et al., 

2019). In particular, the multi-sourced SEYSM deposit represents an essential 

sedimentary archive for temporal dynamics of the overall sediment delivery system, 

including a sediment source-to-sink flux in the YECSs in relation to the land–

ocean–climate interactions during the Holocene. In this context, we quantitatively 

reconstructed sediment source variations of the SEYSM deposit over the last 15 

kyr on the basis of our improved Al-Mg regression analysis (Fig. 7). To facilitate 

our interpretation along these lines, we also compared our results with the 

carbonate mineral proxy record of Hu et al. (2014) i.e., Huanghe-sourced calcite 

and Changjiang-sourced dolomite source variations in the ECSDM deposit of the 

northern ECS (Fig. 7). 
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Figure 7. Downcore variations of mean grain size, carbon isotopic ratio (δ13Corg), 
oxygen index (OI), and quantitative contribution of the CRs in the SEYSM deposit 
during the last 15 kyr and comparison with records of calcite-dolomite contents (Hu 
et al., 2014) in the ECSDM deposit. The four cores from the SEYSM were 
combined into one continuous record based on a composite chronology. 

Overall, our result depicts a clear sedimentation trend over the course of the 

Holocene, marked by a large increase in the CR contribution since ~7 ka, with a 

sudden decline at ~3–4 ka, which seems to parallel other geochemical compositions 

(δ13Corg, and OI) of the SEYSM deposit, as well as carbonate mineral components 

of the ECSDM deposit (Fig. 7). It is intriguing to note that the SEYSM deposit 

was filled mainly with the KR-sourced sediments (~80% of contribution) before ~7 

ka; thus, terrigenous matter supplies from adjacent Korean rivers would have 

predominantly contributed to the deposit during this period. Also, low δ13Corg (< −

24‰), and high OI (> 400 mgCO2/g TOC) values indicate that this deposit with 

rich terrestrial organic matters was formed under a freshwater-dominated 

depositional environment (Stein, 1991; Ruttenberg and Goni, 1997; Kong et al., 

2006). Additionally, a gradual increase in δ13Corg implies a diminutive supply of 

terrestrial organic materials resulting from hydrological changes, such as a retreat 

of rivers led by the postglacial sea-level rise and flooding of the shallow shelf. It 
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is interesting to note that the complete absence of carbonate minerals in the 

ECSDM deposit is likely to reflect no supply of the CR sediments to the northern 

ECS shelf during the time period in question (Fig. 7). Considering modern 

sediment transport dynamics, as discussed above, the absence of carbonate is 

probably a result of combined effects a lack of transport media (no YSWC and 

YSCC) in the YECSs and distally located river mouths that would have been 

positioned significantly closer to the present day's outer shelf. This conclusion is 

supported by previous studies demonstrating that the YECS deposit formed during 

the Holocene transgression period consisted of terrigenous sediments from adjacent 

rivers and/or reworked and resuspended sediments of exposed shelf deposits (e.g., 

Saito et al., 1998; Yoo et al., 2002; Uehara and Saito, 2003; Yang and Youn, 

2007; Hu et al., 2014; Dou et al., 2015). 

A sudden and very distinct increase in the CR source contribution since ~7 

ka may be induced by an intrusion of the YSWC to the study area, resulting in a 

significant CR sediment supply to the Korean coastal zone. This assumption can 

also be drawn from the large increase in δ13Corg values that suggests increased 

marine planktonic organisms owing to more open-marine conditions (Fig. 7). In the 

ECSDM core, simultaneously, a prominent increase in the carbonate mineral 

contents implies a massive input of both Huanghe and Changjiang sediments to the 

northern ECS shelf and even Korean coastal zones, which is in line with the idea 

of YSWC intrusion under a fully developed oceanic environment by that time. 

What also becomes apparent is that this event corresponds to the time point 

initiating a delivery of fine-grained Changjiang sediments to the northern ECS by 

the southwestward YSCC in winter and/or the northeastward Changjiang Diluted 

Water (CDW) in summer (Yang et al., 1992; Zhang, 1999; Lie et al., 2003; Liu et 

al., 2007; Yuan et al., 2008; Zhang et al., 2019) as well as a transport of the 

old-Huanghe deltaic sediments to the northeastern ECS by the YSCC, resulting in 

the ECSDM formation. This justifies the previous notion that the paleo-Huanghe 
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flowed through the North Jiangsu Plain, by which the sediment loads were carried 

and eventually delivered to the ECSDM by the southeastward YSCC (Yang et al., 

2003; Hu et al., 2014; Lim et al., 2015a). Further, since ~7 ka, the Changjiang 

sediments were delivered to the ECSDM by the southeastward YSCC in winter 

and/or the northeastward CDW in summer (Milliman et al., 1985, 1986; Yang et 

al., 1992; Naimie et al., 2001; Lie et al., 2003; Yuan et al., 2008; Moon et al., 

2009). As expected, the marked shift in the sediment source that began at ~7 ka 

provides a clear evidence of how the modern coastal-shelf sediment delivery 

system had stabilized by that time.

