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Many rivers are facing human-induced system regime shifts that have great environmental, ecological and social
implications, necessitating an increasing need to quantify the human influence on sediment properties and their
impacts on the source-to-sink system of marginal seas. The Huanghe and Changjiang Rivers have experienced a
dramatic reduction in sediment flux in recent decades, typifying the human influence on sediment properties of
global large rivers. Sediment samples from the two rivers were analyzed to obtain grain size, magnetic and geo-
chemical data. The results show a large difference in sediment properties between pre- and post-dam periods.
We applied a discrepancy factor to re-examine the magnetic and geochemical tracers that were previously
used in the two rivers. The discrepancy factors of most magnetic and geochemical tracers in the mud-sized sed-
iments of the two rivers increased by an average of about 109% after damconstruction. This suggests that human-
induced changes in sediment properties have greatly improved the discriminatory ability between the sediments
from the two rivers. The results also raise the uncertainty of using previous tracers to distinguish between sedi-
ments from the two rivers after damming. Furthermore, significant changes in sediment properties that hap-
pened in a relatively short time may provide future geological time markers for sedimentary records with a
temporal resolution of 100–101 years. For marine environments, an approach for identifying sediment sources
based on multiple independent optimum tracers is also proposed, with composite magnetic (SIRM vs. HIRM)
and geochemical (Na2O vs. Zn) tracers being considered. The results of this work can advance our knowledge
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of how human activities alter river systems, and identify a sustainable developmentmodel under system regime
shifts for areas of high-intensity human activity.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Rivers provide terrestrialmaterials such as freshwater, sediment and
nutrients to the ocean, thus play a key role in controlling the physical
and biogeochemical features of global marginal seas (Walling and
Fang, 2003; Liu et al., 2009; Wang et al., 2011). In recent years, human
activities, e.g., dam building, soil conservation and water diversion,
have become a dominant force affecting most river systems. As such,
many rivers are facing human-induced system regime shifts (Syvitski
et al., 2005; Wang et al., 2010a; Jia et al., 2018), the most direct effect
being the reduction of sedimentflux and themodifications to the nature
of riverbed sediments. In rivers such as the Mississippi, Huanghe,
Changjiang, Ebro and Nile rivers, sediment flux is presently below
their pre-human levels (Milliman and Farnsworth, 2011; Wang et al.,
2011; Yang et al., 2015). Despite many studies of anthropogenic
changes in the flux of fluvial sediments, the human influence on sedi-
ment properties (e.g. grain size, magnetic and geochemical composi-
tion) is poorly understood. Knowledge of this influence is important
for understanding the source-to-sink system of marginal seas in the
context of human activities, and providing a scientific basis for identify-
ing sustainable development models in coastal areas that response to
human-induced system regime shifts.

The Huanghe (Yellow River) and Changjiang (Yangtze River) are
among the world's largest river systems in terms of water discharge
and sediment yield. They supply sediment to a heavily populated
coastal region that is undergoing change. In recent years, these two
rivers have experienced dramatic reduction in sediment flux, espe-
cially in the period of 1999 to 2003 (Yang et al., 2006; Wang et al.,
2007; Gao et al., 2015a). Thus they provide excellent cases of how
human activities alter riverine sediment. Sediment flux in these
two rivers has decreased from previous estimates of 1080
× 106 t/yr and 478 × 106 t/yr (e.g. Milliman and Meade, 1983;
Milliman and Syvitski, 1992) to the present ~150 × 106 t/yr and
147 × 106 t/yr (Yang et al., 2006, 2015; Wang et al., 2007, 2011), re-
spectively. Several studies have attempted to quantify the relative
importance of climatic change and human activities on the sediment
flux changes (e.g. Dai et al., 2014; Zhao et al., 2015, 2017; Yang et al.,
2018a). For the Huanghe River, human activities are responsible for
70% of recent decrease in sediment flux (40% by soil conservation
and 30% by reservoir retention), and 30% by decreased precipitation
(Wang et al., 2007). Decrease in precipitation is responsible for 14%
of the decrease in sediment flux of the Changjiang River, while the
remainder i.e. 86% is ascribed to human activities in the river basin,
of which the Three Gorges Dam (TGD) contributed 65%, and other
dams and soil conservation accounted for 21% (Yang et al., 2015).
The construction of the Xiaolangdi Reservoir in 1999 in the middle
Huanghe and the TGD in 2003 in the upper Changjiang appear to
be responsible for the dominant human influence (Wang et al.,
2011, 2017a; Yang et al., 2011, 2014). The drastic reduction in sedi-
ment flux and unprecedented human activities have led to a
human-induced system regime shift in the two river systems
(Wang et al., 2010a; Jia et al., 2018), and corresponding changes in
sediment properties (Yang et al., 2007, 2018b; Yu et al., 2013; Gao
et al., 2017). In terms of the Huanghe and Changjiang Rivers, the de-
cline in sediment flux is mainly ascribed to human activities, so that
human activity is the main cause of changes in sediment properties.
In addition, significant changes in sediment properties can leave dif-
ferent markers in coastal-shelf sedimentary records, which may pro-
vide a future geological time marker for sedimentary records
affected by the Huanghe and/or Changjiang Rivers.
In recent years, investigations have been carried out into the varia-
tions in grain size and sediment composition of sediments delivered
to the sea by the two rivers (e.g. Wang et al., 2010a; Gao et al., 2015b;
Luo et al., 2017; Yang et al., 2018b), and significant sediment coarsening
was found in response to dam construction. However, to date there
have been few studies that have attempted to quantify the human-
induced changes in magnetic and geochemical composition of the
Huanghe and Changjiang sediments and their impacts on the discrimi-
nation of the sediments from the two rivers. Towards this end, we
(1) collect and collate the basic grain size, magnetic, and geochemical
data that quantify the human influence on the sediment properties of
the two rivers from the pre-dam period to the post-dam period; (2) de-
termine the most appropriate tracers for discriminating the sediments
from the two rivers in the post-damperiod; and (3) re-examine thepre-
viously widely used tracers that differentiate the sediments from the
two rivers.

