
1.  Introduction
Driven by glacio-eustatic processes, the Earth has experienced a phase of large-amplitude sea-level change 
as intensive as any during its history since the Quaternary (Rohling et al., 2014), which has branded pro-
found imprints in marine sediments. For example, with regard to deep-sea sediments, a remarkable feature 
is the variations in the oxygen isotope records of benthic foraminifera (BF), such as the well-known “LR04 
stack” (Lisiecki & Raymo, 2005). Likewise, for sedimentary records on continental shelves, which serve as 
a link between the land and the deep ocean, sea-level fluctuations over glacial-interglacial timescales (e.g., 
the cycles in the Earth’s orbital eccentricity of ∼100-kyr) are generally expressed as transgression-regres-
sion cycles (Shi et al., 2016). Due to their wide and gentle landforms, as well as relatively shallow water 
depths, continental shelves are much more sensitive to sea-level changes than abyssal regions; even trifling 
fluctuations in sea-level can give rise to considerable shoreline migration (Yao et al., 2020). Nevertheless, 
besides the easily identified transgression-regression cycles, it is difficult to trace changes in sea-level over 
much shorter timescales, which, however, is of great significance to human activities in coastal areas (Yang 
et al., 2015). This problem is more prominent in relation to sedimentary units with homogenous lithologies, 
especially for fine-grained sediments which are relatively poor in BF due to high sedimentation rates and 
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hypoxia (Osterman, 2003). In addition, the oxygen isotope values of BF within such areas are sometimes 
more affected by local salinity rather than temperature (Xu & Oda, 1999).

The formation, transportation, deposition, and postdepositional alterations of magnetic minerals are sen-
sitive to a wide range of environmental processes, which emphasizes the usefulness of magnetic measure-
ments in environmental studies (Liu et al., 2012). Specifically, primary (i.e., depositional) magnetic min-
erals, mainly iron oxides, provide information about sediment source areas and transportation pathways, 
while secondary magnetic minerals such as authigenic iron sulfides indicate diagenetic changes depending 
on the redox conditions in depositional environments (Fu et al., 2008). Among the various iron sulfides, 
greigite (Fe3S4) is remarkable in that it shares a similar magnetic lattice to magnetite and thus is strongly 
ferrimagnetic (Skinner et al., 1964). As a precursor to paramagnetic pyrite (FeS2), which is ubiquitous in 
sulfidic marine sediments, greigite has often been ignored due to its lower stability relative to pyrite and 
poor detectability by geochemical and mineralogical analytical methods (Roberts & Weaver, 2005). Nev-
ertheless, the development of modern superconducting rock magnetometers during the last 40 years has 
resulted in an increasing number of reports about sedimentary greigite, largely due to its paleomagnetic 
importance (Roberts et al., 2011), with magnetic studies of synthetic greigite expanding our the knowledge 
of this “young” magnetic mineral (Chang et al., 2007, 2008). Moreover, the formation and preservation of 
greigite require relatively high Eh conditions, making its environmental implications more distinctive (Kao 
et al., 2004).

In recent years, greigite has been identified widely in continental shelf sediments (e.g., Mohamed et al., 2011; 
Nilsson et al., 2013; Oda & Torri, 2004), especially in the shelf seas that lie extensively off the eastern coast 
of China and which connect the largest continent (i.e., Eurasia) with the ocean (i.e., the Pacific), which has 
provided deep insights into the formation and preservation mechanisms of greigite (e.g., Ge et al., 2015; Liu 
et al., 2004, 2018; Zheng et al., 2010). Interestingly, these studies imply that the identified greigite and its 
end-product, that is, pyrite, both have relations with sea-level change, which inspires further investigations 
to uncover the underlying key mechanisms. We, therefore, attempt in this work to clarify this issue via an 
integrative study of rock magnetism, mineralogy, micropaleontology, and geochemistry, on a sediment core 
from the outer shelf of the East China Sea (ECS). The identification of greigite and pyrite is first document-
ed, and then the paleoenvironmental implications are evaluated.

2.  General Setting and Material
2.1.  Regional Setting

As a typical marginal sea of the northwestern Pacific, the ECS is mainly composed of a continental shelf 
area (<200 m water depth) and the Okinawa Trough (>200 m water depth) (Figure 1a) (Qin et al., 1987). 
The ECS has a total area of 773,000 km2, and ∼2/3 of this area is occupied by the continental shelf, which is 
one of the broadest shelves in the world and is usually divided geomorphologically into the inner and outer 
shelf by the 50–60 m isobath (Liu et al., 2000). Because of its large width (around 400–500 km), low gradient 
(<0.02° on average), and relatively shallow water depths (generally < 130 m), the shelf is highly sensitive 
to sea-level change (Xu et al., 2020). It has received a large quantity of terrigenous matter in response to the 
high level of sediment discharge from the Yangtze River and sufficient accommodation space due to the 
high subsidence rates of ∼300 m/Myr during the Quaternary (Berné et al., 2002).