The tentative link between the sediment source variation and the YSWC 

inflow is also evident in an abrupt weakening of the CR contribution to the mud 

patches during a short time interval in the late Holocene (ca. ~4–3 ka, Fig. 7). As 

suggested earlier, the diminished CR sediment deposition during this period is 

likely to be resulted from a weakening of the YSWC and YSCC inflow and thus, 

deteriorated particle transportation ability of the currents carrying the CR source 

materials from the northern ECS to the YECSs. A remarkable decrease in δ13Corg, 

and increase in OI (Fig. 7), which indicates a significantly increased freshwater 

discharge under deteriorated oceanic condition, provides additional evidence to 

support this claim. These prospects further justify the late Holocene neoglacial cold 

event (i.e., the Pulleniatina minimum event, ~5–3 ka) documented in the 

northwestern Pacific marginal seas (e.g., the ECS and Okinawa Trough, Kim and 

Lim, 2014 and references therein; Lim et al., 2017; Xu et al., 2019), led by the 

suppression of the Kuroshio system (Jian et al., 2000; Xiang et al., 2007). 

From a climatic point of view, there are several terrestrial aspects that may 

have exerted a crucial role in destabilizing the sediment source variations for this 

particular time interval. A recent study confirms that this abrupt cold episode (i.e., 

a 3–4°C drop in sea surface temperature) was considerably affected by a global 

climatic transition called the “4.2-ka event”, which also have transformed the East 
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Asian monsoon hydrological regime (Kajita et al., 2018; Park et al., 2019). During 

this interval, high eolian dust flux into the YECSs shows another climatic 

response, such as an intensification of East Asia winter monsoon (Lim et al., 

2005; Lim and Matsumoto, 2008). We speculate that this cold episode was severe 

enough to damage the oceanic circulation system (especially the Kuroshio Current), 

leading to a plausible explanation for the abrupt interruption of the CR sediment 

supply to the YECSs. Indeed, the short waning stage of the CR sediment input to 

the YECSs is coeval in time with a terrestrial cooling-dry episode in northern 

China, as well as a weakened Kuroshio influence and an intensified winter 

monsoon; thus, this finding emphasizes the significance of oceanic-atmospheric 

interactions in determining moisture and heat distributions over both oceanic and 

terrestrial domains (Kim and Lim, 2014; Huang et al., 2016; Kajita et al., 2018; 

Xu et al., 2019). Another issue is that, similar to that of the sea level lowstand, 

the sudden decrease in the CR sediment supplies to the northern ECS appears to 

be caused by a suppression of the northward YSWC during this time period. The 

overall synchronicity between these sediment source variations and oceanic 

circulation changes in the northwestern Pacific (including the YECSs) during the 

mid-to-late Holocene is very obvious and apparently depicts a global climate 

signal, not just solely regional climatic processes.

After this short cold event, a marked change in the CR sediment contribution 

and organic geochemical records increased δ13Corg (> −23‰), and decreased OI 

(200–400 mg CO2/g TOC) may primarily reflect a re-development of the oceanic 

environment, indicating a restoration of the YSWC inflow. Interestingly, despite the 

overall good comparability between the Changjiang and Huanghe source 

contributions into the ECSDM, there were some significant differences after the 

late Holocene cold event (Fig. 7); whereas the Changjiang sediments were 

resupplied to the northern ECS continuously (~3 ka), the Huanghe source curve 

remained rather muted until ~1 ka. The disappearance of the Huanghe sediments 
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during the time interval (~3–1 ka) may be related to a massive drainage 

transformation in China (i.e., shifting of the Huanghe course towards the Bohai 

Sea) and resultant climatic and anthropogenic changes around the river basin (Hu 

et al., 2014 and references therein), which would have restricted the Huanghe 

source inputs to the YECSs (Li et al., 2014b; Yang and Liu, 2007; Bian et al., 

2010; Hu et al., 2011). Meanwhile, the later period (after ~1 ka) is an interesting 

case; the maximal CR source contribution to the SEYSM and ECSDM deposits 

with a sudden increase in the Huanghe sediment supply (Fig. 7) is synchronous 

with intense human interventions around the Changjiang and Huanghe basins. These 

interventions profoundly increased the sediment load after ~2 ka, from ~240 to 

~480 Mt/yr in Changjiang and from 500 to ~1,200 Mt/yr in Huanghe (Milliman et 

al., 1987; Ren and Zhu, 1994; Hori et al., 2001; Wang et al., 2007, 2011). The 

sharply increased sediment supply from the two rivers since ~1 ka would have 

further facilitated fine-grained sediment transport to the YECSs. This assumption 

gains further support from a recent finding that offshore erosion in the 

paleo-Huanghe delta produces more than 790 Mt/yr of sediments, and almost half 

of the sediment load is transported southeastward to south of Cheju Island in the 

northern ECS (Zhou et al., 2014). Considering all of the above, implementation of 

our Mg/Al regression model to the two sedimentary archives (SEYSM and 

ECSDM deposits) successfully produces a reasonable paleoenvironmental 

interpretation on the compiled marine-terrestrial data around the northwestern 

Pacific margin, and hence beholds its pivotal role in studies of provenance 

reconstructions globally.

