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Abstract: The Huanghe River (Yellow River) is the most sediment laden river system in the world,
and many efforts have been conducted to understand modern deltaic evolution in response to
anthropological impacts. However, the natural background and its linkage to climatic changes are
less documented in previous studies. In this work, we studied the sediments of core YDZ-3 and
marine surface samples by grain-size analysis to retrieve Holocene dynamics of the Huanghe River
delta in detail. The main findings are as follows: The mean value of sediment grain size of the
studied core is 5.5 + 0.9 @, and silt and sand contents are 5.2 + 2.3% and 8.2 £ 5.3%, respectively,
while the variance of clay particles is relatively large with an average value of 86.4 £ 8.5%. All
grain-size data can be mathematically partitioned by a Weibull-based function formula, and three
subgroups were identified with modal sizes of 61.1 £ 28.9 um, 30.0 £ 23.9 um, and 2.8 + 1.6 um,
respectively. There are eight intervals with abrupt changes in modal size of core YDZ-3, which
can be correlated to paleo-superlobe migration of the Huanghe River in the Holocene. Based on
these observations, the presence of seven superlobes in the history are confirmed for the first time
and their ages are well constrained in this study, including Paleo-Superlobes Lijin (6400-5280 yr
BP), Huanghua (4480-4190 yr BP), Jugezhuang (3880-3660 yr BP), Shajinzi (3070-2870 yr BP), Nigu
(2780-2360 yr BP), Qikou (2140-2000 yr BP), and Kenli (1940-1780 and 1700-1650 yr BP). By tuning
geomorphological events to a sedimentary proxy derived from core YDZ-3 and comparing to various
paleoenvironmental changes, we proposed that winter climate dominated Holocene shifts of the
Huanghe River delta on millennial timescales, while summer monsoons controlled deltaic evolution
on centennial timescales.

Keywords: Huanghe River (Yellow River); paleo-superlobes; deltaic evolution; Asian monsoon; the
Holocene; sediment grain size; centennial timescales

1. Introduction

The Huanghe River (Yellow River) is the second-longest river in China, and the
fifth-longest and the most sediment laden river in the world. The river originates from
the northeastern part of the Tibetan Plateau, flows across the Chinese Loess Plateau,
and discharges into the western Bohai Sea (Figure 1). The annual sediment loads of the
Huanghe River are ~1.08 x 10° tons [1], and most recently, anthropological impacts on
sediment supply of the Huanghe River have become profound [2,3]. For example, the
delta of the Huanghe River stands at the threshold between erosion and aggradation,
according to the fluvial discharge rate of 7.67 x 10° m3/year and the sediment load of
0.278 x 10° ton/year [4]. Since millions of people live on the delta, establishing the natural
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background of the Huanghe River is critical to social and scientific issues, such as future
policy, water-resource management, and coastal engineering [5-8].

During the early-Holocene transgression, sedimentary environments along the coastal
areas of the Bohai Sea changed from rivers and lakes to tidal flats and estuaries [9,10], and
the paleo-environment shifted to a deltaic one at ~6000 4C yr BP [8,10]. Subsequently,
10 paleo-superlobes (PSLs) of the Huanghe River were developed, nine of them on the
western coast of the Bohai Sea, and the other on the western coast of the Huanghai Sea
(Yellow Sea) during 1128-1855 AD [10,11]. The Yangtze River delta was affected by the
Yellow River when it shifted to the Huanghai Sea [12], and the present Yellow River
delta, referred to PSL-10, formed after an artificial river-course shift in 1855 AD, from the
Huanghai Sea back to the Bohai Sea (Figure 1).
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Figure 1. Study area, paleo-superlobes [10,11,13], and YDZ-3 location. The ten paleo-superlobes of the Yellow River delta in
the Holocene are labeled as numbers. Marine surface sediments in the Yellow River estuary [14] were analyzed for reference.

