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Sediment source identiﬁcation is critical for understanding delta evolution processes and for managing delta
sustainability, particularly for deltas experiencing signiﬁcant recent ﬂuvial sediment discharge. Sediment
sources for the Yangtze River Delta (YRD) are commonly assumed to be derived from the Yangtze River, despite
the fact that the YRD is a tide-dominated delta that can receive marine-sourced sediments in addition to ﬂuvial
inputs. In particular, potential contributions from the neighbouring sediment-laden Yellow River, when it discharged into the Yellow Sea during 1128–1855 CE, remains unclear. Here we present provenance analysis of
three cores from the northern YRD using size-speciﬁc magnetic characterizations. We ﬁnd that magnetic
properties of sediments younger than ~400 years have large diﬀerences among the studied cores. Comparison of
magnetic properties to potential sources, including the major Yangtze River tributaries (i.e., Jinsha River, Jialing
River, and Han River) and Old Yellow River (OYR), indicates that the northern core received enhanced Yellow
River sediment loads over the last 400 years, while the southern core had a dominant Yangtze inﬂuence, which is
most pronounced in size fractions less than 16 μm. This interpretation is supported by geochemical results. The
documented spatial sediment source heterogeneity is caused by diﬀerences in tidal-ﬂuvial interaction among
delta distributary channels. Our results imply that the neighbouring OYR delta to the north exerts a remote
inﬂuence on the YRD through longshore transport. This coastal connectivity between deltas should be assessed
when forecasting future tide-dominated delta changes in the context of global change.

1. Introduction
River deltas are sensitive to sediment supply, which are impacted by
climate change and human activities (Syvitski et al., 2009). Due to their
high population densities, economic activities, and vulnerability to
climate and sea-level change, delta evolution research has received
worldwide attention (e.g., Goodbred and Kuehl, 1999; Allison et al.,
2003; Korus and Fielding, 2015; Chamberlain et al., 2018; Wang et al.,
2018). Modern, global river sediment discharge has declined, which has
strongly impacted the growth of many deltas in the world (Syvitski
et al., 2009; Giosan et al., 2014; Yang et al., 2014). There is great interest in understanding quantitative linkages between sediment supply
and delta growth (Yang et al., 2003; Gao, 2007; Wang et al., 2018;
Besset et al., 2019). However, most studies address only ﬂuvial supply;
marine sediment inputs have been seldom considered. It has been
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suggested that landward marine sediment transport contributes to tidedominated delta buildup (Goodbred and Saito, 2012; Hoitink et al.,
2017). This could partially explain why some deltas do not show obvious evidence of delta destruction despite the recent decline in ﬂuvial
sediment input (Besset et al., 2019). Numerous studies have shown that
estuaries can impact each other along a coastline, so that the remote
inﬂuence of neighbouring estuaries cannot be neglected (e.g., Giddings
and MacCready, 2017).
The Yangtze River is the third largest river in the world. The population and economic center of China is situated on its delta. Due to
dramatic environmental changes and signiﬁcant human activities in the
catchment (e.g., dam construction and forestation), modern sediment
supply has declined 70% since the 1950s, which has led to a decreasing
delta progradation rate, with erosion occurring in places (Yang et al.,
2014). Delta erosion and sustainability has drawn great attention (Yang
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Fig. 1. (a) Location of the Yangtze and Yellow Rivers and the Yangtze River Delta (YRD) indicated with a red box that is shown in more detail in (b). Green boxes
with abbreviated text represent major tributaries of the Yangtze River (JSR: Jinsha River, JLR: Jialing River, HR: Han River) and the Old Yellow River (OYR). (b)
Schematic illustration of YRD coastline shifts over the last 2000 years (after Delta Research Group, 1978; Zhang, 1984), with core sites BX, MQ, and WB indicated as
yellow stars. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Yang et al., 2006). The modern YRD (Fig. 1b) formed from a paleoincised valley over the last ca 8000 years as sea-level rose to its presentday level at a progressively decelerating rate (Chen et al., 1979; Song
et al., 2013).
We collected three sediment cores (ca 23–26 m in length) from the
northern part of the Yangtze River Delta, i.e., the Beixin (BX, 31°49′43″
N, 121°30′11″E), Miaoqiao (MQ, 31°54′14″ N, 121°30′59″E), and
Wangbao (WB, 31°57′35.7″ N, 121°33′2.5″E) cores (Fig. 1). Each core
contains prodelta facies, delta front facies, and delta plain facies in an
ascending order. Our quartz optically stimulated luminescence (OSL)
dating result indicates that the recovered sediments were deposited
over the last 3,500 years, with the delta front and delta plain facies (the
upper ca 18 m) starting to form in the last ~500 years (Fig. 2; Wang
et al., 2019). Core MQ is located on a sandy river mouth bar, while
cores BX and WB are from distributary channels within the delta (Wang
et al., 2019). The studied cores were sectioned at 5 cm intervals. We
selected samples at 15-cm stratigraphic intervals for this study, resulting in a total of 365 samples. The samples were dried at 40 °C for
particle size, magnetic, and geochemical analyses.
Forty-eight core samples (16 from each core) were separated into
ﬁve grain size fractions, i.e., < 16 μm, 16–32 μm, 32–63 μm,
63–125 μm, and > 125 μm. The > 63 μm fractions were separated by
wet sieving, and were separated further based on Stokes' Law (Lu,
2000). Considering the dramatic inﬂuence of recent human activity
(e.g., building of the Three Gorges Dam in 2003), the contribution of
diﬀerent tributaries to sediments discharged into the estuary has
changed (Yang et al., 2014). Hence, we sampled at the terminus of the
three major Yangtze River tributaries, i.e., the Jinsha, Jialing, and Han
Rivers, which have markedly diﬀerent sediment compositions (Yang
et al., 2007; Chen, 2009; He et al., 2015) (Fig. 1a). In contrast, the
Yellow River has sediment derived dominantly from the Chinese Loess
Plateau, where sediments are homogeneous on a large spatiotemporal
scale (Guo, 2010). We, therefore, sampled silts and clayey silts from the
OYR delta to represent the Yellow River sediment endmember. Three
surface samples were collected at each site, for a total of 12 samples
(Fig. 1a).