6. Conclusions

In this study, we analyzed the Al and Mg contents of 399 surface sediments 

from the coastal and shelf zones of the YECSs and 14 sediment cores (n = 310 

subsamples) from the several mud patches to illustrate spatiotemporal variations of 
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the sediment sources and elucidate their major controlling mechanisms. Notably, the 

correlation of Mg with Al displays different linear regression trends for KR and 

CR sediment groups, enabling the source areas to be differentiated more clearly in 

the YECSs. For quantifying the sediment sources, we improved Al-Mg regression 

analysis by correcting and re-calculating these two linear regression lines. This 

approach involves the effective normalization of bulk contents to account for 

differences of grain size in sediment geochemistry, which would enable more 

unequivocal sediment source discrimination in the YECSs. The results successfully 

described spatiotemporal variations in quantitative source apportionments, yielding a 

broader understanding of source-to-sink dynamics, especially on the CYSM and 

SEYSM deposits. Spatial distribution, particularly a sudden decrease of CR 

contribution around 124°E, may be controlled by a unique of role YSCWM, 

coupled with the bathymetry, YSWC, and a strong tidal front. Quantitative 

estimates revealed that the proportion of CR sediments ranged from 30 to 40% in 

the SEYSM and that of KR sediments is up to 50%. In terms of its application to 

historic sedimentary deposits of the YECS sediments over the last 15 kyr, our 

fingerprint-inferred provenance changes depict a clear sedimentation trend over the 

course of the Holocene, marked by a large increase in the CR contribution since 

~7 ka, with a sudden decline at ~3–4 ka, which seems to parallel other 

geochemical compositions (δ13Corg, and OI) of the SEYSM deposit, as well as 

carbonate mineral components of the ECSDM deposit. Subsequently, the strong 

spatiotemporal coherence in the YECS sediment source quantifications validates our 

approach, which may potentially benefit more robust constraints on sediment 

source-to-sink studies in a variety of contexts and application.



Chapter 3

REE fractionation and sediment 
source quantification
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1. Research background

As gateways to the open ocean and sensitive filters for terrigenous matter 

inputs dispersing into marginal seas, continental margins bear strong imprints of 

complex land–ocean processes. Therefore, investigating sediment delivery from the 

source terrain to the ultimate sink may elucidate not only the overall fluvial 

sediment dispersal systems but also the mechanisms responsible for transferring 

environmental variabilities due to climatic and anthropogenic forcings, particularly 

in shelves with multiple sediment sources. The Yellow Sea, which has the world’s 

highest sediment loads (~10% of the world’s fluvial sediment discharge, Milliman 

and Meade, 1983), has been noted as an ideal benchmark region for this purpose, 

with its multiple riverine sediment sources and complex interconnectivity of 

coastal-shelf current systems. In particular, the unique shelf-mud deposit patches of 

the Holocene depositional systems in the river-dominated Yellow Sea shelf (Fig. 1) 

have received considerable attention because they are active sedimentary 

depocenters that link sediment sources, transports, and sinks; thus they can 

elucidate the river sediment dispersal patterns and the depositional systems of the 

entire Yellow Sea (Lee and Chough, 1989; Alexander et al., 1991; Lim et al., 

2007; Gao and Collins, 2014; Wang et al., 2014; Zhou et al., 2015; Qiao et al., 

2017; Lee et al., 2020 and references therein). However, the sediment 

source-to-sink systems of these shelf-mud deposits are still not well understood. 

For example, the dispersal limit and quantitative contribution of river sediments in 

the distal mud deposit of the central Yellow Sea (CYSM) and the coastal mud 

belt of the southeastern Yellow Sea (SEYSM or Huksan mud belt) remain highly 

controversial (e.g., Park et al., 2000; Lim et al., 2007, 2015a; Lee, 2015; Koo et 

al., 2018; Lee et al., 2020). This may stem from the lack of a reliable source 

discrimination model that can quantify contributions of riverine sediments in the 

Yellow Sea, which would provide significant insights into the complex interactions 

among single or multiple fluvial sources and hydrodynamic processes. 
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Efforts over past decades have focused on the development of mineralogical 

and geochemical proxies to identify the source of sediments in the Yellow Sea 

(e.g., Lee et al., 1992; Cho et al., 1999; Park and Khim, 1992; Yang et al., 2003a 

and reference therein; Lim et al., 2006, 2015a), but these studies may be 

inappropriate and result in completely different conclusions regarding source 

identification. Yang et al. (2003a) concluded that most previous suggestions and 

proxies of sediment provenance in the Yellow Sea are not coincident and/or are 

sometimes even contradictory. This may be due to the grain-size and compositional 

fractionation effects on elemental concentrations of bulk sediments (Lim et al., 

2006, 2015a; Jung et al., 2014, 2016a, 2016b). Although rare earth elements 

(REEs) are trustworthy tracers for sediment source studies because of their highly 

conservative behavior during Earth surface processes (e.g., McLennan, 1989; 

