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Abstract: Alluvial sedimentary records in the North China Plain are essential in expanding flood
history and understanding hazard patterns in the Yellow River basin where inundation risk exists
and would probably increase under future global change. A detailed study of the Longwangmiao
profile in the lower Yellow River floodplain reveals ancient flooding records over the late Holocene.
Slackwater deposits are distinguished by typical sedimentary features and share similarities with
those in the upper and middle Yellow River. This indicates that the traditional method can still
be applied for paleoflood research beyond the gorge. However, unlike confined bedrock gorges,
multiphase flood deposits of slackwater and overbank deposits represent different stages of flood
events. These sedimentary assemblages recorded six flooding periods, further confirmed by the
analysis of grain size and geochemistry. The profile was broadly subdivided into two flood-poor
phases (3.7-6.7 ka, 0.8-1.7 ka) and three flood-rich phases (before 6.7 ka, 1.7-3.7 ka, after 0.8 ka)
based on the dating results. Compared with the existing related research in the nearby area, the
synchronous deposition cycles of floods and inter-floods are mainly controlled by the hydrodynamic
conditions of the old Yellow River course. This study provides an analogue of paleoflood research in
the lower Yellow River and similar alluvial plains. It explores the potential of interlinking paleoflood
records in the whole Yellow River basin.
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1. Introduction

Floods are frequent natural disasters which often cause hundreds of thousands of lives
and property to be lost annually. Recent studies argue that the frequency and intensity
of floods are expected to continue to increase with climate change and global warming,
especially in densely populated floodplains in Asia [1,2]. China is one of the most flood-
prone countries in the world and has suffered from flood disasters for millennia. The
Disaster Center reveals that ten out of the top 100 most deadly disasters of the 20th century
were floods in China [3]. For instance, the recent “2021 Henan Flood” caused 398 deaths and
120.06 billion RMB Yuan (approx. USD 18.91 billion) in direct economic losses, according
to the government disaster report [4]. Understanding the triggering mechanisms and risk
changes has led researchers to extend flood records beyond the instrumental and historical
period as paleoflood research [5-7].

Traditionally, most paleoflood studies heavily rely on slackwater deposits (SWDs) with
sands and silts that accumulate in a relatively low-energy advection environment when
the flood velocity is close to zero [8-11]. The global distribution of paleoflood research
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illustrates the wealth of SWD sites in bedrock-confined settings [12,13]. Unfortunately,
stable flood channel dimensions do not exist in most places, which severely limits the
application of the SWD method and comprehensive analysis in the whole river basin.
Lam et al. [14] stated that SWDs could be used beyond the traditional bedrock gorge
through the research in subtropical Australia. Leigh [15] argued that overbank vertical
accretion sediments (including SWDs) on the downstream floodplain are ubiquitous and
continuous for paleoflood records. In contrast, SWDs in upper rivers are often fragmented
and discontinuous. Thus, it is reasonable to infer that SWDs could be extended to much
wider settings [16,17].

Alluvial plains exist in most river systems and hold enormous potential for paleoflood
hydrology. The identification of paleoflood deposits and reconstruction of flood events
have received increasing worldwide attention in the last decade [18,19]. Coarse grain
size and typical elements are often used to detect flood archives in plains, such as the
95th percentile in the lower Rhine River [20], end-member modelling in the lower Meuse
catchment, Netherland [21], and Zr/Fe in the lower Mississippi River, USA [22]. However,
no single feature can typify the flood deposit in floodplain strata, and each index has
multiple interpretations and uncertainty [23]. In addition, post-flood research indicated
that the flood stratigraphy comprises multiphase sediments, normally including suspended
coarse bedloads and fine-grained sediments related to different flood stages (e.g., [24-26]).
Given the above, there is still a need for a better understanding of the characteristics of
multiphase paleoflood deposits in low-lying regions.

The lower Yellow River (LYR) has witnessed extensive flooding hazards and has,
therefore, deposited widespread flood sediments [27,28]. However, few studies have in-
vestigated paleofloods on the wide Yellow River floodplain, while extensive paleoflood re-
search has been reported on the upstream and midstream over the past two decades [19,29].
Researchers recently found sedimentary flood records in archaeological sites and explored
human-earth system interactions during historical periods [30-34]. These studies shed
light on paleoflood sedimentary archives on the floodplain from the perspective of geoar-
chaeology. However, a detailed analysis of flood deposits and multi-proxy features has not
been carried out.