EASM, East Asian summer monsoon; EAWM, East Asian winter monsoon. The base map data was generated using the
open and free software DIVA-GIS 7.5 (http://www.diva-gis.org/, accessed on 20 March 2021).

Holocene and recent changes of the Huanghe River are characterized by large sediment
loads and frequent shifts of terminal channel [1,11]. It was reported that the Huanghe River
runoff and sediment loads were dominated by the East Asian summer monsoon (EASM),
and over the past 500 years, either runoff or sediment loads have been unprecedented
due to human activities [6]. Based on shelly ridges of the west coast of the Bohai Sea, it is
inferred that there were ten periods for the PSL development since the middle Holocene [15].
By radiocarbon dating of shell fossils, organic carbon without calibration, or historical
documents about the Huanghe River rechanneling, PSL-1, -6, -7 have been confirmed by
regional sequence stratigraphy [10,11,13]; however, other PSLs are not well constrained.
Typically, deltas usually contain several superlobes, which develop at river mouths in
response to regional sea level changes, such as transgressive and regressive phases [16]
and sediment accumulation rate [17]. Superlobes initiate in the case of a shift in the river’s
terminal channel when the lower reaches were overloaded [13], resulting in abandoning
the old channel, leading to evulsion, and developing/invading a new terminal channel.
Thus, there should be a close linkage between climate changes and deltaic evolution.

Controlling factors of the Yellow River delta are somehow conflicted, since different
seasons were highlighted in various studies, in which shortcomings are evident. For exam-
ple, the one highlighting factors in summers only covered two PSL shifts [6], while the one
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proposing winter factors on millennial timescales missed two PSL shifts [8]. Understanding
the mechanism of deltaic evolution is very important not only in the Huanghe River [18],
but also in other mega-deltas, such as those of the Nile, Mississippi, and Mekong [2,19,20].
In previous studies, deltaic evolution was usually reconstructed from a lithological and ge-
omorphological perspective [21-24], and comparisons on centennial, millennial, or orbital
timescales are less conducted. In this study, we analyze sediment grain-size data of a core
from the southern Yellow River delta and discuss the distinct roles of the EASM and the
Asian winter monsoon (EAWM) on different timescales.

2. Materials and Methods
2.1. Core YDZ-3

Core YDZ-3 was drilled on the southern part of the Huanghe River delta (37°27' N,
118°55" E) by the East China Normal University in 2009, using a vertical drilling rig. The
drilling site was underwater until the end of the twentieth century. The length of the
core is 34.7 m with a recovery rate of 91% (Figure 2). Seven peat samples from 7.7-18.0 m
depth interval were well constrained by radiocarbon dating, and the age model was estab-
lished based on a second-order polynomial fit, taking into account the 95.4% confidence
intervals [8].
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Figure 2. GS-PDF, age model, median size, clay component, and the content of grain-size < 31 um of core YDZ-3. GS,
sediment grain size; PDF, probability density function of sediment grain-size spectrum; PSL, paleo-superlobe.

2.2. Grain-Size Measurement

A total of 203 grain-size samples were collected from 7.7-18.0 m depth interval of the
core and 35 samples of marine surface sediments were measured for reference (Figure 1).
The grain size samples were pretreated with 10-20 mL of 30% H,O, to remove organic
matter, washed with 10% HCI to remove carbonates, rinsed with deionized water, and
then placed in an ultrasonic bath for several minutes to facilitate dispersion. The grain size
spectra of the remaining terrigenous material were measured using a Malvern Mastersizer
2000 laser-particle size analyzer at Second Institute of Oceanography, Ministry of Natural
Resources of China. One hundred grain size classes between 0.3 and 300 um were exported
for further analysis.
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2.3. Unmixing Grain-Size Distribution

Mathematical methods have been introduced to define all types of sediment grain-
size distributions and to partition grain-size components of poly-modal sediments with
grain-size data generated by laser analyzers [25-30], which can reveal much more details
than using grain-size analysis of bulk samples. It can be mathematically proven that a
poly-modal distribution of bulk samples can be expressed as [31]:

f=mhA+tpfot...+Q=p1—p2—... = pu-1)fu 1)

where f; represents the prototype function of component i with a total number of 7, and p;
is its percentage in the bulk sample. There are n —1 coefficients, p;, to be estimated due to
the sum of percentages equaling unity.