Sholkovitz, 1990; Singh and Rajamani, 2001; Prego et al., 2009), their 

concentrations are also vulnerable to grain size effects (GSEs) and change during 

transport processes (Yang et al., 2003b; Feng et al., 2011; Zhang et al., 2012; Lim 

et al., 2014; Jung et al., 2016b). To ameliorate this deficiency and discriminate 

clearly between Chinese (CRs) and Korean river (KRs) sediments in the Yellow 

Sea sediments, a REE proxy based on the grain size and/or chemical partitioning 

analyses of riverine sediments was recently suggested (Song and Choi, 2009; Lim 

et al., 2014). However, the fractionation characteristics of REEs both in different 

grain size fractions and chemical species of bulk sediments in the Yellow Sea are 

not understood adequately to quantify the proportional contributions of source 

sediments in the Yellow Sea mud deposits. 

To better constrain geochemical links of mud deposits to source rocks and 

provide more robust insights on their origins, we analyzed REE concentrations both 

in granulometrically and chemically partitioned fractions of the bulk sediments from 

CRs and KRs and two shelf-mud deposits (CYSM and SEYSM). REE fractionation 

patterns with respect to grain size fractionation and chemical speciation were 
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considered and mathematically formulated to develop a noble REE-source model 

applicable to the Yellow Sea mud deposits. This new model including grain size 

compensation may elucidate the source-to-sink system of shelf-mud deposits in the 

Yellow Sea affected by multiple sources (i.e., KRs and CRs) and complex current 

systems.

Figure 1. Map of the study area including the sediment sampling 
areas (shaded) in Chinese (Huanghe and Changjiang) and Korean 
(Geum and Yeongsan Rivers) rivers and sampling sites (x marks) in 
the shelf-mud patches (CYSM: Central Yellow Sea Mud, SEYSM: 
Southeastern Yellow Sea Mud). 
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2. Materials and analytical methods

A total of 47 surface sediments were collected from the mouths of KRs 

(Geum and Youngsan Rivers) and CRs (Huanghe and Changjiang) and two shelf- 

mud deposits (CYSM and SEYSM) (Fig. 1). All sediments were granulometrically 

and chemically partitioned to constrain the REE concentrations. The sediments were 

first fractionated into two subpopulations (silt population of 20–60 µm and clay 

population of <20 µm) using the classic sieving technique and then dried and 

powdered in an agate mortar. To measure total concentrations of REEs, ~0.2 g 

each grain size population was weighed, placed into a graphite crucible, and 

blended with 1.0 g lithium metaborate (LiBO2). Then the combined powders were 

fused at 900 °C for 20 min, and the resultant cake was cooled and dissolved in 

200 mL cold 5% nitric acid (HNO3). Each solution was analyzed for REE 

concentrations using inductively coupled plasma mass spectrometry (ICP-MS) at the 

University of London. The validity of the analytical procedure was evaluated for 

accuracy and precision using the reference sample MAG-1 (n = 12). The accuracy 

and precision for most elements were generally ≤10%, indicating satisfactory 

recoveries.

The powdered samples (~0.2 g) were leached with 20 mL 1 N hydrochloric 

acid (HCl) for 24 h at room temperature (Yang et al., 2004; Song and Choi, 

2009) and then the supernatants (solutions) after centrifugation were analyzed for 

acid leachable concentrations of REEs using ICP-MS at the Korea Basic Science 

Institute (KBSI) in Daejeon, Korea. Analytical uncertainty based on the reference 

sample MAG-1 (n = 10) was ≤10% for the leachable concentrations, similar to 

that in the total REE concentration analyses. The REE concentration of the residual 

fraction was defined as the difference between the total and HCl-leached fraction. 

The leached fraction is expected to contain adsorbed parts, amorphous Fe–Mn 

oxides, carbonate minerals, crystalline iron oxides, authigenic and detrital apatite, 

and some weathered detrital/clay components (Cronan and Hodkinson, 1997; 
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Mascarenhas-Pereira and Nath, 2010; Su et al., 2017). Regarding aluminum (Al), 

the partial dissolved amounts of detrital aluminosilicate (mainly chlorite) materials 

in the 1 N HCl-leached fraction were ≤10% (Lim et al., 2014). The residual 

fraction contained mainly resistant silicates, aluminosilicates, and heavy minerals 

that were insoluble in 1 N HCl solution, along with some heavy minerals. 

3. Fractionation distribution characteristics of REE partitioning

The analytical results of the grain size (silt and clay populations) and chemical 

(HCl-leached and residual fractions) partitioning experiments for the riverine and 

shelf sediments from the Yellow Sea are summarized in Table 1. The average 

relative percentages of the acid-leached fraction in the clay population were 54%, 

47%, 43%, and 47% in KRs, CRs, SEYSM, and CYSM, respectively; the 

percentages for most REEs range from 40% to 60% in all sediment groups, except 

for Gd (60–70%) and Yb and Lu (30–40%). In the silt population, the average 

percentages were 35%, 28%, 27%, and 24% in KRs, CRs, SEYSM, and CYSM, 

respectively; the percentages ranged from 25% to 40%, except for Gd (35–45%) 

and Yb and Lu (15–20%). Acid-leachable REEs were slightly more abundant in 

KR sediments and in the clay population.