2. Materials and methods

For this study, 34 surface sediment samples were collected using a
grab sampler between September and October 2012 from the Huanghe
and Changjiang Rivers (Fig. 1; Table S1). Of these, sixteenwere collected
from the lower reach of the Huanghe River, and eighteen from that of
the Changjiang River. All the samples were measured for their grain
size composition using a laser MalvernMastersizer 2000 granulometer.
Tominimize the grain size effect, the sediment samples were separated
into two grain size fractions; i.e., the sand fraction (N63 μm) and the
mud fraction (b63 μm) by wet-sieving the sediments through a 63 μm
nylon mesh. These two sized fractions were used for the magnetic and
geochemical analyses.

The magnetic susceptibility (χ) of the sediments was measured
using a Bartington Instruments MS2 magnetic susceptibility meter at a
low frequency (χ, 0.47 kHz). An anhysteretic remanent magnetization
(ARM) was imparted in a 0.04 mT direct current (DC) bias field that
was superimposed onto a peak alternating field (AF) of 100 mT using
a DTECH 2000 AF demagnetizer and measured using a Molspin magne-
tometer. ARM is expressed as the anhysteretic susceptibility (χARM) by
normalizing ARMagainst the applied DCfield. The isothermal remanent
magnetization (IRM) was measured using a forward field of 1 T
followed by application of back fields of −100 mT and −300 mT that
were imparted using an MMPM10 pulse magnetizer. The IRM obtained
at 1 T is referred to as the saturation IRM (SIRM) and the back field rem-
anences are referred to as the IRM–100mT and IRM–300mT (Zhang et al.,
2012; Ge et al., 2015). The hard IRM (HIRM) was calculated as follows:

HIRM ¼ 0:5� SIRMþ IRM–300 mTð Þ

and the S ratios (S−100 and S−300) were calculated as follows:

S–100 ¼ 100� SIRM−IRM–100 mTð Þ= 2� SIRMð Þ

and

S–300 ¼ 100� SIRM−IRM–300 mTð Þ= 2� SIRMð Þ

(Ge et al., 2017).
Further, major and trace elements analysis were carried out on the

mud and sand fractions using an ARL9800XP + X-ray fluorescence
spectrometer (XRF). Work curves were established on the basis of the
national geological standard samples (GSD9), which indicated that our



Fig. 1.Map showing the location of the Huanghe and Changjiang Rivers in China (a,modified fromWang et al., 2017a), and sampling locations of surface sediments (b) in these two rivers
(HH: Huanghe River and CJ: Changjiang River). Large dams constructed in the two rivers are shown in Fig. 1a and Table S2. Themodern-day current systemswithin the study area are also
indicated (modified from Lim et al., 2015): SDCC = Shandong Coastal Current, NJCC = Northern Jiangsu Coastal Current, CDW = Changjiang Diluted Water, ZFCC = Zhejiang Fujian
Coastal Current, and YSWC = Huanghe Sea Warm Current.
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geochemical analysis of the major and trace elements had a precision
better than 10% (Rao et al., 2015). Major and trace element concentra-
tions are expressed as oxide concentrations (%) and μg/g, respectively.