Since partitioning of sediment grain-size spectrum by a Weibull distribution is robust
and has broad applicability, relative to Normal, t, F, x2, and vy distributions [30], we chose
the Weibull as the common pattern in this study. The Weibull distribution can be skewed
in either direction or even made symmetric by designating specific parameters, and its
prototype formula is as follows:

o«
B
The « determines the distribution’s shape, including the skewness and symmetry of

the curve, B controls the position of the primary frequency of the curve, here referred to as
the position of the modal grain size, and x is a variable representing grain size.

Flxa,B) = =xle () )

3. Results
3.1. Grain-Size Properties

Throughout the studied interval of core YDZ-3 (7.7-18.0 m), the mean value of sedi-
ment grain size (Mz) is 5.5 & 0.9 ®, which indicates a relatively high-dynamic sedimentary
processes that changed significantly in the Holocene. The contents of silt (4~63 um) and
sand (>63 um) particles are 5.2 £ 2.3% and 8.2 & 5.3%, respectively, while the variance of
clay particles (<4 pum) is relatively large with an average value of 86.4 £ 8.5% (Figure 2).
To identify the characterized dynamic components, two parameters were selected: M
value, the median diameter, indicating the mean hydrodynamic energy; C value, the one
percentile of grain size distribution, representing the most hydrodynamic sedimentary
component. The C-M diagram can provide valuable insights into sediment transport and
hydrodynamic intensity [32,33]. As shown, these two parameters were coupled (Figure 3b),
and this relationship is also evident in marine surface sediments around the present
Huanghe River mouth [14], the mud area of the Bohai Sea [34], the Laizhou Bay [35], and
the abandoned Huanghe River mouth in the west of the Huanghai Sea [36]. Hence, it is
inferred that the most dynamic component in core YDZ-3 was integrated into deltaic and
estuary deposition with the mean state of various sedimentary processes.

For down-core variation, changes in sediment grain-size parameters can be generally
grouped into two intervals (Figure 2): small fluctuation prior to ~6400 yr BP and greater
since then. In specific, prior to ~6400 yr BP, all grain-size parameters were characterized
by less variation without any distinct changes, and in contrast, since ~6400 yr BP, these
records varied greater. Eight episodes with a high clay content can be identified, namely
6400-5280 yr BP, 4480—-4190 yr BP, 3880-3660 yr BP, 3070-2870 yr BP, 2780-2360 yr BP,
2140-2000 yr BP, 1940-1780 yr BP, and 1700-1650 yr BP. All of the alternations between
these sub-stages were not stepwise but abrupt (Figure 2).
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Figure 3. Characteristics of sediment grain size of core YDZ-3 and 35 surface samples. (a) Ternary diagrams; (b) C-M

diagrams; (c,d) Grain-size distributions, PDF: probability density function, CDF: cumulative distribution function. Comp-1,

-2, and -3 are three components by mathematical unmixing in Figure 4.
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Figure 4. Down-core variation of unmixed components of core YDZ-3 with modes and contents. The right panel shows

decomposition R? (bold green line), Rzadj (dashed black line), and standard error of the regression (SE) (thin purple

line) were employed for helping choosing the best fit of partitioning estimations. Comp-1, -2, -3 are three components

by unmixing.