Fractionation characteristics of the upper continental crust (UCC)-normalized 

REE (REEUCC) distribution pattern in riverine sediments have been discussed as a 

potential proxy for sediment source discrimination in the Yellow Sea (Jung et al., 

2006, 2012, 2016b; Song and Choi, 2009; Xu et al., 2009; Lim et al., 2013, 2014; 

Um et al., 2015). For example, in the REEUCC fractionation distribution of bulk 

sediments, light-REEs (La to Nd) are more abundant than heavy-REEs (Ho to Lu) 

in KR sediments; therefore, the REE distribution pattern of KR sediments shows a 

decreasing trend from light- to heavy-REEs. However, middle-REEs (Sm to Dy) 

are more highly concentrated than light- and heavy-REEs in CR sediments, 

resulting in a convex shape in the fractionation distribution pattern. 
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Table 1. Descriptive statistics (average, standard deviation and range) of 
REE concentrations (µg/g) for the granulometrically and chemically 
partitioned riverine and shelf sediments of the Yellow Sea. CRs: Chinese 
rivers, KRs: Korean rivers, CYSM: Central Yellow Sea Mud, SEYSM: 
Southeastern Yellow Sea Mud.
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The different distribution patterns between CR and KR sediments are 

well-known qualitative REEUCC fractionation characteristics (Xu et al., 2009; Jung 

et al., 2012; Lim et al., 2014 and references therein). Thus, systematic variation in 

the REE fractionation parameters including (light-REE/heavy-REE)UCC ratio, and 

(La/Yb)UCC–(Gd/Yb)UCC, (La/Lu)UCC–(La/Y)UCC, and (La/Y)UCC–(Gd/Lu)UCC relations 

have been considered with the greatest discriminatory power (Yang et al., 2002, 

2003b; Jung et al., 2006, Xu et al., 2009; Lim et al., 2013; Um et al., 2015). 

However, these simple ratios between REEs have not been examined critically, 

particularly regarding the GSEs, which cannot represent an entire fractionation 

distribution pattern of all REEs. This has frequently resulted in inadequate 

interpretations of the sources, particularly for the bulk sediments (Lim et al., 2014; 

Jung et al., 2016b). 

To better compare the REE fractionation characteristics of riverine sediments 

under free-GSE conditions, Jung et al. (2016b) proposed the use of a standardized 

REE value ([(REEUCC)STD]). The value is standardized by re-drawing the 

fractionation distribution after dividing the UCC-normalized values of each REE by 

an average value of the UCC-normalized ratios of REEs (Eq. 1). Thus, the total 

sum of the (REEUCC)STD value (hereafter “SREEs”) for 12 REEs should be 12:


  

 





 
  





 



   

 

Ci(or j): UCC-normalized concentration ratio of REE (i or j); n = 12 (number of i (or j))

Following this correction, REE concentrations are first standardized for all sediment 

samples, and fractionation patterns of SREE values are characterized to better 

define the difference between the distribution patterns of the CR and KR sediments 

and the SEYSM and CYSM deposits (Fig. 2). 
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Figure 2. Fractionation distributions of average SREE (standardized REE value, 
[(REEUCC)STD]) values for the clay (a) and silt (b) populations of riverine and 
shelf mud sediments. Note that KRs sediments are relatively enriched in 
light-SREEs but depleted in heavy-SREEs compared to CRs sediments, 
particularly in the leached fractions of grain size populations. CRs: Chinese 
rivers, KRs: Korean rivers, CYSM: Central Yellow Sea Mud, SEYSM: 
Southeastern Yellow Sea Mud.
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In the clay (< 20 µm) and silt (20–60 µm) populations of all riverine and 

shelf sediments, the overall SREE values in the acid-leached fraction exhibited a 

remarkably high enrichment of middle-REEs and a strong depletion of heavy-REEs, 

with intermediate light-REEs (Fig. 2). This qualitative REEUCC fractionation 

distribution is well known in riverine sediments around the Yellow Sea (Xu et al., 

2009; Lim et al., 2013, 2014; Jung et al., 2016b). Such a pronounced middle-REE 

enrichment signature in the leached fraction of CR and KR sediments may be 

linked to Fe-oxide minerals (e.g., Fe oxyhydroxide, ferrihydrite, lepidocrocite, and 

goethite), with minor apatite and carbonate fractions (Palmer, 1895; Yang et al., 

2002; Song and Choi, 2009; Zhang and Gao, 2015). In the Yellow Sea shelf mud 

sediments, the middle-REE enrichment reflects the inherent properties of riverine 

sources, and may be due to the complex ability of REEs with several kinds of 

carboxylic acids which roughly follow convex shapes (Wang et al., 1994; Zhang et 

al., 1998). In addition, the light-SREE values in the leached fractions of the silt 

and clay populations varied systematically between the sediment groups of this 

study; the values were highest in the KR sediments, followed by SEYSM, CYSM, 

and CR sediments (Fig. 2). Relatively high concentrations of leached light-REEs in 

KR sediments are most likely related to clay minerals (particularly chlorite) (Song 

and Choi, 2009).