et al., 2003; Gao, 2007; Wang et al., 2018). The Yangtze River Delta
(YRD) is a tide-dominated delta, which means that there can be a potentially signiﬁcant marine sediment supply to the delta. On the coast
north of the YRD is the (abandoned) Old Yellow River (OYR) delta,
which was formed by the Yellow River when it discharged into the
Yellow Sea from 1128 to 1855 CE (Fig. 1). Historically, the Yellow
River is one of the most turbid rivers in the world, with an annual sediment load of 1.0–1.6 × 109 t from 1370 to 1970 CE (Ren, 2015).
Historical geography suggests that OYR sediment was transported
southward by longshore currents and contributed to delta formation on
the YRD in addition to the Yangtze River inﬂuence (e.g., Chu, 1987;
Zhang, 2005). However, this hypothesis still lacks direct sedimentary
evidence. To better understand YRD evolution and to contribute to
forecasting of its future under changing climate and sea-level conditions, it is important to gain knowledge of sediment sources, particularly marine sources, from the neighbouring OYR delta.
Magnetic properties of sediments have been used to trace sediment
sources in a variety of environments, in which the magnetic properties
of sized fractions are used to minimize the inﬂuence of particle size
(Hatﬁeld and Maher, 2009; Liu et al., 2010b; Dong et al., 2014b;
Hatﬁeld et al., 2019). Our previous studies demonstrate that the
Yangtze and Yellow River sediments can be distinguished magnetically
(Zhang et al., 2008, 2012). Here we use an integrated environmental
magnetic and geochemical approach on separated particle size fractions
to understand YRD sediment sources over the last 1000 years, a period
that covers the southern shift in course of the Yellow River. Our work
has implications for understanding delta evolution and, hence, delta
management in tide-dominated settings with possible inﬂuence of other
coastal deltas.
2. Materials and methods
2.1. Study area and samples
The Yellow and Yangtze Rivers are two large rivers that deliver
historically an annual average sediment load of ca 10 × 108 and
4.8 × 108 t to the sea, respectively, and play an important role in
modifying China's central eastern coast (Milliman and Meade, 1983;
2
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Fig. 2. Lithological log with down-core particle size variations and OSL ages for cores BX, MQ, and WB (after Wang et al., 2019). The triangles indicate depths for
OSL datings data; solid circles indicate bulk samples used for ﬁrst-order reversal curve (FORC) analysis.