3.2. Results of Grain-Size Unmixing

For grain-size distribution, a multi-mode pattern is observed, which agrees well with
marine surface samples (Figure 3c). Because grain-size distribution of all samples consists
of three components, the Weibull-based function formula for partitioning can be expressed
as follows:

f(xr X1, ,Blrmlr X2, ,82/ my, &3, ,33)
-1, ()" 82 pp—1 -

=my—x" e +my—x? e R 4 (1—m 3)
1 2
« (&)

_mz)%xagﬁle (ﬁs)
3

The values a1 and B; are parameters of the distribution function of the coarse-grained
component, &y and B, represent the medium-grained component, and a3 and f3 are
parameters of the fine-grained component. The percentages of each component in a
sub-population are given by my, my, (1 — my — my), respectively. Here, x is a variable
representing grain size.
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Using the measured grain-size data from Malven Mastersizer 2000 analyzer (MalverP-
ANalytical, Malvern, UK), i.e., one hundred grain-size classes between 0.3 um and 300 pm,
these eight parameters can be estimated following the General Least Square Fitting, setting
the squared sum of the residual error to the minimum in multiple dimensions [37]. Three
statistics, including R-squared (R?), adjusted R-squared (Rzadj), and standard error of the
regression (SE), were employed for choosing the best fit of estimations (Figure 4).

As a result, all samples have been well unmixed. Modal sizes of each component
(labelled Comp-1, -2, -3) are 61.1 &= 28.9 um, 30.0 £ 23.9 um, and 2.8 & 1.6 um, respectively,
and their relative percentages are 57.6 &= 19.4%, 32.0 £ 17.0%, 10.4 £ 5.9%, respectively.
All regressions are significant in statistics, and R? and Rzadj are over 0.997 with SE of
0.395 £ 0.127 (Figure 4), illustrating the reliability of unmixing processes.

Specifically, changes in modal sizes of each component are similar, while changes
in contents are different (Figure 4). Prior to ~6400 yr BP, all parameters changed little,
and after that, all changes were amplified, consistent with other grain-size parameters
(Figure 2). Eight intervals can be similarly identified according to changes in modal sizes,
and between each interval, all transitions are abrupt. A negative correlation between
Comp-1 and Comp-2 contents is also evident. Integrating these findings, it is inferred that
although modal sizes and contents of the three components are different, all parameters
are closely correlated, indicating only one major factor controlling sedimentary dynamics
of core YDZ-3 in the Holocene.

4. Discussion
4.1. Correlating Modal-Size Changes to Paleo-Superlobes Shifts

Typically, deltas can be classified as three types: river-, wave-, or tide-dominated
systems [38], and most natural systems are developed between the three end members.
This process can be simplified as that a river supplies clastic sediments to the receiving basin
more rapidly than marine processes can remove it [8]. In this case, deltaic materials should
increase abruptly when a delta starts, and similarly decrease when a superlobe migrates.

In the study area, the regional sea level rose up to the highest level at ~7000-6000 yr
BP [39,40], and due to sea-level rise stagnation [17,41], the Huanghe River delta initiated at
~6000 *C yr BP [10,11,13]. Prior to construction of major river dams, the hydrodynamics
involved in deltaic erosion were much less than sediment inputs, resulting in progradation
of the delta [42-44]. Core YDZ-3 locates downstream to each PSL, and the drilling site was
underwater prior to 1855 AD. Because the delta area is generally dominated by cyclonic
tidal and geostrophic flows, the YDZ-3 site can record the major changes of the Huanghe
River delta in the Holocene. Due to its distal position, the characterized variability of
the unmixed grain-size components can be correlated to the eight intervals of changing
channel and chenier development in the Holocene (Figure 5).

The basic linkage of this correlation can be summarized as follows: when a superlobe
started, the amount of deposited materials increased suddenly, causing fine particles in
the sediments to significantly and sharply increase; and in contrast, when a superlobe
ceased, the amount of fine-grained materials decreased. Because Comp-2 is the component
close to the marine surface sediments [14] and considering the relatively coarse-grained
sediments in local rivers [45,46], the Comp-2 record of modal size and relative percentage
was employed for later analysis.