The oceanic circulation of the ECS primarily consists of the northward Kuroshio Current (KC) with high 
temperature and salinity and the Taiwan Warm Current (TWC) with high nutrient content, but low dis-
solved oxygen, and the low-temperature and low-salinity Zhejiang-Fujian Coastal Current (ZFCC) flowing 
southwards in winter and northwards in summer (Figure  1a) (Guan,  1983). With the transportation of 
stronger ZFCC in winter and the obstruction of the TWC, the suspended Yangtze sediments are mainly 
captured on the inner shelf, resulting in the mud deposits off the Zhe-Min coast (Figure 1b) (Li et al., 2014). 
Another hydrodynamic feature is the Pacific tidal wave that intrudes into the ECS through the straits among 
the Ryukyu Islands basically in reciprocating currents (Fang, 1994). This feature had a great influence on 
the sedimentary processes on the outer shelf during Quaternary transgressions, which is indicated by the 
multiperiod tidal sand ridges with an NW-SE strike, consistent with the primary tidal current direction 
(Figure 1b) (Liu et al., 2003).
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2.2.  Core Description and Chronology

The studied sediment core, DH03 (123˚48′E, 28˚18′N), was recovered from the tidal sand area on the outer 
shelf of the ECS at a water depth of 96 m (Figure 1). It was recovered using the rotary drilling method in 
September 2015, with a total drilling length of 101.6 m and an average recovery rate of 81.56%. According 
to core descriptions and grain-size analysis, using the same methods as Xu et al. (2020) employed on core 
DH02 (Figure 1), fine sand dominates the upper ∼48-m section of the core, while clayey silt, sandy silt or 
fine sand alternately dominates the lower ∼53-m section (Figure 2a). The chronology of core DH03 was 
established by integrating accelerator mass spectrometer (AMS) 14C ages of epibenthic foraminiferal tests 
measured by Beta Analytic Inc. (Table 1; see Liu et al., 2010 for the details of calibration), microfossil analy-
sis (see Xu et al., 2020 for the methods followed), sedimentary features, and the chronostratigraphy of cores 
DZQ4 (Liu et al., 2000) and DH02 (Xu et al., 2020) (Figure 1), as outlined below.

The AMS 14C ages of the upper 44-m section are relatively young (∼3 kyr) with obvious stratigraphic re-
versals (Figure 2a and Table 1), just as reported for core DG11 (Figure 1), which indicates that these tidal 
sand ridges probably formed around 2–3 kyr BP, or they are still in equilibrium with the modern hydro-
dynamic regime after their initial formation during the last deglacial transgression (Berné et al., 2002; Xu 
et al., 2020). The BF of the 21−32-m and 44−48-m sections are dominated by relict crusts (Figure 2d), but 
sedimentary features of the lower section are more consistent with a fluvial setting (Figure S1). In contrast, 
the values of the AMS 14C ages below 48 m yield ∼30,000–40,000 cal yr BP and increase with depth with no 
stratigraphic reversals (Figure 2a and Table 1), indicating high reliability of these ages. Therefore, although 
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Figure 1.  Location of the studied core (DH03, star) and other cores (solid circles) mentioned in the text. (a) Schematic map of the marginal seas of the 
northwest Pacific with the major oceanic circulations. (b) Sedimentary environment map of the seafloor of the East China Sea (modified after Li et al., 2014). 
Cores DZQ4, DG11, and DH02 are from Liu et al. (2000), Berné et al. (2002), and Xu et al. (2020), respectively. The abbreviations of oceanic circulations in (a) 
denote the Kuroshio Current, KC; Taiwan Warm Current, TWC; Yellow Sea Warm Current, YSWC; Yellow Sea Coastal Current, YSCC; Zhejing-Fujian Coastal 
Current, ZFCC; and Changjiang Diluted Water, CDW.
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there should be a large sedimentary hiatus at ∼48 m, apparently associated with a lithological change (Fig-
ure 2a), a terrestrial interval (i.e., 44–48 m) is confirmed to have been deposited after the MIS 3, most proba-
bly during the Last Glacial Maximum (LGM) when the sea-level fell by almost 150 m relative to the present 
in the ECS (Li et al., 2014).