Fig. 3. Down-core (a-i) magnetic property and (j) redness variations (from DRS measurements) for core BX. The core is divided into units U3 (grey band) to U1 (blue
band for U1a and yellow band for U1b) in ascending order. The green bar indicates a greigite-bearing layer; the dashed line represents depths corresponding to an age
of ca 400 years before present as interpolated from OSL datings. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

impart the ARM. An isothermal remanent magnetization (IRM) was
imparted using an MMPM10 pulse magnetizer. Remanent magnetization measurements were made with an AGICO JR6 spinner magnetometer. IRMs imparted at 100 mT (IRM−100 mT) and 300 mT (IRM−300
mT) in the opposite direction to the IRM imparted at 1 T (IRM1T) were
measured to calculate the S-ratio (i.e., S−x = 100 × (IRM1T – IRMx
mT)/(2 × IRM1T)) (Bloemendal and Liu, 2005). All IRM parameters are
mass normalized. The ‘hard’ IRM (HIRM−x) is deﬁned as
HIRM−x = (IRM1T + IRMx mT)/2, where x is either 100 mT or 300 mT.
Diﬀuse reﬂectance spectroscopy (DRS) measurements were made to

2.2. Methods
Low- (χlf, 0.47 kHz) and high- (χhf, 4.7 kHz) frequency magnetic
susceptibility was measured using a Bartington Instruments MS2B
magnetic susceptibility meter. Frequency-dependent susceptibility (χfd)
was calculated as χfd = χlf – χhf in mass-speciﬁc terms. An anhysteretic
remanent magnetization (ARM) was imparted with a peak alternating
ﬁeld (AF) of 100 mT and a direct current (dc) bias ﬁeld of 0.04 mT
using a DTECH 2000 AF demagnetizer. ARM is expressed as susceptibility of ARM (χARM) by dividing the ARM by the dc ﬁeld value used to
3
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Fig. 4. Down-core (a-i) magnetic property and (j) redness variations for core MQ. The core is divided into units U3 to U1 in ascending order. Green bars indicate
greigite-bearing layers; the dashed line represents the depth corresponding to an age of ca 400 years as interpolated from OSL datings. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 5. Down-core (a-i) magnetic property and (j) redness variations for core WB. The core is divided into units U3 to U1 in ascending order. The dashed line
represents the depth corresponding to an age of ca 400 years before present as interpolated from OSL dating. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 6. Particle size speciﬁc IRM1T variations for cores BX, MQ, and WB. Sample numbers and depths of corresponding samples are indicated on the lower and upper
horizontal axes, respectively. The sample at 0.98 m in core BX has insuﬃcient material in the > 63 μm fraction for magnetic measurements, so no data are available.
The dotted lines mark the boundaries between units U1, U2, and U3, respectively. The thick dashed yellow line indicates an age of ca 400 years from OSL dating. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Australian National University, Canberra.
χ and IRM1T generally reﬂect the concentration of ferrimagnetic
minerals, such as magnetite. χ has contributions from paramagnetic
and diamagnetic minerals, while IRM1T does not. IRM1T/χ can be inﬂuenced by a number of factors, where, for example, a higher proportion of ﬁne greigite can lead to higher values. χfd reﬂects the presence of ﬁne viscous grains close to the superparamagnetic (SP)/single
domain (SD) threshold size (Thompson and Oldﬁeld, 1986). χARM is
sensitive to ferrimagnetic SD grains (Maher, 1988), and χARM/χ and
χARM/ IRM1T are useful for detecting grain size changes (Banerjee et al.,
1981; Liu et al., 2012). HIRM−100 and HIRM−300 are used commonly to
estimate the concentration of medium- and high-coercivity minerals
such as hematite and goethite. S−300 reﬂects relative variations of lowcoercivity (e.g., magnetite and maghemite) to high-coercivity minerals,
while S−100 reﬂects the relative abundance of low-coercivity minerals
to medium- and high-coercivity minerals in the total assemblage (Liu
et al., 2007; Yamazaki, 2009). PCA was carried out using the Origin2018 software to identify statistically distinct magnetic property
groups.
In order to assess magnetic interpretations, we measured Al, Fe, Ca,
Na, K, Mg, Mn, Ti, Sr, Ba, V, Cr, and Ni concentrations on particle-sized
fractions of samples younger than ~400 years and on source samples
(total of 34 samples). The samples were digested with mixed
HF–HClO4–HNO3 acid, and elements were determined with an