Statistical analysis, such as non-parametric test, discriminant func-
tion analysis and principal component analysis (PCA), has previously
been successfully used to identify the tracers that were most effective
at separating out the potential sources (Collins and Walling, 2002;
Walling, 2005; Zhang and Liu, 2016). In the present study, a two-stage
statistical selection procedure was used to determine the most appro-
priate tracers for the two rivers. Firstly, non-parametric test methods
(i.e., the Mann-Whitney U and Kolmogorov-Smirnov methods for two
independent sets of samples) were used to assess which parameters ex-
hibited a significant difference between the two rivers. Secondly, PCA
(Jolliffe, 2002; Yang et al., 2016, 2017) was used to quantify the relative
importance of the list of parameters identified in thefirst stage, and thus
the most appropriate tracers could be selected. The relative importance
of each parameter (RI) was quantified using the factor loadings and the
variance of each PC derived from the PCA, and were expressed as fol-
lows (Yang et al., 2016):

RI j ¼
Xn

i¼1

λ2
j =p

� �
� ai ð1Þ

where i is the component number, n is the total number of components,
λj is the factor loading of parameter j, p is the eigenvalue, λj2/p is the fac-
tor weight, and ai is the variance of PCi.

3. Results and discussion

3.1. Grain size

The sediments of the Huanghe and Changjiang Rivers show large
variations in grain size composition, with the silt and sand fractions
being dominant. The sediments consist of 2.5% clay, 51.7% silt, and
45.8% sand in the Huanghe River; and 5.5% clay, 51.8% silt, and 42.7%
sand in the Changjiang River. The Huanghe sediments are rich in sand
(mean grain size, Mz = 4.3 φ), whereas the Changjiang sediments are
finer, with Mz of 4.8 φ (this study, 2012). In comparison, the Mz values
of the two rivers in 2013 were reported to be 3.6 φ and 4.5 φ, and ana-
lyzed using the same instrument as our study (Rao et al., 2015). Before
dams, e.g. 1996–2000, however, the Mz values of the Huanghe and
Changjiang sediments were much finer than those of after dams with
mean values of 4.8 φ and 6.3 φ (grain size was analyzed by Sedigraph
5100 granulometer, Yang et al., 2004a); e.g. 1997–2000, the Mz values
were analyzed by wet sieving and pipette methods with mean values
of 5.1 φ and 6.3 φ (Yang et al., 2004b). To reduce the uncertainty caused
by spatial variations of samples (most sediment samples were collected
from the lower reaches of the two rivers) and laboratory treatments, Mz
values of this study and Rao et al. (2015)were averaged as the values of
the post-dam period, and those reported by Yang et al. (2004a) and
Yang et al. (2004b) as the pre-dam period, respectively. Therefore, the
Mz values of the Huanghe and Changjiang sediments can be estimated
to be 4.0 φ and 4.7 φ for the post-dam period, and 5.0 φ and 6.3 φ for
the pre-dam period (Table 1).

After dams, the Huanghe and Changjiang riverbed sediments exhib-
ited a significant coarsening trend, and the Mz values have been coars-
ened by about 20% and 25% between approximately 1996 and 2013
(Fig. 3). This coarsening has also been identified by previous studies,
and suggests that channel erosion in the lower reaches has become a
new sediment source, coarsening the riverbed sediments in the lower
reaches of the two rivers (e.g. Wang et al., 2007; Gao et al., 2015b;
Yang et al., 2011, 2018a). Because severe downstream erosion has
been identified to continue in recent years (Wang et al., 2011; Dai and
Liu, 2013), we expect that the coarsening of riverbed sediments in the
downstream of the two rivers has most probably continued and has
intensified.