 In the residual fraction of the clay population, fractionation distribution 

patterns of the SREEs were characterized by slight enrichment of light- and 

middle-REEs (La to Dy), except for Gd with the lowest value, and Yb and Lu 

wiht the highest values (Fig. 2). The light- and middle-SREE enrichments in the 

residual fractions were much higher in the KR sediments than in the CR 

sediments, which may be due to the difference in bulk mineralogical compositions 

of source rocks of the KR (mostly granites) and CR sediments (mostly 

granodiolitic composition with abundant mafic minerals) (Jung et al., 2012; Lim et 

al., 2014, 2015a). In the silt population, meanwhile, the distribution of the residual 
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SREEs did not show any noticeable pattern (Fig. 2). Except for Lu in the CR 

sediments, the SREE values were in the range between 0.8–1.2 without any 

systematic distribution pattern, such as light- and middle-REE enrichment. This 

may have been due to the enrichments of light- and/or heavy-REEs of refractory 

heavy minerals, which are abundant in the residual fraction of the silt population 

(Yang et al., 2002; Jung et al., 2012, 2016b; Lim et al., 2014). Heavy mineral 

contents in the shelf sediments can be constrained by mineralogical sorting 

associated with hydrodynamic conditions during transport and depositional processes 

(Lee et al., 1988; Wang et al., 2010; Li et al., 2017), suggesting that REE 

concentrations of the residual fractions should be used with caution as a sediment 

proxy.

In the total fraction of both the silt and clay populations, general SREE 

fractionation distribution patterns were similar to (although flatter than) those of the 

leached fraction (Fig. 2). The distribution patterns were relatively high in 

middle-REEs, followed by light- and heavy-REEs, although the magnitudes were 

relatively low compared to those of the leached fractions. This was due to dilution 

caused by the significant amount of the leached fraction (Table 1).

4. New source discrimination model using REE fractionation distribution

The middle-SREE enrichment and heavy-SREE depletion were notable features 

in the fractionation distribution, particularly in the leached fractions in all grain 

size populations (Fig. 2). In addition, the values of light-SREEs in the leached and 

total fractions varied widely among the sediment groups; KR sediments were the 

highest, followed by SEYSM, CYSM, and CR sediments. To better recognize such 

differences between sediment groups, the SREE values were normalized with the 

average SREE value of the CR sediments. Interestingly, the CR-normalized SREE 

(hereafter “SREECR-n”) values in all grain size and chemical partitions decreased 

linearly with atomic number from La to Lu (r2 > 0.8; Fig. 3). 
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Figure 3. Fractionation distribution patterns of CR-normalized SREEs (SREECR-n, 
[SREE/SREECR]) values for the clay (a) and silt (b) populations of KRs and 
shelf mud sediments. Note that the linear regression line (i.e., the slope value) 
of each sediment group in the SREECR-n distribution patterns indicates similarity 
to CR sediments in REE compositional properties. Interestingly, the slopes show 
strong correlation (r2 ≧ 0.8) and are most clearly distinguished in the leached 
fractions. CRs: Chinese rivers, KRs: Korean rivers, CYSM: Central Yellow Sea 
Mud, SEYSM: Southeastern Yellow Sea Mud.
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In addition, the slopes of the linearly decreasing trends differed largely in 

each sediment group; the slope was steepest in KR sediments, followed by those 

of SEYSM and then CYSM, with a significant prominence in the leached clay 

fraction. Thus, the difference in SREECR-n fractionation distribution patterns between 

the sediment groups can be numerically represented as the slope of the linear 

regression. This reflects the intensity of light-REE enrichment and heavy-REE 

depletion; that is, the slope value of the regression line indicates the similarity to 

CR sediments in terms of REE compositional properties. The results clearly 

showed that the value of the slope decreased in order of CR, CYSM, SEYSM, 

and KR sediment groups, although they were somewhat scattered with wide error 

ranges, particularly in the silt fraction (Figs. 3 and 4). KR sediments, one of the 

major source end-members in the Yellow Sea, had the highest slope value, 

suggesting that their REE compositions (particularly light- and heavy-REEs) differ 

significantly from those of CR sediments. Several studies have shown that the 

difference in REE composition between KR and CR sediments is closely linked to 

the parent rocks (Lim et al., 2014, 2015b). The pronounced enrichment of 

light-REEs and depletion of heavy-REEs in KR sediments is attributed to their 

greater felsic compositions with more abundant silicate contents compared to CR 

sediments or the UCC of granodiorite compositions with relatively more abundant 

mafic minerals (e.g., plagioclase and biotite mica). In general, more silicic rocks 

contain higher light-REE/heavy-REE ratios because the concentration of light-REEs 

in felsic rocks tends to increase relative to the heavy-REE concentration (e.g., 

Cullers and Graf, 1983; Nyakairu and Koeberl, 2001; Sanematsu et al., 2009). As 

a result, the slope value for SREECR-n fractionation distribution pattern may be a 

more effective proxy for distinguishing KR sediments from CR sediments in the 

Yellow Sea. 