estimate hematite concentrations. DRS analyses were made as follows:
samples from core depths above 3.5 m were measured at 20 cm intervals; measurements at lower depths were made at ~1 m intervals. DRS
analyses were made over the 400–700 nm range at 1 nm intervals using
a Perkin Elmer Lambda 950 spectrophotometer. The 630–700 nm red
reﬂectance in standard colour bands is used to quantify hematite content (Torrent et al., 1980; Dong et al., 2014a). Magnetic and DRS
analyses were made at the State Key Laboratory of Estuarine and
Coastal Research, East China Normal University, Shanghai.
To characterize magnetic mineral assemblages, 140 ﬁrst-order reversal curves (FORCs) were measured for each sample analyzed
(Roberts et al., 2000) with a 1.57 mT ﬁeld increment, a maximum
applied ﬁeld of 500 mT, and 200 ms averaging time. FORC measurements were made for 61 samples at ~1 m intervals throughout the
studied cores. FORC diagrams were calculated using the FORCinel
software v3.06 (Harrison and Feinberg, 2008). The FORC-principal
component analysis (PCA) unmixing algorithm (part of the FORCinel
package) of Harrison et al. (2018) was used to further characterize
sedimentary magnetic particle assemblages to understand the magnetic
particle fractions in the studied samples. VARIFORC parameters used to
smooth PCA solutions are: sc,0 = 5, sc,1 = 8, sb,0 = 5, sb,1 = 8, and
λc = λb = 0.1 (Egli, 2013). FORC measurements were made on representative samples (Fig. 2) with a Princeton Measurements Corporation MicroMag 3900 vibrating sample magnetometer (VSM) at the
5
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Fig. 7. FORC-PCA unmixing reveals two dominant data groups (Groups I and II (d)). Group I represents: (a-c) interacting stable SD greigite with vortex state iron
oxides, while Group II represents (e) mixtures of two end members (EMs). EM1 represents (g) SD and vortex state magnetite and EM2 represents (h) vortex state and
MD grains. Down-core relative contributions from EM1 and EM2 for cores (i) BX, (j) MQ, and (k) WB all indicate an increasing EM1 contribution from the base of the
studied cores toward the surface.

χARM/χ and χARM/IRM1T have opposite trends. The S-ratio undergoes
no remarkable changes in units U3 and U2 and decreases up-core in
unit U1 except for increasing S−300 values in the upper 2 m of the core.

inductively coupled plasma optical emission spectrometry (ICP-OES,
Icap7000) (Zhang et al., 2009) at the East China Normal University,
Shanghai. Quality control of analyses was checked with Chinese National Reference Material GSD9, which indicates an accuracy and precision better than 10%.

3.2. Magnetic properties of particle size fractions

3. Results

Particle size speciﬁc values of IRM1T, HIRM−300, and S−100 are
shown in Fig. 6 and S1–2. In unit U3 of all cores, IRM1T is low and
varies little with particle size. In units U2 and U1 of cores BX and MQ,
IRM1T generally increases with decreasing particle size, and peaks in
the < 16 μm size fraction (Fig. 6). However, this feature is not evident
in unit U1 of core WB, which has lower IRM1T values and minor
changes among particle size fractions. In general, HIRM−300 is higher in
the ﬁne particle fraction (Fig. S1), while S−100 has the opposite trend
(Fig. S2). The higher HIRM−300 in the ﬁner size fraction is consistent
with the presence of hematite, which occurs in close association with
clay minerals and will have lower S−100 values.

3.1. Bulk magnetic properties
3.1.1. Core BX
Down-core magnetic property variations for core BX are shown in
Fig. 3. χ and IRM1T alternate between low and high values in unit U3
(24.6–18.8 m), with the lowest minima in the core. χARM increases
slightly up-core, while HIRM−300 has relatively uniform values. In unit
U2 (18.5–8.0 m), χ ﬂuctuates signiﬁcantly. By contrast, IRM1T, χARM,
and HIRM−300 have much smaller variations. χ declines upward in unit
U1b (8.0–2.2 m) and then increases toward the surface in unit U1a
(2.2–0.4 m). IRM1T and HIRM−300 are almost stable in unit U1b and
then increase toward the surface in unit U1a. χARM has a similar trend
as IRM1T and HIRM−300 in unit U1a, but it also has a peak at 5.6–3.4 m
in unit U1b (Fig. 3).
χfd, χARM/χ, and χARM/IRM1T undergo similar changes throughout
the core, with slight up-core increases and stable values to a depth of
5.6 m. Higher values occur at 5.6–3.4 m, which then decrease before
increasing upward again in unit U1a. Apart from higher values in unit
U1a and at 18.6 m, IRM1T/χ undergoes no remarkable changes in other
parts of the core. The S-ratio increases upward in unit U3, it remains
stable in units U2 and U1b, and decreases upward in unit U1a. Notably,
the sample at the boundary between units U3 and U2 (BX-92, 18.6 m)
has high IRM1T, χARM, χARM/χ, IRM1T/χ, and S-ratio values, which are
suggestive of the presence of greigite.