3.2. Magnetic properties

For most of the magnetic parameters, the values recorded for the
mud- and sand-sized fractions show great differences in these two
rivers (Table 1), implying the grain-size effect on magnetic properties.
The parameters χ and SIRM reflect primarily the concentration of
magnetic minerals in sediments, especially ferrimagnetic minerals
(e.g., magnetite; Thompson and Oldfield, 1986; Ge et al., 2015). The
Changjiang River sediments have higher mean χ and SIRM values,
reflecting their high concentrations of magnetic minerals. S−300 serves
as a measure of the relative importance of high-coercivity minerals
and low-coercivity components (e.g. magnetite and maghemite) in
the total magnetic mineral assemblage, whereas S−100 reflects the
ratio of low-coercivity minerals to medium- and high-coercivity min-
erals (Robinson et al., 2000). There is a positive correlation between χ
and SIRM values in both rivers, together with high S−300 values (N90%
on average), which indicates the dominance of ferrimagnetic minerals
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in the magnetic mineral assemblage (Zhang et al., 2008; Wang et al.,
2010b; Table 1; Fig. 2a). In Fig. 2b, the HIRM and L-ratio [HIRM/(0.5
× (SIRM+ IRM–100mT))] are not correlated in the sediments from the
Huanghe (two-sized fractions) and Changjiang (only mud-sized frac-
tion), and the relatively stable L-ratios (ca. 0.25 and 0.34 for the
mud- and sand-sized fractions) suggest that the variations in HIRM
are dominated by changes in the concentration of anti-ferrimagnetic
minerals (e.g. hematite, goethite) (Maher, 1988; Liu et al., 2007). In
contrast, the relatively strong correlation (R2 = 0.4166) between the
HIRM and the L-ratio in the sand-sized sediments from the Changjiang
River indicates that variations inHIRMare causedmainly by changes in
the coercivity distribution rather than by the concentration of hematite
and/or goethite (Liu et al., 2007). The parameter χARM is particularly
sensitive to stable single-domain (SSD) ferrimagnetic grains, and
higher χARM values indicate a great concentration of SSD grains
(Maher, 1988; Wang et al., 2010b). χARM values are higher for sedi-
ments from the Changjiang River, indicate that less SSD grains exist
in sediments from the Huanghe River. In addition, the mean χARM/
SIRM values of the two rivers are almost b30 × 10−5 m A−1, and
χARM/χ values are b5, which reveals the pseudo-single-domain (PSD)
and multi-domain (MD) patterns of magnetic grain size (Oldfield and
Yu, 1994; Wang et al., 2009).

Most of the magnetic parameters (except S−100 and S−300) of the
mud-sized (sand-sized) sediments from the Huanghe and Changjiang
Rivers showed significant changeswith amean relative deviation (RD)
of 27.8% (25.9%) and 29.1% (36.8%) between roughly 2003 and 2012
(Table 1). Further, changes in bulk sediments of the Huanghe River
(mean RD of 47.2%) were more drastic than those of the Changjiang
River (mean RD of 24.3%) between approximately 2001 and 2006
(Table 1). It is worth mentioning that all the magnetic parameters in
Table 1 were measured using the same magnetic system of East
China Normal University, China (this study; Wang et al., 2004; Niu
et al., 2008; Zhang et al., 2008). In addition, most of the magnetic pa-
rameters exhibit relatively small spatial variations, and themean coef-
ficients of variation of the Huanghe and Changjiang sediments are
23.2% and 18.7%, respectively (Table 1). We believe that the uncer-
tainty caused by instrumental analysis errors and spatial variations
has beenminimized when comparing themagnetic parameters before
and after dams.

After the construction of numerous dams, the concentration of
magnetic minerals in the bulk, mud- and sand-sized sediments of the
two rivers exhibited a notable decreasing trend, with the exception
of themud-sized sediments of theChangjiang River. Themagnetic con-
centrations (e.g. χ and SIRM values) of the sand-sized sediments from
the Huanghe and Changjiang Rivers have been decreased by about 32%
and 45% between 2003 and 2012 (Table 1). For the bulk sediments, the
concentrations of the two rivers have been decreased by approxi-
mately 49% and 17% between 2001 and 2006. The averaged decreased
values (~35% and 31% for the Huanghe and Changjiang Rivers; Fig. 3)
obtained from the bulk, sand- and/or mud-sized sediments may pro-
duce a reasonable estimate of the human influence on the magnetic
mineral concentrations.

This decreasing shift has been confirmed by the coarsening of river-
bed sediments, as the fine fractions dominate the χ and SIRM values
(Zhang et al., 2008; Wang et al., 2009). Although relatively large RDs
were found in the χARM/χ and χARM/SIRM values of the two rivers,
most of their values were still b5 and 30 × 10−5 m A−1, respectively.
Combining the S−100 and S−300 values, we conclude that human activ-
ities have profoundly changed the concentration of magnetic minerals
in the sediments of the Huanghe and Changjiang Rivers, but did not
systematically changed themagnetic grain sizes andmagnetic mineral
types. Due to the continued coarsening of riverbed sediments and un-
precedented human activities in the coming decades (Wang et al.,
2011; Yang et al., 2018a),we expect that themagneticmineral concen-
trations of Huanghe and Changjiang sediments will continue to de-
crease further, and the magnetic grain sizes (more coarse magnetic



Fig. 2. Correlations between χ and SIRM (a) and HIRM and the L-ratio (b) for mud- and
sand-sized sediments from the Huanghe and Changjiang Rivers in the post-dam period.
Black dotted lines represent a relatively constant L-ratio, and the blue dotted line
indicates the relationship for sand-sized sediments from the Changjiang River. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 3.The increasing rate (%) inmean grain size (Mz),magneticmineral concentrations (χ and S
the pre-dam period to the post-dam period. Mud-sized sediments: Group 1 represents Nb, Sr
represents Nb, Rb, Th, Zn, Cu, Cr and V for the Huanghe River, and only Sr for the Changjiang
elements with the exception of Sr and Ga for the Changjiang River.
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particles) and magnetic mineral types (less high-coercivity minerals)
have most probably changed.