A calcareous nannofossil-derived age was presumed at 57.67 m (Figure 2c), based on the fact that the Emil-
iania huxleyi (E.H.) Acme Zone began at ∼45.7 kyr BP in shallow marginal seas (Incarbona et al., 2009). 
According to a linear extrapolation of the sedimentation rates coupled with the assertion that tidal sand 
ridges had developed during the early MIS 3 transgression (Liu et al., 2000), the base of the MIS 3 stratum 
in the studied core was estimated to be at ∼65 m (Figure 2). In addition, Liu et al. (2000) suggested that the 
MIS 4 stratum in core DZQ 4 (Figure 1) represents a thin layer of clayey silt, which may correspond to the 
∼65–68-m interval in core DH03 (Figure 2). Furthermore, the remarkably low abundance of BF that are 
dominated by shallow-water species at the bottom indicates that the studied core is likely to include MIS 6 
deposits (Figure 2). Hereon, this work will focus on the ∼44–58-m interval with a robust chronology and a 
regular profile of magnetic mineral variations (see below).
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Figure 2.  Scheme of the chronostratigraphic reconstruction for core DH03. (a) Variations in lithology, (b) grain-size fraction percentage, (c) benthic 
foraminifera (BF, the black dots) and Emiliania huxleyi (E.H., the red triangles; one kind of calcareous nannofossil) abundance, (d) the percentages of different 
BF species along the depth of core DH03, and (e) the global relative sea-level (RSL; Rohling et al., 2014). The orange and blue colored numbers in (a) denote 
AMS14C ages from bivalve shell and benthic foraminifera, respectively, the red is from a calcareous nannofossil analysis, and the orange colored dash line 
indicates a possible sedimentary hiatus.
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3.  Methods
3.1.  Rock Magnetism

A total of 121 hysteresis loops were measured at stratigraphic intervals of 0.5–1 m using a Princeton Meas-
urement Corporation vibrating sample magnetometer (VSM 3900) in a field cycle between ±1.5 T, with a 
5-mT field increment and an averaging time of 300 ms. Coercivity (Bc), saturation remanence (Mrs), and 
saturation magnetization (Ms) were determined after paramagnetic corrections with an assumed saturat-
ing field of 0.5  T for most of the measured hysteresis loops (see Figure  S2). Backfields up to ∼100  mT 
were applied subsequently to obtain the coercivity of remanence (Bcr). For five representative samples, 100 
first-order reversal curves (FORCs) were also measured at a maximum field of 1.5 T and an averaging time 
of 500 ms using the VSM 3900. The corresponding FORC diagrams (Pike et al., 1999) were then processed 
by the FORCinel software (v1.18; Harrison & Feinberg, 2008) with a smoothing factor of 5.

Magnetic susceptibility (MS, χ, mass-specific) was measured on a total of 737 samples that were collected at 
∼0.1-m intervals using a MFK1-FA Kappabridge (Agico Ltd, Brno). S ratios were also measured at the same 
depths where the MS was measured. Specifically, a 1-T field was first applied to impart an isothermal rema-
nent magnetization (IRM), which is regarded as the saturation IRM (SIRM), and then a 0.3-T backfield was 
applied to impart the IRM-0.3T. The S-ratio is defined as (1−IRM-0.3T/SIRM)/2 (Bloemendahl et al., 1992). 
Thermal demagnetization (TD) of three-axis IRM (Lowrie, 1990) and low-temperature (LT) measurements 
were also conducted on the representative samples for which the FORCs were measured. For the TD of 
three-axis IRM, the specimens were magnetized successively by induced fields of 1.5, 0.15, and 0.05 T along 
three orthogonal axes, (i.e., the z-, y-, and x-axis, respectively) which were then demagnetized thermally 
from room temperature to 690°C at heating intervals of 20–50°C. The LT curves were measured using a 
Quantum Design Magnetic Property Measurement System (MPMS; model XL5) by cooling the specimens 
to 20 K in a zero magnetic field first, then exerting a 2.5-T field to impart an IRM, and finally sweeping the 
temperature up to 300 K at a heating rate of 5 K/min in a zero field. These magnetic measurements were 
undertaken at the Paleomagnetism and Geochronology Laboratory, Institute of Geology and Geophysics, 
Chinese Academy of Sciences (IGG-CAS) in Beijing.
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Depth 
(m) Material Species

δ13C 
(‰)

Conventional 
14C age (yr 

BP)

Calibrated age (cal yr BP) Lab 
no. 