3.3. FORC unmixing
FORC unmixing results for typical samples are shown in Fig. 7. The
samples are classiﬁed into two groups (Fig. 7d), where Group I is typical
of greigite mixed with vortex state iron oxides (Fig. 7 a-c), which corresponds to samples with higher bulk IRM1T/χ and S−300 values, and
data for Group II fall along a linear trend, which is likely a mixture of
two end members (EMs). EM1 consists of a mixture of ﬁne SD and
vortex state particles (Fig. 7g), while EM2 is a coarse detrital component dominated by vortex state and multidomain (MD) particles
(Fig. 7h), by comparison with the expected FORC behavior of vortex
state (Roberts et al., 2017; Lascu et al., 2018) and MD particles (Pike
et al., 2001). The relative contributions of EMs in each core are shown
in Fig. 7i-k. EM2 is dominant in the lower parts (unit U3) of the cores,
with contributions > 75%. From unit U2 to U1b, the EM2 and EM1
contributions become more similar, and in uppermost unit U1a the EM1
contribution is > 50%. In unit U1a, the EM1 contribution in core WB is
much higher than in cores BX and MQ, which have ﬁner magnetic
particle sizes than core WB.

3.1.2. Core MQ
Down-core magnetic property variations for core MQ are shown in
Fig. 4. In core MQ, χ, IRM1T, χARM, and χfd all have a generally increasing trend from unit U3 (26.2–20.0 m) to U2 (19.8–8.6 m). Starting
at unit U1b (8.6–2.3 m), they then decrease up-core, while in unit U1a
(above 2.3 m) they increase signiﬁcantly to the surface. HIRM−300 remains stable and low below ~13 m, and then increases gradually
through U2 and U1b, and increases sharply in the uppermost sediments.
χARM/χ, χARM/IRM1T, and IRM1T/χ have similar trends with depth.
They are stable in U3, and increase upward before peaking at ~16 m.
After decreasing from the peak at ~16 m, these parameters increase upcore to ~5 m, and then decrease toward the top of unit U1b. In unit
U1a, IRM1T/χ increases up-core to the surface, while χARM/χ and
χARM/IRM1T peak at 1.5 m. S-ratio increases up-core from the bottom of
the core to peak at ~16.0 m, then declines toward the top of unit U1b,
and then increases toward the surface in unit U1a. Two layers with high
IRM1T/χ values (16.0 m and 18.0 m) reﬂect the presence of greigite.

3.4. DRS results
DRS redness results are shown in Fig. 3j, Fig. 4j, and Fig. 5j. In
general, redness is lowest in unit U3 in each core and increases obviously toward the surface in unit U1a.

3.5. Geochemical results
A summary of elemental concentrations for samples younger than
~400 years in cores BX, MQ, and WB are shown in Table 1. The elements can be classiﬁed into two groups. Group 1 includes Al, Fe, K, Ti,
Mn, Mg, Ba, V, Cr, and Ni, which decrease with increasing particle size.
Group 2 includes Ca, Na, and Sr, which increase with increasing particle
size. In the < 16 μm size fraction, the contents of Group 1 elements
vary in the studied core as follows BX > MQ > WB, while Group 2
elements have the opposite trend. In the 16–32 μm size fraction, Al, K,
Ca, Ba, and Cr have the opposite trend to the < 16 μm size fraction,
while other elements have minor diﬀerences in the three cores. In
the > 32 μm fractions, the elemental content diﬀerence among the
cores are generally reversed for both Groups 1 and 2.

3.1.3. Core WB
Down-core magnetic property variations for core WB are shown in
Fig. 5. χ, IRM1T, and χARM have variable but relatively stable values
from unit U3 (23.2–19.0 m) to U1b (8.0–2.0 m). IRM1T and χARM have
higher values in unit U1a (2.0 m to surface). HIRM−300 is relatively
stable from unit U3 to U2 (19.0–8.0 m), and then increases up-core in
unit U1. χARM/χ, χARM/IRM1T, and IRM1T/χ have similar trends with
depth. They are relatively stable in units U3 and U2 and increase upcore in unit U1b. In unit U1a, IRM1T/χ increases to the surface, while
7
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134 ± 24
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Mn (mg/kg)
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Cr (mg/kg)

Ni (mg/kg)
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±
±
±
±
±
±
±
±
±
±
±
±
1.97
1.73
1.61
1.35
1.26
1.28
1.14
1.14
1.16
0.99
1.17
1.32