3.3. Geochemical characteristics

The concentrations of themajor and trace elements in the sediments
from theHuanghe and Changjiang Rivers are given in Tables 2 and 3, re-
spectively. For these two rivers, the concentrations ofmost elements are
higher in the mud-sized sediments than in the sand-sized sediments,
which suggest the presence of a grain-size effect on geochemical prop-
erties. Most elements that are concentrated in the sediments of the
Changjiang River. Although the major and trace elements in Tables 2
and 3 were determined by three different instruments (e.g. XRF, ICP-
AES and ICP-MS), their relative error was b10% (this study; Yang et al.,
2002a, 2003a, 2004a; Rao et al., 2015). In addition,most of the elements
showed small spatial variability with mean coefficients of variation of
9.5% and 12.5% for the Huanghe and Changjiang Rivers, respectively
(Tables 2 and 3). Therefore, the concentrations of major and trace ele-
ments between pre-dam and post-dam periods can be reasonably
compared.

After dam construction, the concentration of most elements exhib-
ited notable changes, and the mean RDs of the mud-sized (bulk) sedi-
ments from the Huanghe and Changjiang Rivers are about 40.2%
(35.2%) and 39.4% (33.8%) between roughly 1997 and 2013 (Tables 2
and 3). Changes in geochemical elements were more drastic than
changes in magnetic parameters between pre-dam and post-dam pe-
riods. The concentration of themajor elements showed a significant in-
creasing trend, with the exception of Na2O and MnO, CaO and TiO2 in
the mud-sized and bulk sediments. The concentrations of most major
elements in the Huanghe and Changjiang sediments (bulk and mud-
sized) have been increased by about 67% and 61% between approxi-
mately 1997 and 2013 (Fig. 3). For themud-sized sediments in both riv-
ers, the concentrations of Nb, Sr, Y, Hf, Cr and V exhibited an increasing
trend, but Th, Ga, Cu, Co and Ni showed a decreasing trend from 1997 to
2012 (Fig. 3). In addition, changes in trace elements in bulk sediments
showed great difference between the Huanghe and Changjiang Rivers.
The concentrations of Nb, Rb, Th, Zn, Cu, Cr and V and only Sr showed
an increasing trend in the bulk sediments of the Huanghe River and
Changjiang River, respectively (Fig. 3). Compared with the Huanghe,
trace elements are more concentrated in the fine-grained sediments of
the Changjiang River (Yang and Li, 1999; Yang et al., 2002a), the coars-
ening of riverbed sediments leads to a decrease in the concentration of
trace elements in the bulk sediments. We expect that the concentra-
tions of major elements in the Huanghe and Changjiang sediments
IRMvalues), andmajor and trace elements of theHuanghe andChangjiang sediments from
, Y, Hf, Cr and V, and Group 2 represents Th, Ga, Cu, Co and Ni. Bulk sediments: Group 3
River; Group 4 represents Pb, Sr, Y, Hf, Co and Ni for the Huanghe River, and all the trace
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will increase further, and the concentrations of most trace elements
may decrease in the future.

3.4. Distinguishing between the sediments from the Huanghe and
Changjiang Rivers

The sediments from theHuanghe and Changjiang Rivers havemark-
edly differentmagnetic and geochemical characteristics, which can pro-
vide a basis for distinguishing between the two rivers. In stage one of
the two-stage procedure, the Mann-Whitney U and Kolmogorov-
Smirnov tests suggested that most of the magnetic parameters, major
and trace elements display significant differences between the two riv-
ers (Tables S3 and S4), except χARM/χ, χARM/SIRM, K2O, TiO2, Nb, Th, Y,
Hf and Cr in the mud-sized sediments, and Al2O3, CaO, Pb, Rb, Th, Y,
Ga and Hf in the sand-sized sediments, which yield P-values N0.05. In
stage two, the data are presented only for PC1–PC2 and PC1–PC3,
which together explain 95.362% and 96.691% of the variability of the
magnetic parameters in the mud- and sand-sized sediments, respec-
tively. The PCA results suggest that SIRM vs. HIRM (mud-sized sedi-
ments) and χARM vs. S−300 (sand-sized sediments) have the highest RI
values (Table S5), and were selected as the most appropriate magnetic
tracers for the mud and sand fractions, respectively, of the two rivers
(Fig. 4a–b). In addition, the values of PC1–PC3 explain most of the vari-
ance (93.284% and 91.393% for the mud and sand fractions, respec-
tively) in the geochemical data (Table S6). The RI values suggest that
the Na2O vs. Zn and Zn vs. V diagrams can effectively distinguish the
mud- and sand-sized sediments of the two rivers (Fig. 4c–d).