(Beta)Intercept Range (1σ)

0.74 Bivalve shell Pecten albicans +1.0 9,180 ± 30 10,094 10,006–10,195

5.47 Foraminifera Pseudorotalia indopacifica, Rotalinoides compressiuscula, Lenticulina sp. +0.3 3,770 ± 30 3,829 3,722–3,916 459494

11.45 Foraminifera Pseudorotalia indopacifica, Rotalinoides compressiuscula, 
Quinqueloculina bicostata

+0.1 3,090 ± 30 2,986 2,878–3,072 466866

19.20 Bivalve shell Veneridae or Crassatellidae? +1.1 9,550 ± 30 10,534 10,455–10,630 466867

29.40 Foraminifera Pseudorotalia indopacifica, Rotalinoides compressiuscula −0.1 3,470 ± 30 3,460 3,380–3,539 466868

38.70 Foraminifera Pseudorotalia indopacifica +0.6 2,950 ± 30 2,823 2,741–2,881 466869

43.81 Foraminifera Pseudorotalia indopacifica, Lenticulina sp. +0.6 2,880 ± 30 2,755 2,696–2,826 517586

48.50 Foraminifera Quinqueloculina lamarckiana, Rotalinoides compressiuscula −0.6 27,260 ± 120 31,030 30,930–31,133 517585

51.40 Foraminifera Quinqueloculina lamarckiana, Rotalinoides compressiuscula +0.1 33,040 ± 200 36,675 36,327–36,931 531778

54.37 Foraminifera Quinqueloculina lamarckiana, Rotalinoides compressiuscula −0.8 34,670 ± 220 38,851 38,574–39,080 524847

55.40 Foraminifera Quinqueloculina lamarckiana, Rotalinoides compressiuscula +0.2 35,890 ± 280 40,202 39,827–40,529 581626

56.40 Foraminifera Rotalinoides compressiuscula, Heterolepa dutemplei +0.3 >43,500 531779

58.37 Foraminifera Pseudorotalia indopacifica, Lenticulina sp. +0.6 >43,500 523049

Abbreviation: AMS, accelerator mass spectrometer.

Table 1 
Detailed Information of AMS 14C Ages From Core DH03
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3.2.  Microscopy and Geochemistry

Scanning electron microscope (SEM) and transmission electron microscope (TEM) observations of bulk 
sediments and magnetic extracts were conducted at the Electron Microscope Laboratory, IGG-CAS. Mag-
netic minerals were extracted following Zhang et al. (2018). SEM observations were made with a FEI Apreo 
field emission SEM. Magnetic extracts or bulk sediments were fixed onto an aluminum SEM stub using 
copper tape and then coated with carbon. Backscattered electron images were acquired at 5 kV. The TEM 
analyses on magnetic extracts were also conducted following Zhang et al. (2018). The elemental composi-
tions of typical particles were found by energy-dispersive X-ray spectroscopy (EDXS) analysis. Total organic 
carbon (TOC) and major elements, including Fe and S, were measured using samples of homogenous lithol-
ogy from the focused layer at the Key Laboratory of Marine Geology and Metallogeny, Ministry of Natural 
Resources (MNR). The experimental procedures for these analyses can be found in Wu et al. (2020) and 
Zhang et al. (2020), respectively.

4.  Results
4.1.  Rock Magnetism

Hysteresis results show that most of the measured sediments have Bc values less than 20 mT, indicating 
magnetic dominance of low-coercivity minerals (e.g., magnetite), whereas sediments from the ∼48–52-m 
interval possess much higher Bc values (>40 mT; Figure 3a), with relatively uniform Bcr/Bc and Mrs/Ms ratios 
of ∼1.5 and ∼0.5, respectively (Figures 3b–3c). They also show higher SIRM/χ ratios (Figure 3d), which 
implies possible enrichment of greigite within this interval (Roberts, 1995). The ∼52–54.5-m interval shows 
intermediate values for Bc, Bcr/Bc, Mrs/Ms, SIRM/χ, and S-ratio between those of the ∼48–52-m and ∼54.5–
58-m intervals, while the upper ∼44–48-m interval also possesses different values of these rock magnetic 
parameters from the lower three intervals (Figure 3). These results indicate that the ∼44–58-m stratigraphic 
interval bears regular variations in magnetic minerals. It therefore can be divided into four units, namely 
Unit 1 to Unit 4 in ascending order, which are assigned roughly to the middle MIS 3, the middle-late MIS 
3, the late MIS 3, and the LGM deposits, respectively (Figure 3), according to the reconstructed chronology 
(Figure 2 and Table 1).

The FORC diagrams for samples from Unit 3 show typical single domain (SD) magnetic properties as in-
dicated by the closed concentric contours about a central peak where the Bc values are 60–70 mT (Fig-
ures 4c2–4c3), which is also probably indicative of SD greigite (Roberts et al., 2006). Except for an obvious 
SD component similar to that of Unit 3, the FORC diagrams for Unit 2 also indicate another SD component 
with a peak Bc value of ∼20 mT (Figure 4c4). In contrast, sediments from Units 4 and 1 are magnetically 
dominated by vortex-state (see Roberts et al., 2017 for why this term is more relevant than “pseudo-single 
domain” (PSD) that has been used conventionally) to multidomain (MD) particles (Roberts et al., 2014), 
with a minor presence of SD particles of which the peak Bc is ∼12 mT (Figures 4c1 and 4c5). Also, there 
are still some vortex-state to MD particles in sediments from Units 3 and 2, as indicated by the diverging 
contours in the FORC diagrams (Figures 4c2–4c4). These observations are also consistent with the corre-
sponding Day plot (Figure S3; Dunlop, 2002a, 2002b), which increases the likelihood of greigite enrichment 
in Unit 3, since it commonly occurs in a SD state in natural environments (Roberts et al., 2011).