±
±
±
±
±
±
±
±
±
±
±
±

4.1. Inﬂuence of sediment particle size
Our particle size speciﬁc analysis demonstrates clearly that particle
size has a strong inﬂuence on magnetic properties. In general, minor
magnetic property variations occur across diﬀerent particle size fractions in sediments in the lowest unit U3 of all cores, while diﬀerences
are evident in sediments from the upper units U2 and U1. From ca
400 years to present-day, S−100 of the > 63 μm size fraction in core BX
is much higher than in cores MQ and WB, while HIRM−300 has the
opposite relationship (Fig. S1–2). The proportion and concentration of
high coercivity minerals in the coarsest particle sizes varies as
WB > MQ > BX over the last 400 years. In units U2 and U1,
the < 16 μm fraction generally has the highest IRM1T and HIRM−300
values, which suggests that both the low and high coercivity minerals
are enriched in the ﬁner particle size fractions (Fig. 6 and S1). The silt
fraction (16–63 μm) contains fewer ferrimagnetic minerals. However,
signiﬁcantly higher IRM1T values are not evident in the < 16 μm fractions at depths of ca 2 to 9 m in core WB, which is ascribed to a provenance diﬀerence as discussed below. Furthermore, minor magnetic
property diﬀerences with particle size in unit U3 are explained by diagenesis, as discussed next.

±
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±
±
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1.32
1.36
1.24
1.36
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1.26
1.38
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2.30
2.38
3.16
2.90
2.74
3.30
3.05
2.82
2.84
2.77
2.78
±
±
±
±
±
±
±
±
±
±
±
±
2.77
2.75
2.58
1.58
1.68
1.78
1.31
1.44
1.54
1.59
1.77
1.86
±
±
±
±
±
±
±
±
±
±
±
±
6.14
5.11
4.52
2.79
2.52
2.79
2.09
2.19
2.41
1.86
2.68
3.49
±
±
±
±
±
±
±
±
±
±
±
±

4.2. Inﬂuence of diagenesis and pedogenesis
In each core, unit U3 has lower χ and IRM1T both in bulk samples
and particle size fractions. Furthermore, there are no obvious IRM1T
peaks in the ﬁnest < 16 μm fraction. This can be explained by diagenetic dissolution, which removes the ﬁnest magnetic grains ﬁrst
(Roberts, 2015). FORC unmixing has been used to assess diagenetic
processes in reducing sedimentary environments, including dissolution
in sulphidic environments (Roberts et al., 2018). Our FORC-PCA results
are consistent with these ﬁndings and indicate that EM2 (coarse, detrital magnetic assemblage) dominates unit U3, which is consistent with
overall initial magnetic coarsening in reducing environments. Ongoing
iron oxide reduction will also cause hematite dissolution (Roberts,

63–125 μm

32–63 μm

16–32 μm

BX (n = 10)
MQ (n = 8)
WB (n = 6)
BX (n = 10)
MQ (n = 8)
WB (n = 6)
BX (n = 10)
MQ (n = 8)
WB (n = 6)
BX (n = 10)
MQ (n = 8)
WB (n = 6)
< 16 μm

8.83
8.32
8.34
5.31
5.48
5.87
4.39
4.73
5.15
4.58
5.17
5.58

Core

Al (%)

0.41
0.13
0.56
0.49
0.29
0.30
0.18
0.25
0.21
0.38
0.64
0.69

Fe (%)

0.64
0.37
0.36
0.63
0.21
0.34
0.26
0.19
0.28
0.45
0.77
1.13

K (%)

0.21
0.09
0.18
0.14
0.09
0.06
0.10
0.12
0.05
0.17
0.29
0.25

Ca (%)

0.43
0.22
0.36
0.32
0.21
0.09
0.25
0.36
0.07
0.24
0.48
0.33

Na (%)

0.10
0.07
0.15
0.12
0.06
0.11
0.05
0.05
0.06
0.06
0.07
0.15

Mg (%)

0.17
0.12
0.05
0.15
0.07
0.05
0.07
0.07
0.05
0.12
0.13
0.19

4. Discussion

Size fraction

Table 1
Geochemical compositions (mean ± standard deviation) of samples younger than ~400 years in cores BX, MQ, and WB.