Based on changes in Comp-2 modal size, the presence of all the seven PSLs are firstly
confirmed in this study (Figure 5), namely 6400-5280 yr BP (PSL-1), 4480-4190 yr BP
(PSL-2), 3880-3660 yr BP (PSL-3), 3070-2870 yr BP (PSL—4), 2780-2360 yr BP (PSL-5),
2140-2000 yr BP (PSL-6), and 1940-1780 and 1700-1650 yr BP (PSL-7). The timing of these
intervals is close to the original proposal of PSLs [15], but with a clearer age limit for each
PSL. Although the precise age of these intervals cannot be checked by a single core, the
procedure for identifying PSLs in sedimentary sequences in this study may provide a
valuable and effective way in future work.
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Figure 5. Correlating YDZ-3 comp-2 modal-size record to paleo-superlobe shifts of the Huanghe River and deriving forces

of Holocene dynamics on millennial timescales. Seven PSLs (PSL-1 to —7) were labeled as in color bars, and two of them
(PSL-2, PSL—4) were missed in the GSC-12 record [8].

Tuning geomorphological events to a well-dated and directly-linked proxy offers an
opportunity to testify climatic influences on deltaic evolution of the Huanghe River on
different timescales. The catchment of the Huanghe River is affected by the following
climatic systems: (1) EASM carries moisture and induces sediment delivery; (2) Kuroshio
Current (KC) modulates winter climate of eastern China; and (3) EAWM associated with
the Bond ice-rafting debris (IRD) events dominates erosions in the catchment.

In winters, it has been proposed that the reduced cyclone frequency and dust storms
in northern China could weaken erosion in the catchment and decrease sediment loads [8].
When sediment loads descend low enough, for example 0.278 x 10° ton/year, a modern
threshold [4], the delta lies close to a silting threshold. The silting threshold is critical,
because below the value, river channels become self-adapting, interacting with floods,
storm surges, or variations in tidal regime or wave action by enhanced channel erosion
and greater potential for avulsion [47]. In this case, if sediment loads suddenly increase,
the equilibrium will be disturbed, resulting in overloaded channels or channel avulsion.
Considering that PSL shifts of the Huanghe River (Comp—-2 modal size) are characterized
by low-frequency variation (Figure 6a), the impacts of winter climates on deltaic evolution
of the Huanghe River may be dominated on millennial timescales [8].

Moreover, based on the PCA result of sediment grain-size, Yi et al. [8] only identified
five PSLs of the Huanghe River in sedimentary sequences but missed two PSLs (Figure 5),
and they also claimed no consistency between deltaic evolution of the Huanghe River
and EASM changes. Checking the difference between two methods, we found that the
information of sedimentary dynamics (modal size) and relative contribution (content) are
combined in the PCA result. This integration may cause centennial changes to not be
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evident in the derived record (GSC-12). Hence, we suggest that in a complex sedimentary
environment, such as the Huanghe River delta, multiple checks between different grain-size
analyses are necessary.

4.2. Influence of Summer Monsoon on Centennial Timescales

The Huanghe River flows across the Chinese Loess Plateau, and monsoonal climate is
one of the most influential factors controlling this erosion [48,49]. Modern observations
suggest that seasonal changes in water discharge and sediment loads of the Huanghe
River were coupled [8], inferring that the massive amount of EASM rainfall plays an
important role in sediment delivery and erosion [6]. Because the record of Comp-2 content
is characterized by centennial variabilities (Figure 6b), we compared this record to the
EASM in high-frequency bands (<500 year).
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Dongge Cave 5180 record

[50]; (d) Comparison between YDZ-3 Comp-2 relative percentage and the high-frequency

(>0.002) component of total solar irradiance (TSI) during the Holocene [51]. Noted that data in (c,d) are 3—point moving

average records.