The temperature-dependent measurements provide more robust clues to the rock magnetic diagnosis. For 
samples from Units 3 and 2, the TD of three-axis IRM reveals a dominant medium-coercivity IRM fraction 
that drops significantly between 240°C and 360°C (Figures 4d2–4d4) where greigite undergoes chemical 
decomposition (Chang et al., 2008). However, sediments in Unit 2 contain a higher percentage of mag-
netic components that have maximum unblocking temperatures of ∼580°C and ∼680°C (i.e., the Curie/
Néel temperatures of magnetite and hematite, respectively; Dunlop & Özdemir, 1997) than those in Unit 3 
(Figures 4d2–4d4). In addition to a dominant low-coercivity IRM mainly unblocking below 600°C, samples 
from Unit 1 with extremely low saturation SIRM (Figure 4b) have a higher relative content of medium-to 
high-coercivity fractions, of which IRMs unblock completely up to ∼680°C (Figure 4d5), the Néel temper-
ature of hematite (Dunlop & Özdemir, 1997). An observable decrease in the low- and medium-coercivity 
IRM fractions at ∼360°C should indicate trace amounts of greigite in the sediments of Unit 1 (Figure 4d5). 
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Samples from Unit 4 are magnetically dominated by low-coercivity minerals unblocking at ∼580°C, the 
Curie temperature of magnetite. The remaining medium-coercivity IRM at temperatures higher than 580°C 
and the high-coercivity IRM fully unblock at ∼680°C (Figure 4g), which is indicative of a minor contribu-
tion of hematite (Dunlop & Özdemir, 1997).

The Verwey transition (Verwey, 1939) is detected in all measured samples on the LT curves at 110–120 K 
(Figures  4e2–4e5), indicating the presence of detrital magnetite rather than biogenic magnetite (Chang 
et al., 2016). Moreover, the absence of the Besnus transition between 30–34 K can exclude the presence of 
monoclinic pyrrhotite (Fe7S8) in high proportions in the studied sediments (Rochette et al., 1990), which, 
however, is unable to exclude sedimentary hexagonal pyrrhotite that also lacks a LT magnetic transition, as 
does greigite (Horng, 2018).

4.2.  Microscopy and Geochemistry

SEM images of both magnetic extracts (Figures 5a–5d) and bulk sediments (Figures 5e–5h) reveal magnetic 
particles with grain sizes ranging from tens of nanometers to several microns. The corresponding EDXS 
results indicate that the smaller particles are dominant in Fe and S (Figures 5n and 5p), and the larger ones 
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Figure 3.  Variations in the magnetic parameters versus depth along core DH03. (a) Coercivity (Bc), (b) ratios of coercivity of remanence (Bcr) to Bc, (c) 
saturation remanence (Mrs) to saturation magnetization (Ms), (d) saturation isothermal remanent magnetization (SIRM) to mass-specific magnetic susceptibility 
(χ), and (e) S-ratio, defined as (1−IRM-0.3T/SIRM)/2 (Bloemendahl et al., 1992), where SIRM and IRM-0.3T denote the isothermal remanent magnetizations 
imparted successively by a 1-T field and 0.3-T backfield. Data for the 0–48-m interval in (a) and (d) are partly from Liu et al. (2020).
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are dominant in Fe and O (Figure 5o). In contrast to the magnetic extracts which are mainly ferrimagnetic, 
the magnetic particles in the bulk sediments appear as octahedrons (Figures 5e–5h) and have much higher 
ratios of S to Fe (Figure 5p), closer to that of pyrite, and also have a higher electron backscatter due to the 
smoother surfaces of the coarser pyrite grains than those of fine-grained greigite with less regular surfaces 
(Roberts & Weaver, 2005). TEM images of magnetic extracts (Figures 5i–5j, 5l) indicate that the magnetic 
particles that are exceptionally rich in Fe and S (Figure  5q) generally have grain sizes below the upper 
threshold values (∼500 nm) for octahedral crystals of SD greigite (Roberts et al., 2011), also consistent with 
the Day plot (Figure S3) and FORC diagrams (Figures 4c2–4c3). Furthermore, the strong diffraction patterns 
(Figures 5k and 5m) revealed by selected-area electron diffraction (SAED) indicate good crystallinity, with 
values of the corresponding Miller indices (hkl) matching well with those of greigite. These observations 
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Figure 4.  Rock magnetic results for the ∼44–58-m stratigraphic interval of core DH03. (a) Coercivity (Bc) and saturation isothermal remanent magnetization 
(SIRM), (c1–c5) first-order reversal curve (FORC) diagrams, (d1–d5) thermal demagnetization of three-axis IRMs, and (e1–e5) low-temperature (20–300-K) 
isothermal remanent magnetization (2.5-T) warming curves for representative samples, with the first derivatives of the IRM with respect to temperature 
(dM/dT) plotted on the right-hand y-axis to emphasize the possible magnetic transitions during warming. The red-colored symbols in (a) and (b) denote the 
representative samples on which the detailed rock magnetic analyses were conducted, and the abbreviations G, M, H, and P in (b) denote greigite, magnetite, 
hematite, and pyrite, respectively, while bold red font indicates the dominant magnetic components in each unit.
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coupled with the FORC diagrams (Figures 4c2–4c4) and the TD of three-axis IRM (Figures 4d2–4d4) can 
demonstrably exclude the presence of sedimentary hexagonal pyrrhotite, which has a Curie temperature of 
∼320°C and higher coercivities than greigite (Horng, 2018).