0.05
0.03
0.05
0.04
0.03
0.03
0.09
0.10
0.06
0.03
0.07
0.04

Fig. 8. Particle size speciﬁc (a) IRM1T and (b) S−100 values for cores BX, MQ,
and WB over the last 400 years and their comparison with four potential
endmembers, i.e., JSR: Jinsha River; JLR: Jialing River; HR: Han River; and
OYR: Old Yellow River. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 9. Scatter plots of particle-sized fractions and magnetic properties on the ﬁrst principal component (PC1) versus the second principal component (PC2). Results
are shown for each size fraction: (a) < 16 μm, (b) 16–32 μm, (c) 32–63 μm, and (d) 63–125 μm. The ellipses mark PC score regions for data from the major tributaries
of the Yangtze River (JSR: Jinsha River; JLR: Jialing River; HR: Han River) and the Old Yellow River (OYR). Rectangles are for core BX (blue), MQ (red), and WB
(green), respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

the sediment source, eight magnetic parameters (χ, IRM1T, χARM,
HIRM100, HIRM300, S−100, S−300, and χARM/IRM1T) for particle-sized
fractions were chosen for principal component analysis (PCA). The >
125 μm size fraction is not considered due to its small fraction of the
total sediment (average content < 7%). The two extracted principal
components (PCs) account for ~80% of the total variance for all size
fractions (Fig. 9). The ﬁrst PC (PC1) correlates positively with concentration-related parameters, which reﬂects mainly ferrimagnetic
mineral concentration. PC2 has a close link to S-100 and reﬂects magnetic mineralogy.
Four potential source EMs can be distinguished clearly (Fig. 9).
The < 63 μm fraction for the WB sediments is more similar to OYR
sediments, while core BX sediments are more similar to Han River sediments (Yangtze River tributary). Data for samples from Core MQ are
distributed between those for cores BX and WB (Fig. 9a-c). However,
Han River and OYR samples cannot be separated clearly for the
63–125 μm fraction (Fig. 9d). Sediments in these cores have similar
ages (< 400 years) and particle size compositions (Fig. 2), and the
extent of their diagenetic modiﬁcation appears to be similar. We,
therefore, interpret these diﬀerences to reﬂect a change in sediment
source in the diﬀerent cores. Previous studies indicate that the Yangtze
and Yellow Rivers are primary sediment sources for the coast around
the YRD (Liu et al., 2010b; Zhang et al., 2012). Magnetically, Yangtze
River sediments have higher IRM1T and S−100 values compared to
Yellow River sediments (Zhang et al., 2008, 2012). Our studies of
Yangtze River tributary and OYR sediments conﬁrm this conclusion
(Fig. 9). Based on this evidence, we suggest that core WB received a

2015), which explains low redness values in unit U3.
Increasing up-core redness also suggests that hematite contents increase toward the surface. This increase can be explained by increasing
ﬁne particle concentrations toward the surface because ﬁne hematite is
associated with ﬁner soil particle sizes, although it is also likely that the
local sedimentary environment became gradually more oxic as it was
elevated above sea level (Dong et al., 2014a). The up-core S-ratio decrease in unit U3, especially in unit U1a, also indicates increased hematite proportions. The signiﬁcantly increased EM1 (ﬁne SD and vortex
state) contribution in unit U1a may be related to ﬁne-grained magnetite
formation. Studies in nearby areas suggest that pedogenesis in surface
sediments can lead to enrichment of oxidized magnetite, hematite, and
goethite (Dong et al., 2014a).
4.3. Evidence of Old Yellow River sediments
Particle size speciﬁc IRM1T and S−100 values for cores BX, MQ, and
WB over the last 400 years and their comparison with four potential
EMs are shown in Fig. 8. Among the EMs, Jinsha River has extremely
high IRM1T values, which is due to basaltic catchment rocks (Chen,
2009). The other three EMs have IRM1T values in the range of delta
sediments, with ranks as follows: Han River > Jialing River > OYR.
S−100 values follow the Han River > OYR > Jialing River pattern
for < 16 μm fraction. Therefore, the Jinsha River seems not to be a
major historic source for delta deposits.
In general, IRM1T and S−100 values are lower in core WB than in
other cores, and are more similar to those of OYR (Fig. 8). To constrain
9
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Fig. 10. Scatter plots of particle-sized fractions and geochemical compositions on the ﬁrst principal component (PC1) versus the second principal component (PC2).
Results are shown for each size fraction: (a) < 16 μm, (b) 16–32 μm, (c) 32–63 μm, and (d) 63–125 μm. The ellipses mark PC score regions for data from the major
Yangtze River tributaries (JSR: Jinsha River; JLR: Jialing River; HR: Han River) and the Old Yellow River (OYR). The rectangles mark PC scores for data from core BX
(blue), MQ (red), and WB (green), respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