Meanwhile, the slope values for CYSM and SEYSM sediments in the 

SREECR-n fractionation distribution fell between those of CR and KR sediments, 
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although the slope of SEYSM was steeper than that of CYSM, which had a nearly 

flat distribution pattern (Fig. 4). This suggests that these shelf-mud deposits are 

mixtures of these riverine sediments. The quantitative mixing ratios (k) were 

estimated based on the difference in slopes (s) of SREECR-n between CR and 

CYSM (or SEYSM), and the slope difference (t) between CR and KR (Fig. 4):

K = 100 × (s/t)

All relative mixing ratios of CR and KR sediments in the CYSM and 

SEYSM deposits are suggested in Table 2. The CYSM deposit was composed of 

55–80% of the CR source in all fractions, whereas SEYSM, which developed 

along the southwestern coastal zone of Korea, was 10–40% of the CR source. The 

CR contribution to CYSM was lower in the total fractions (55% in both the silt 

and clay populations) than in the leached fraction (80% and 65% in silt and clay 

populations, respectively), probably because of the small difference in distribution 

patterns of the residual fraction (Fig. 4). In the leached fraction, notably, CR 

contributions to CYSM were higher in the silt fraction (80%) than in the clay 

(65%), but the contributions to SEYSM were slightly higher in the clay (40%) 

than the silt fraction (30%). The 40% CR contribution to SEYSM, estimated from 

the leached clay fraction, likely represents an upper bound, possibly due to 

inclusion of coarse-grained silts and sands from the nearby KRs. Likewise, the 

35% KR contribution to CYSM, estimated from the leached clay fraction, can also 

be considered an upper bound, due to greater inclusion of coarse grains from the 

nearby CRs and/or Chinese coasts. This result provides tentative support for a link 

between the formation of CYSM deposit and KR sediments, and further reaffirms 

the previous studies that KR sediments can be dispersed to the central Yellow Sea 

as well as the Chinese coast (e.g., Jiangsu coast) (Zhao et al., 1990; Wei et al., 

2003; Wang et al., 2014, Lim et al., 2015b; Li et al., 2017). 

The total fraction contributed by CRs (or KRs) to CYSM and SEYSM may 

be underestimated because of the inclusion of the residual fraction (Table 2). The 
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contribution from CRs to CYSM was approximately 55% in both the silt and clay 

populations, which is 10–25% lower than the leached fractions. In SEYSM deposit, 

CR contributions were 40% and 10% in total fractions of the clay and silt 

populations, respectively, which were similar to the value for leached clay, but 

20% lower than those for leached silt. When including the residual fraction in the 

total fraction as well as coarse-grained sediments from the nearby Korean 

Peninsula, the contribution of CR-derived silt and clay to SEYSM was estimated 

to be at least 40%. This estimate is higher than previous results, suggesting that 

~20% of the bulk sediments were originated from the CRs (Um et al., 2015). In 

previous studies, qualitative CR (or KR) contributions to CYSM and SEYSM were 

suggested using the REE distribution pattern from the bulk sediments (e.g., Jung et 

al., 2012, 2016b; Lim et al., 2014, 2015b); however, these may be underestimates 

due to a masking effect by the residual fraction as well as the coarse-grained 

particles with low REE concentration.

Thus, the leached fraction in the clay populations may be appropriate for 

quantitatively estimating the maximum contributions of the CR or KR sediments to 

the Yellow Sea shelf-mud deposits, which are far away from the rivers themselves. 

Furthermore, our results support the presence of a CR source input to SEYSM 

deposits (Korean coastal regions), which is one of the most demanding and 

controversial issues regarding Yellow Sea source-to-sink processes (Lim et al., 2007 

and references therein; Lee et al., 2020 and references therein). CR sediments 

account for 40% of the clay sediments in SEYSM deposits, despite its location 

close to the southwestern coast of Korea. This reaffirms the notion of the Korean 

coastal area as an important sink of CR sediments during their transportation from 

the south by the Yellow Sea Warm Current (Lim et al., 2007; Um et al., 2015). 

In addition, the CYSM deposition may be linked to KR sediments, contrary to 

previous results reporting that the deposit is overwhelmingly covered by sediments 

supplied by CRs. Although this study suggests quantitative contribution of riverine 
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sources to shelf-mud deposits, the dispersal pathways from rivers to these mud 

deposits remain elusive.  