To avoid grain-size effect, only geochemical results of fine-grained sediments were used in this study (Fig-
ure 6a). Total iron, expressed as TFe2O3, ranges from 5.25% to 6.24%, generally with a downcore descending 
tendency. The TOC and S contents have ranges of 0.42–0.91% and 627–2,145 ppm, respectively, and the 
former decreases slightly with depth, while the latter increases downwards (Figure 6c).

4.3.  Rock Magnetic Summary and Paleoenvironmental Zonations

Based on the rock magnetic and electron microscope analyses, the magnetic mineral assemblages in Units 1 
to 4 are further evaluated (Figures 4b and 6a). Unit 1 that is enriched in pyrite is proportionally rich in coars-
er vortex-state and MD magnetite grains, and high-coercivity minerals such as hematite, with a smaller 
quantity of greigite, according to the following lines of evidence: (1) the lowest S-ratio (Figure 3e) and SIRM 
values (Figure 4b) indicate the highest relative content of high-coercivity minerals (Bloemendal et al., 1992), 
and the lowest magnetic mineral concentration (Liu et al., 2012), respectively; (2) the vortex-state to MD 
magnetic properties revealed by the FORC diagrams (Figure 4c5) and Day plot (Figure S3); (3) the dominant 
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Figure 5.  Electron microscopy results of the representative samples. (a–d) Representative back-scattered SEM images of magnetic extracts, (e–h) bulk 
sediments, (i, j, l) TEM images and the associated (k, m) selected area electron diffraction (SAED) patterns of magnetic extracts, (n–q) Energy-dispersive X-ray 
spectroscopy (EDS) of magnetic particles labeled in the SEM and TEM images. The abbreviations G, M, and P in (d) and (h) denote greigite, magnetite, and 
pyrite, respectively. SEM, Scanning electron microscope; TEM, transmission electron microscope.
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contributions of magnetic minerals of which IRMs fully unblock at ∼580°C and 680°C, respectively, to 
remanence, with an observable drop of low- and medium-coercivity IRM fractions at ∼360°C (Figure 4d5), 
and the strong Verwey transition on the LT curves (Figure 4e5); (4) the facts that coarser magnetite grains 
react more slowly with dissolved sulfide due to the smaller surface area to volume ratios, and that hematite 
is more resistant to dissolution than magnetite in sulfidic environments (Rowan et al., 2009); and (5) that it 
is relatively easy to observe pyrite under SEM in the bulk sediments (Figures 5e–5h). In addition to greigite, 
Unit 2 also contains considerable amount of magnetite with some hematite, which may have resulted from 
limited porewater sulfate due to an accelerated sedimentation rate within this unit (Figure 6b), as reported 
in Argentinian margin sediments (Riedinger et al., 2005). In contrast, Unit 3 is dominated magnetically by 
greigite with some magnetite and hematite and trace of pyrite. Whereas the magnetic minerals in Unit 4 are 
dominated by magnetite with some hematite.