Magnetic parameters can be used as potentially powerful tracers
for discriminating sediment provenance in marine environments,
especially in relation to rivers (Gyllencreutz and Kissel, 2006; Liu
et al., 2010; Wang et al., 2017b). Previous studies showed that a SIRM
vs. S−100 (or S−100 vs. S−300) diagram can be used to discriminate the
Fig. 4. (a) SIRM vs. HRIM and (b) χARM vs. S−300 discrimination plots for the mud- and sand-siz
diagrams of geochemical tracers for the mud-sized (c: Na2O vs. Zn) and sand-sized (d: Zn vs. V
Huanghe and Changjiang sediments (Zhang et al., 2008; Wang
et al., 2009). Here, we re-examine these magnetic tracers by incorpo-
rating our newly established tracers (Fig. 5). The results indicate that
the SIRM vs. S−100 and S−100 vs. S−300 diagrams can also distinguish
the bulk and mud-sized sediments for the two rivers. In addition, the
SIRM vs. S−100 diagram can also be used to distinguish between
aeolian dust and sediments from the Huanghe and Changjiang Rivers
(Li et al., 2012). To access the performance of these tracers in
both pre- and post-dam periods, we applied a discrepancy factor
(DF = |(CJ/HH-1)| × 100) to these tracers of the bulk and mud-
sized sediments from the two rivers. The results indicate that dia-
grams of S−100 vs. S−300 have the lowest DF values. The DF values
of SIRM vs. HIRM, χARM vs. S−300 and SIRM vs. S−100 in bulk and
mud-sized sediments exhibited a significant increasing trend from
the pre-dam period to the post-dam period, but S−100 vs. S−300

showed a slight decreasing trend (Fig. 6). The result highlights the
effectiveness of SIRM vs. HIRM, χARM vs. S−300 and SIRM vs. S−100

for identifying the Huanghe and Changjiang sediments.
In recent decades, the geochemical composition of the Huanghe and

Changjiang sediments has been extensively studied (e.g., Zhao and Yan,
1992; Yang et al., 2002b, 2003b; Jiang et al., 2009; Rao et al., 2015), and
some geochemical plots have proved to be effective at separating the
two sources, such as V/Al vs. Mn/Al (Yang et al., 2003b) and CaO vs. Sr
(Yang et al., 2004b). In addition, the V/Al vs. Mn/Al diagram can be
used to distinguish between sediments from Korea and China rivers
(Yang et al., 2003b). In this study, we re-examined these geochemical
tracers (Fig. 7), and makes a full comparison of the performance of
these tracers between pre-dam and post-dam periods (Fig. 6). The re-
sults indicate that plots of these geochemical tracers can clearly distin-
guish the bulk and mud-sized sediments from the Huanghe and
Changjiang Rivers, except V/Al vs. Mn/Al in bulk sediments after dam-
ming (Fig. 7f). In Fig. 6, the DF values of these geochemical tracers
ed sediments from the Huanghe and Changjiang Rivers. Also shown are the discrimination
) sediments from the two rivers.



Fig. 5. SIRMvs. HRIM (a andb) and χARMvs. S−300 (c andd) discrimination plots for themud-sized and bulk sediments from theHuanghe andChangjiangRivers in both pre-dam and post-
dam periods. Also shown are the SIRM vs. S−100 (e and f) and S−100 vs. S−300 (g and h) diagrams proposed by Zhang et al. (2008) and Wang et al. (2009), respectively.
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showed opposite patterns in bulk and mud-sized sediments from the
pre-dam period to the post-dam period. In addition, the DF values of
our newly established geochemical tracers were N50% in both pre-
and post-dam periods, indicating a robust ability of Na2O vs. Zn and
Zn vs. V for discriminating the sediments from the two rivers.