Figure 4. Average slope values of sediment groups in the 
clay (a) and silt (b) populations. Numbers indicate the 
sediment source mixing ratios of CRs and KRs, which 
are calculated based on the novel REE-source 
discrimination model presented in this study (see text for 
details). CRs: Chinese rivers, KRs: Korean rivers, CYSM: 
Central Yellow Sea Mud, SEYSM: Southeastern Yellow 
Sea Mud.
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5. Conclusion

We proposed a new quantitative discrimination model for the Yellow Sea 

using the fractionation distribution characteristics of REEs. Surface sediment 

samples from the rivers (CRs and KRs) and shelf-mud deposits of the Yellow Sea 

were taken and partitioned into two grain size populations (silt and clay), and two 

chemical fractions (acid-leachable and residual phases). REE concentrations were 

analyzed for these granulometrically and chemically portioned samples, and 

fractionation distribution characteristics of the SREEs (i.e., REESs standardized for 

the GSEs) were identified and numerically indexed. Our REE-source discrimination 

model revealed that the shelf-mud deposits (particularly SEYSM and CYSM) are 

sourced from a mixture of CRs and KRs: the CRs contribute approximately 55–

80% and 10–40% to CYSM and SEYSM, respectively. The leached clay fraction is 

considered a better material for quantitative evaluation of maximum contribution 

from rivers to mud deposits in the Yellow Sea and/or even in the northern East 

China Sea, which are far away from CRs and KRs. Notably, about 40% of the 

clay fraction in the southwestern Korean coastal mud deposits (i.e., SEYSM) may 

be derived from CRs, reaffirming that the present-day sediment discharge by KRs 

cannot account for the entire deposition of mud patches along the Korean coasts, 

suggesting an additional sediment source for the coastal mud deposits of Korea. 

This study provides significant insights into the dispersal system of riverine 

sediments in the Yellow Sea as well as the East China Sea.



- 45 -

Table 2. Quantitative contribution of CRs to the shelf mud deposits (SEYSM and 
CYSM) based on a new REE mixing model of two end-members presented in this 
study. Numbers in parentheses indicate contribution of KRs. 



Chapter 4

Summary
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Sediment provenance discrimination in the Yellow Sea and northern East 

China Seas (YECSs) has long been a subject of interest, but its quantification is 

still inconclusive. Here, we present an improved Al-Mg regression analysis by 

refining its methodological approach to strengthen quantitative resolution of 

sediment source-to-sink transports in the YECSs, with focus on its forcing 

mechanisms during the Holocene. Our quantitative source estimates clearly depict a 

considerable supply of the Chinese river (CR) sediments (~50%) to the 

southwestern Korean coastal region, and the Korean river (KR) sediments (30–40%) 

to the Central Yellow Sea Mud deposit, which accounts for a good balance 

between the sediment supply and budget of the shelf deposit. Of particular note is 

an abrupt decline in the CR contributions around 124°E, which indicates that the 

CR sediments do not directly reach the eastern part of the Yellow Sea blocked by 

a strong physical boundary. Further, the observed variations in proportions between 

Hunaghe-, Changjiang- and Korean river-derived sediments over the last 15 kyr – 

notably an abrupt increase of CR contribution since ~7 ka, followed by a sudden 

drop at ~3–4 ka – exhibit a good correspondence with other mineralogical proxy 

records. These temporal provenance changes witnessed robust palaeoenvironmental 

signals which fit to major climatic and oceanographic events linked with sea-level, 

intensity of the Kuroshio Current inflow and the East Asian monsoon. This study 

improves understanding of what pathways and sinks exist within the YECS basin, 

and how rates of sediment supply from adjacent rivers have changed over time.

Discriminating sediment sources quantitatively of several unique shelf-mud 

deposits in the Yellow Sea has received considerable attention, because they are 

active sedimentary depocenters that can elucidate the river sediment dispersal 

patterns and the depositional systems of the sea. Here, we propose a new sediment 

source proxy model of rare earth elements (REEs) that reflects innate 

characteristics of their fractionation distribution patterns and provides a reasonable 

and practical estimation for quantifying sediment source apportionments in the 
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Yellow Sea. REEs of riverine and shelf-mud sediments were granulometrically and 

chemically partitioned, and the unique characteristics of their fractionation patterns 

were recorded and numerically indexed. We found distinct differences in the REE 

fractionation pattern index of riverine sediments, possibly due to the different 

source rock compositions. Notably, the acid-leached phase of the clay fraction may 

be a better material for quantitative evaluation of river contributions in the Yellow 

Sea. Using the REE-source index model presented here, proportional contributions 

of Chinese river sediments to the central and southeastern Yellow Sea mud 

deposits were estimated to be 55–80% and 10–40%, respectively, with higher 

percentage in the leached fraction. Our results elucidate the disagreement between 

mud budget and river discharge, particularly in Korean coastal mud deposits, as 

well as the source interpretation of the Yellow Sea shelf-mud deposits, which have 

been debated since the 1980s. 

Conclusively, marine sediment-provenance changes are closed linked to 

marine-terrestrial climatic changes, and therefore information on their historical 

variations can play a crucial role in projecting future state of land-ocean 

interactions driven by global warming. Further, the establishment of 

sediment-provenance quantification provides high-level policy advice to governments 

with scientific strategies in terms of national and international marine management 

issues (e.g., changes in marine environments, ecosystems and resources thereof, 

marine pollution and maritime boundary delimitation).

(The contents of this research report are published in two international 

journals (Marine Geology and Continental Shelf Research). The sediment samples 

for this work were provided by the Library of Marine Samples (LIMS) of Korea 

Institute of Ocean Science & Technology, Korea).
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