As shown, a good agreement was observed between YDZ-3 Comp—2 and EASM
changes (Figure 6c), indicating summer climate is another important factor on centennial
timescales, dominating deltaic evolution of the Huanghe River. The agreement may
demonstrate that: (1) although erosion mainly occurs in winters, most of the eroded
materials are carried by rivers in summers; and (2) monsoonal rainfall could enhance
erosion in the catchment during flood periods. Thus, considering YDZ-3 location and
the significant relationship between water discharge and regional precipitation [14], the
linkage between deltaic evolution and EASM changes can be summarized as follows: When
EASM strengthened, total rainfall across the catchments increased, and water discharge
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and sediment loads enhanced, resulting in accelerating the progradation of the Huanghe
River delta and/or overloaded channels.

Moreover, a number of paleoclimatic studies claimed that changes in solar irradi-
ance influenced millennial-scale climates, such as the Bond IRD events [52], Asian mon-
soon [50,53], and KC [54], while no persistent phase association was reported between
PSL shifts of the Huanghe River and solar activities [8]. Comparing total solar irradiance
(TSI) with our proxies of deltaic evolution on centennial timescales, a direct correlation
was observed (Figure 6d). Therefore, we proposed that solar activities could be an impor-
tant factor dominating geomorphological evolution, such as deltaic development of the
Huanghe River on centennial timescales via the effect of summer monsoon.

Integrating millennial and centennial impacts of Asian monsoon, the natural processes
of Holocene delta of the Huanghe River can be identified. On the first order, winter
climate over East Asia is the dominant factor in deltaic evolution, which induces erosions
in the catchment on millennial timescales. On the second order, summer climate related
to monsoonal changes is the dominant factor, which influences the transport of erosional
materials to the delta on centennial timescales.

Since ~2360 yr BP, changes in sedimentary proxies of core YDZ-3 are amplified at
a higher frequency (Figures 5 and 6), which could be correlated to the frequent channel
shift of the Huanghe River [10,11,13]. It is thus inferred that the stability of the delta
has decreased significantly, probably responding to the accelerating and strengthening
impacts of human activities since the Warring States Period in Chinese history (~2400 yr
BP). However, the shifts of PSLs 4-7 covaried generally with the millennial variabilities
of sedimentary proxies of core YDZ-3 (Figure 6a), likely inferring that the anthropogenic
impacts may be the major factor on the third order.

5. Conclusions

To document Holocene deltaic evolution of the Huanghe River, core YDZ-3 and
marine surface sediments were studied in terms of sediment grain-size analysis, and paleo-
superlobe migrations were tuned to sedimentary sequences. We found that the mean
value of sediment grain size is 5.5 & 0.9 ® in core YDZ-3, and silt and sand particles
changed relatively little with average values of 5.2 &= 2.3% and 8.2 4= 5.3%, respectively,
while clay content is 86.4 + 8.5%. To isolate different sedimentary processes, sediment
grain-size spectrum was mathematically partitioned into three subgroups by a Weibull-
based equation, and their modal sizes are 61.1 £ 28.9 um, 30.0 + 23.9 um, and 2.8 £ 1.6 um,
respectively. Based on these observations, eight intervals with abrupt changes in modal
sizes were identified and then correlated to the seven paleo-superlobes of the Huanghe
River in the Holocene. This correlation confirmed the presence of Paleo-superlobes Lijin
(6400-5280 yr BP), Huanghua (4480-4190 yr BP), Jugezhuang (3880-3660 yr BP), Shajinzi
(3070-2870 yr BP), Nigu (2780-2360 yr BP), Qikou (2140-2000 yr BP), and Kenli (1940-1780
and 1700-1650 yr BP) in the history. By tuning geomorphological events to the sedimen-
tary proxy derived in this study, summer monsoon was proposed to be the major factor
controlling deltaic evolution on centennial timescales. Therefore, we concluded that both
summer and winter monsoons have played critical roles in deltaic evolution of the Huanghe
River on different timescales and solar activities could be an important factor shaping
geomorphological features in the Holocene.
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