When comparing the DF values between pre-dam and post-dam pe-
riods, we found that most of the magnetic and geochemical tracers in
the mud-sized sediments have an increase in DF value of about 109%
on average after dams (Fig. 6a). This finding suggests that human activ-
ities make it easier to distinguish the mud-sized sediments from the
Huanghe and Changjiang Rivers (Figs. 5 and 7). The results also
demonstrated that tracers from the mud-sized sediments are more fa-
vorable for identifying sediment sources than those from bulk sedi-
ments. For the bulk sediments, the DF values of the magnetic tracers
after dams have been increased by approximately 271%, but the values
of geochemical tracers have been decreased by about 46% (Fig. 6b).
The DF values indicated that the magnetic tracers have better perfor-
mance in distinguishing the bulk and mud-sized sediments of the
Huanghe and Changjiang Rivers, and demonstrates the robust ability
of magnetic methods for tracing sediment sources after dams. The re-
sults also raise the uncertainty of using previous tracers to distinguish
between sediments from the two rivers after dams, such as diagrams



Fig. 6. The discrepancy factor (%) ofmagnetic and geochemical tracers in themud-sized (a) and bulk (b) sediments of theHuanghe and Changjiang Rivers between pre-dam and post-dam
periods.
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of V/Al vs. Mn/Al, S−100 vs. S−300 and CaO vs. Sr. The impacts of human
activities will increase further, and we expect that human activities will
make it easier to distinguish between the sediments from the Huanghe
and Changjiang Rivers in the future.

A single optimum tracer (e.g. magnetic or geochemical tracer) se-
lected by statistical procedure iswidely accepted andused to identify sed-
iment provenance in published literatures (e.g. Yang et al., 2002a; Wang
et al., 2009; Li et al., 2014; Hu et al., 2018). However, for an open system
like an estuarine-coast system, a single optimum tracer may not be suffi-
cient because sorting effects of both particle size and material composi-
tion will occur significantly during sediment transport from the river
mouth to the coast-shelf (Ashworth and Ferguson, 1989;Gao, 2003). Con-
sequently, the use of only a single optimum tracer may result in greater
uncertainty in the identification of sediment sources. To reduce this un-
certainty, the approach of using multiple independent optimum tracers
is strongly recommended for estuarine-coast systems, such as composite
magnetic (SIRM vs. HIRM) and geochemical (Na2O vs. Zn) tracers.

3.5. Future geological time markers

Rivers connect continents with oceans in influencing global biogeo-
chemical cycles, and are key pathways for the delivery of terrestrial ma-
terials to the oceans (Seitzinger et al., 2005; Syvitski and Milliman,
2007; Milliman and Farnsworth, 2011). Historically rivers have
discharged ~20Gt of terrestrial sediment per year into the global oceans
(Milliman and Farnsworth, 2011). However, over the past century, river
systems have become increasingly impacted by human activities (e.g.
dams and irrigation projects), which collectively have led to dramatic
decreases in sediment discharge from rivers on a global scale, e.g., the
Huanghe (Wang et al., 2007), Red (Le et al., 2007), Mekong (Fu et al.,
2008), Mississippi (Meade and Moody, 2010) and Changjiang (Yang
et al., 2015) rivers. In extreme examples, such as the Nile and Colorado
rivers, present-day sediment fluxes have decreased to almost nothing
(Vörömarty et al., 2003).

Although recent sediment decline is generally attributed to dam
construction (e.g. Changjiang and Red rivers), other factors such as cli-
mate change, water diversion, and soil conservation can also be impor-
tant. In theHuanghe and Changjiang Rivers, for example, 30% and 14%of
the recent decrease in sediment flux can be ascribed to decreased pre-
cipitation throughout the river's watershed (Wang et al., 2007; Yang
et al., 2015). In the Nile and Colorado rivers, the dramatic reduction in
sediment flux can be explained by water diversion (Wiegel, 1996;
Rodriguez et al., 2001). Also, about 50% of the sediment decrease in
the Mississippi River can be attributed to land conservation and levee
construction (Meade and Moody, 2010). In the Mekong River, river
flow is only slightly regulated by dams and reservoirs (Nilsson et al.,
2005). When the proposed reservoirs in the lower Mekong River will
be completed, the sediment delivery from the Mekong River to the
ocean will be greatly reduced (Kummu et al., 2010; Wang et al.,
2011). The increasing impact of both climatic change and human activ-
ities on global river systems brings severe environmental challenges in
the coastal ocean, including the sinking of deltas and declines in coastal
wetland areas (Yang et al., 2006; Wang et al., 2011).