According to the microfossil analyses, the focused stratigraphic interval (i.e., ∼44–58-m interval) can be di-
vided into three depositional units (DUs), namely DU 1 to DU 3 in ascending order (Figure 6 and Figure S4). 
Both BF and ostracods in DU 1 (∼54.5–58  m, corresponding to Unit 1) are dominated by middle-outer 
shelf species (Figure 6d and Figures S4g–S4h), with high numbers of warm-water species (Figure 6e and 
Figures S4i–S4j), indicating a middle-outer shelf setting with a strong warm current (i.e., the TWC). DU 1 is 
also rich in serial species of BF (Figure 6g), mainly Bolivina robusta, Bulimina marginata, and Cassidulina 
laevigata (Table S1), which are typical of low-oxygen and eutrophic bottom-waters caused by enhanced up-
welling (Usami et al., 2013; Wang et al., 2014). In contrast, BF and ostracods in DU 2 (∼48–54.5 m, covering 
Units 2 and 3) are dominated by inner-shelf species (Figure 6d and Figures S4c–S4d), with a higher percent-
age of euryhaline-brackish species (Figures S4a–S4b). It is also rich in cold-water species of BF (Figure 6f), 
mainly Protelphidium tuberculatum and Buccella frigida (Table S1). These results indicate that DU 2 was 
deposited in a prodelta setting and was affected by cold coastal currents (Xu et al., 2020). DU 3 (∼44–48 m, 
corresponding to Unit 4), as above-mentioned, was deposited in a terrestrial setting, as indicated by both 
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Figure 6.  Paleoenvironmental and rock magnetic zonations of the interval of interest (i.e., ∼44–58-m) in the studied core DH03. (a) Lithology with a 
diagrammatic sketch of magnetic mineral assemblages (legends and abbreviations are the same as for Figures 2a and 4b, respectively), (b) age-depth 
relationship with sedimentation rates indicated, (c) variations of total iron expressed as TFe2O3 (orange circles), TOC (gray crosses), and sulfur (S, magenta 
squares), and the relative abundance for (d) inner-shelf (light blue circles) and middle-outer shelf BF species (magenta circles), (e) warm-water species of BF 
(purple circles) and ostracods (OT, red triangles), (f) cold-water species of BF (blue circles) and OT (orange triangles), and (g) serial BF species that are low-
oxygen tolerant and nutrient favorite. (j) The global relative sea-level (RSL, Rohling et al., 2014). The red arrows in (a) indicate the stratigraphic levels where 
geochemical analyses were done.
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the sedimentary features (Figure S1) and the extremely low abundance of BF that are dominated by relict 
crust (Figures 2c–2d).

5.  Discussion
Although greigite can form at any time when dissolved iron and sulfide are available during diagenesis 
(Roberts et al., 2011), its formation during later diagenesis is often related to the potential mobility of meth-
ane via fracture and fault networks in tectonically active settings (Larrasoaña et al., 2007; Roberts, 2015). 
Moreover, recent studies have demonstrated that the peak values of sulfate reduction rates (SRRs) are usu-
ally reached near the sediment-water interface in shallow-water environments, such as the inner and outer 
shelves (Bowles et al., 2014), and that most pyrite framboids are formed during the earliest stages of diagen-
esis, mainly within about 5 years after the deposition of its host sediments (Rickard, 2019). In addition, the 
subsurface sulfate reduction maxima (i.e., the peak SRRs) have always been observed at depths of 5–15 cm 
below the seafloor in the ECS continental shelf sediments (Huang & Lin, 1995). These lines of evidence, 
coupled with the facts that the ECS shelf basin has undergone stable subsidence since the Quaternary (Qin 
et al., 1987) and that hydrocarbon seepage has not been reported at such shallow depths, collectively suggest 
that the identified iron sulfides in core DH03 formed via organoclastic sulfate reduction more or less syn-
depositionally. Thus, they can be taken as credible recorders of environmental evolution.

It is evident that there is a strong correlation between the dominant iron-bearing mineral variations (i.e., 
pyrite→greigite→magnetite from Units 1 to 4) and sea-level change from the middle MIS 3 to the LGM 
(Figure 6). Nonsteady state diagenesis (see Roberts, 2015 for the nomenclature) induced by variations in 
pore-fluid migration (e.g., Oda & Torri, 2004), sedimentation rate (e.g., Zheng et al., 2010), or organic carbon 
and sulfate supply (e.g., Liu et al., 2005; Wang et al., 2015), has been invoked to interpret the formation and 
preservation of authigenic greigite and its end-product, pyrite, in continental shelf sediments. Essentially, 
these conditions are controlled largely by sea-level change. For example, greigite was discovered to prevail 
more in the lower section of a postglacial (∼13 kyr BP) record from the southeastern South Yellow Sea (SYS) 
than in the corresponding upper section (Liu et al., 2005). This was attributed to the deposition of the upper 
section in a cold-eddy environment associated with the Yellow Sea Warm Current (YSWC, Figure 1a) after 
the middle-Holocene (∼6 kyr BP) maximum sea-level, and therefore in more reductive conditions favora-
ble for complete pyritization (Liu et al., 2005). Similarly, the MIS 17–13 sediments from the central SYS 
muddy area are magnetically dominated by greigite, while the underlying MIS 21–19 sediments, when the 
YSWC and associated YS Cold Water Mass were stronger due to higher sea level, are richer in pyrite (Liu 
et al., 2018).