Na, and Sr concentrations (Yang et al., 2002; Zhang et al., 2012; Zhou
et al., 2015). In the < 16 μm size fraction, four potential source EMs
can be distinguished clearly, with OYR sediments having higher Ca, Na,
and Sr concentrations (Fig. 10a). Data for core WB are more similar to
those for the OYR, while core BX data are more similar to those for Han
and Jialing River (Yangtze River tributaries) sources. Core MQ data are
distributed between those for cores BX and WB. This result is consistent
with our environmental magnetic interpretations for the < 16 μm size
fraction. For the coarser particle size fractions, ascription of core samples to a speciﬁc EM is not so direct (Fig. 10b-d), which might suggest
that no single EM source controls the geochemical compositions of
these fractions.
4.4. Remote inﬂuence of the Yellow River to the Yangtze River Delta
Fig. 11. Schematic diagram of landward and seaward sediment transport in the
tide-dominated YRD and possible Yellow River contributions. The black line
marks the modern coastline, while dashed and dotted lines represent the
coastline and river mouth bar at the end of 16th century, respectively (after
Tan, 1987). (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)

Based on historical documents, the Yellow River discharged into the
Yellow Sea between 1128 and 1855 CE (Zhang, 1984; Ye, 1986).
However, due to the presence of multiple Yellow River channels, the
sediment load was evidently lower during the 1128–1578 CE interval.
Starting from 1578 CE (ca 400 years ago), the river engineering strategy
changed from “maintaining a broad ﬂood plain with an embankment”
to “clearing channel sediments by means of convergent ﬂow” (Zhang,
1984; Ye, 1986). The former strategy caused a large amount of sediment to accumulate in the lower Yellow River reach, while the more
recent strategy ﬂushed greater amounts of sediment into the Yellow
Sea, resulting in rapid progradation of the coast over the last 400 years

greater sediment contribution from the OYR compared to the other two
cores over the last 400 years.
PCA results for elemental composition variations are shown in
Fig. 10. Previous studies have shown that Yangtze River sediments have
higher Fe and Ti values, while Yellow River sediments have higher Ca,
10
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(Ye, 1986). Morphodynamic modelling has been used to simulate OYR
delta growth (Su et al., 2017), which also reveals southward sediment
transportation both before and after 1855, which is consistent with
coastal progradation south to the OYR delta (Zhang et al., 1984). We
infer that southward transportation of Yellow River sediment by the
Yellow Sea Coastal Current was enhanced since 1578 CE, which promoted YRD aggradation and progradation (Wang et al., 2019). Analysis
of a core from the subaqueous Yangtze River delta also reveals a strong
OYR sediment signature over the last 600 years (Liu et al., 2010a).
Core MQ is located on a mouth bar, while cores WB and BX lie to the
north and south of the mouth bar and are located in northern and
southern distributary channels, respectively (Wang et al., 2019). Distributaries in a tide-dominated delta have diﬀerent net sediment
transportation directions due to tidal and river interaction (Hoitink
et al., 2017). In ﬂood-dominated distributaries, sediment is transported
landward while in ebb-dominated distributaries, sediment is transported seaward (Chen, 1988; Nowacki et al., 2015). We suggest that
core WB was located in a ﬂood-dominated distributary, which imported
and accumulated OYR derived sediment. Fine-grained sediment can be
transported over long distances (Su et al., 2017), which can explain
why core WB has markedly diﬀerent magnetic properties in the < 16
μm fraction. In contrast, core BX is located in an ebb-dominated distributary and, therefore, accumulated a greater amount of Yangtze
River sediment (Fig. 11). Core MQ, which is located between the two
other cores, appears to have had a more balanced inﬂuence from the
two rivers.

sediment cores is required to understand complex sediment transport
and depositional processes in delta deposits.

4.5. Implications for delta evolution studies
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deltas/estuaries is not only limited to our study area, but is widespread
in other areas, such as the North Paciﬁc coast (Giddings and
MacCready, 2017). This is critical for predicting delta evolution with
declining ﬂuvial discharge. It also calls for caution in using accumulated sediment volume in deltas to reconstruct past ﬂuvial discharges.
While the three studied cores lie close to each other, spatial sediment source variations among the cores mean that delta deposits are
highly heterogeneous. The exact mechanisms that produced spatial
sediment source variations require further morphodynamic studies.
Nevertheless, paleoenvironmental studies of closely-spaced sediment
cores from deltaic environments can provide an improved understanding of these heterogeneous deposits, which can provide insight
into delta evolution processes in tide-dominated settings.
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