Rivers are facing human-induced system regime shifts worldwide
due to the decreasing sediment supply (Syvitski et al., 2005; Wang
et al., 2010a; Jia et al., 2018), the most direct effect being the



Fig. 7.Na2O vs. Zn (a and b) and Zn vs. V (c and d) discrimination diagrams for themud-sized and bulk sediments from theHuanghe and Changjiang Rivers in both pre-dam and post-dam
periods. Also shown are V/Al vs. Mn/Al (e and f), and CaO vs. Sr (g and h) diagrams proposed by Yang et al. (2003b) and Yang et al. (2004b), respectively.
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modifications to the sediment properties. The latest tens of years saw
unprecedented human activities resulting in dramatic changes in sedi-
ment properties of the Huanghe and Changjiang Rivers from the pre-
dam period to the post-dam period. In addition, the DF values of most
magnetic and geochemical tracers in the mud-sized sediments of the
two rivers increased by an average of about 109% after dam construc-
tion. As a result, these changes can leave different markers in coastal-
shelf sedimentary records. The transition point between these signifi-
cantly increased or decreased values and the under-layer may provide
a future geological time marker between 1996 and 2013 for sedimen-
tary records affected by the Huanghe and/or Changjiang Rivers, with a
temporal resolution of 101 years. As such, the distance between the
present-day bed surface and the transition point can be measured,
representing the thickness of newly accumulated materials. If the time
marker of 1996 or 2013 is known, then the deposition rate can be de-
duced. This method is similar to estimating deposition rates using a
morphological proxy of Spartina alterniflora plants, which provide a
time marker of the colonization time of Spartina alterniflora, e.g. 1993
or 1999 in the Weihai tidal flat, Jiangsu coast in eastern China (Li and
Gao, 2013). Future work should test this approach in estuarine-coast
systems affected by the Huanghe and/or Changjiang Rivers. The 101-
year time resolution is sufficient for the millennial-scale sedimentary
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records, but it is thought to be insufficient for the centennial-scale sed-
imentary records. One way to solve this problem is to carry out yearly
monitoring of the sediments deposited from both of the rivers to ana-
lyze changes in sediment composition on an annual basis. Hence, the
resolution of the time marker can reach the order of 100 years. In addi-
tion, we conclude that changes in sediment properties of the Huanghe
and Changjiang Rivers are mainly caused by anthropogenic factors,
but other factors such as climate change may be important. Such an an-
nual investigation is indeed necessary as it is unclear if some of the
changes in the sediment properties result from the human activities or
climate change. Analyzing such a change adds a benefit to the proposed
use of the changes in sediment properties as a future geological time
marker.

Recent global environmental changes suggest that Earth systemmay
have entered a new human-dominated geological epoch, the
Anthropocene (Lewis and Maslin, 2015). Actually, the definition and
the beginning of Anthropocene have long been contentious and proba-
bly remains to be resolved (e.g. Maslin and Lewis, 2015; Williams et al.,
2015; Steffen et al., 2016). From a global change perspective, the impact
of human activities on theworld's large river systems appears to be sig-
nificant, and thereafter may provide an option to define the
Anthropocene. In other words, evidences of beginning of the
Anthropocene may be resorted to sedimentary records of significant
changes in riverine sediment properties.

4. Conclusions

Analysis of themagnetic properties and geochemical composition of
sediments, as well as the grain size, provides the basis for quantifying
the human impacts on the sediment properties in the Huanghe and
Changjiang Rivers. Specifically, our conclusions are as follows:

(1) The full data set shows a large difference in sediment properties
between pre- and post-dam periods. The mean grain size coars-
ened by about 20% and 25%, themagneticmineral concentrations
decreased by approximately 35% and 31% and the concentrations
of most major elements increased by about 67% and 61% in the
riverbed sediments from the two rivers, respectively, after dam-
ming.

(2) Magnetic (SIRM vs. HIRM and χARM vs. S−300) and geochemical
(Na2O vs. Zn and Zn vs. V) tracers were developed to discrimi-
nate the mud- and sand-sized sediments from the two rivers.
An approach of using multiple independent optimum tracers is
most appropriate for marine environments, such as composite
magnetic (SIRM vs. HIRM) and geochemical (Na2O vs. Zn)
tracers.

(3) The discrepancy factor values of most magnetic and geochemical
tracers in themud-sized sediments of the two rivers increased by
an average of about 109% after dam construction. This finding
suggests that the modifications of human activities to the nature
of riverbed sediments have greatly improved the discriminatory
ability between the sediments from the two rivers, and will be-
come more dramatic in the future.

(4) Significant changes in sediment properties can leave different
markers in sedimentary records, which may provide a future
geological time marker for sedimentary records affected by the
Huanghe and/or Changjiang Rivers with a time resolution of
100–101 years.
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