The pyrite enrichment in Unit 1 indicates a strong reductive environment, with much higher sulfur con-
tents (Figure 6c), which usually indicates strong sulfidic conditions (Shi et al., 2016). This could be caused 
by enhanced upwelling due to the TWC development when sea-level was relatively high, since the TWC 
generally flows along the 50–100-m isobath (Hu, 1984). The greigite enrichment in the subsequent Units 
2 and 3 may be the result of a limitation of sulfate coupled with a higher detrital iron supply (Figure 6c) 
following an environmental transition from marine to terrestrial settings in response to sea-level falling 
from the late MIS 3 to the LGM (Figure 6). It has been demonstrated that greigite preservation is favored 
when the supply of H2S is deficient relative to Fe2+ (Kao et al., 2004; Rowan & Roberts, 2006). A similar case 
was reported in the Yellow River delta of the Bohai Sea, where greigite was enriched at a transition zone 
between shallow marine and lacustrine facies because of a limited supply of sulfate (Wang et al., 2015). In 
contrast, greigite enrichment in the SYS sediments has been interpreted to be the result of limited organic 
matter supply due to a moderate level of primary productivity, which has limited sulfate reduction, and so 
constrained the availability of sulfide for greigite to pyrite conversion (Liu et al., 2018). In any case, both 
sulfate and organic matter supplies are regulated by sea-level change, which controls the oceanic circulation 
modes and associated sedimentation at least in the marginal seas east of China (Hu, 1984).

As mentioned above, Unit 3 is dominated magnetically by greigite and is assigned to prodelta deposits based 
on the microfossil analyses (Figure 6). In general, the prodelta facies develops below the wave-base, which 
is typically at water depths of ∼20 m in the marginal seas east of China and represents the distal part of 
deltas. Those derived from the paleo-Yangtze River in the late MIS 3 have been reported widely (e.g., Berné 
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et al., 2002; Saito et al., 1998; Xu et al., 2018). The corresponding water depth of the prodelta has been 
proposed to be ∼15–30 m in the Yangtze River delta (Xu et al., 2016), while Huang et al. (1996) suggest a 
maximum value of ∼30 m for the eastern boundary of the prodelta facies in the north and ∼60 m for the ex-
terior margin in the southeast. Unit 3 has higher percentages of inner-shelf species of BF and ostracods but 
lower euryhaline-brackish ones (Figure S3) than the northern cores (e.g., Xu et al., 2018), implying greater 
water depths. Based on these facts and the global sea-level curve (Figure 6h, Rohling et al., 2014), regardless 
of local tectonics and sediment compaction, a paleo-water depth range of ∼50–60 m is evaluated for Unit 
3. Likewise, estimates of 30–60 m, 45–55 m, and 55–60 m are proposed for the greigite-enriched intervals 
in the cores from the southeastern SYS (Liu et al., 2005), the Yellow River delta (Wang et al., 2015), and the 
central SYS muddy area (Liu et al., 2018), respectively. All of these probably suggest a water depth range of 
30–60 m is more suitable for extensive greigite preservation in continental shelf sediments while pyrite is 
more likely to be enriched in water depths >60 m. However, this still needs to be clarified by further studies 
on continental shelf seas worldwide.

6.  Conclusions
We conducted a comprehensive study on a late-Quaternary sediment core from the outer shelf of the ECS, 
mainly from an environmental magnetic perspective. Systematical rock magnetic studies coupled with 
electron microscopy analyses reveal authigenic greigite as the major magnetic component in an almost 
4-m-thick interval deposited during the late MIS 3. The underlying and overlying sediments are magnet-
ically dominated by pyrite and magnetite, respectively. This implies an upward weakening tendency of 
reductive conditions. Moreover, microfossil studies, including foraminifera and ostracods analyses, indicate 
that the profile has undergone successively an environmental variation from a middle-outer shelf setting 
affected dominantly by the TWC and its derivative upwelling to an inner shelf with prevailing ZFCC, and 
finally to a fluvial setting, which was regulated essentially by sea-level change from the middle MIS 3 to 
the LGM. We, therefore, conclude that authigenic greigite and its end-product, pyrite, have great potential 
as a means of identifying subtle changes in sea-level and paleoceanography of continental shelf seas over 
relatively short timescales. Additionally, we propose a water depth range of 30–60 m as the extent of the 
widespread occurrence of authigenic greigite in continental shelf sediments, a finding that warrants further 
investigation.

Data Availability Statement
The data in this work can be obtained from the Mendeley Data repository at http://dx.doi.org/10.17632/
hfd5j8fbcz.1.
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