Since 2016, exposed profiles have been investigated in abandoned channel areas of the
LYR, where the Longwangmiao (LWM) profile is studied in detail due to its clear sedimen-
tary characteristics [19]. This study conducts a comprehensive analysis of flood chronol-
ogy, grain size, and geochemistry to reconstruct paleofloods with three main objectives:
(1) to present the lithology, grain size, and main elements in different facies; (2) to demon-
strate multiphase paleoflood deposits with SWDs and overbank deposits in the LYR;
and (3) to reconstruct paleofloods and compare the result with regional research and
historical records.

2. Regional Setting

The North China Plain (32° N—40° N, 112° E-122° E) has accumulated from alluvial
lateral and vertical accretion deposits since the late Pleistocene [35,36]. It is one of China’s
most important social, economic, and agricultural regions, but it has been exposed to
flood disasters for an extended period [37]. As recorded in historical documents, catas-
trophic levee failures occurred 1593 times, and the primary channel shifted 26 times in
4000 years [27,28]. Owing to its high susceptibility to perturbations, the LYR has left large
amounts of paleochannels on the North China Plain [35,36] (Figure 1a). These topographic
depressions in alluvial plains are suitable sites to preserve paleoflood deposits [15,18,38].
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Figure 1. The sketch map of the study region. (a) The digital elevation model illustrates the North
China Plain and historic abandoned channels of the Yellow River. The river course data are from [28].
(b) Topographic map showing the study area of the Neihuang-Daming counties. Previous research
sites include the Dazhanglongcun (DZL) [31], Anshang (AS) [30], Sanyangzhuang (SYZ) [39], and
Shilipu (SLP) sites [33].

The research area (Neihuang-Daming counties) is located southwest of the North
China Plain. It belongs to the junction of Hebei, Shandong, and Henan provinces (Figure 1b).
In Neihuang County, several alluvial geoarchaeological works have been carried out and
uncovered a series of ancient flood records, including the Dazhanglongcun (DZL) [31],
Anshang (AS) [30], Sanyangzhuang (5YZ) [39], and Shilipu (SLP) [33] sites. Few studies
have been conducted in Daming County, although this county is rich in archaeological
remains and has a long history with flood records. The ancient Daming county is located
8 km north of the county, which served as the northern capital in the Northern Song
Dynasty (960-1127 AD, ca. 0.9-1.0 ka). Several floods were documented in this area, and
the most severe inundation occurred in the third year of the Ming Dynasty (1401 AD,
ca. 0.6 ka) when the ancient Daming county was submerged [40]. It has been further
confirmed by archaeological work that the buildings were buried approx. 1-5 m below the
surface by flood deposits [41,42].

The LWM profile (36°12'24"” N, 115°13'31” E) is located about 10 km south of Daming
County (Figure 1b). The LWM site is the floodplain depositional site next to the aban-
doned Yellow River, even though the landform evidence is no longer visible due to appar-
ent modifications in agriculture and urbanization. Several villages, such as Dongmudi,
Xifandi, and Limaodi (“di” means embank of rivers in Chinese), were located on ancient
Yellow River embankments [40]. The evidence of paleochannel reconstruction from both
the historical documentary [27,28] and the digital elevation model [43] also confirms the ge-
omorphic setting of the sample site (Figure 1b). In this depositional environment, overbank
flood sediments are prone to accumulate vertically and offer great potential for paleoflood
research [15].

3. Material and Methods

Field samples of the LWM profile (depth of 9 m) were collected in 2018 with a de-
tailed lithological description. The sedimentary characteristics were described, including
colours, textures, structures, and stratigraphic contact relationships. Bulk samples were
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obtained every 5 cm after detailed observation and stratigraphic subdivisions, and a total
of 180 samples were collected to analyse grain size and geochemistry.

Optically stimulated luminescence (OSL) dating and radiocarbon dating were mea-
sured to confine the age of the deposits. Seven OSL samples, including six samples in
overbank sands and one sample in paleosols, were collected by forcing a 5 cm diameter
mental cylinder horizontally into sediments. Following the pretreatment process of OSL
dating of flood sediments in the North China Plain [44], extracted quartz grains were
measured using the single-aliquot regenerative-dose protocol [45,46] at the Key Laboratory
of Quaternary Chronology and Hydro-Environmental Evolution, China Geological Survey.
In addition, one *C sample in lacustrine deposits was given a full acid-base-acid pretreat-
ment, including 1 M HCI (2 h, 60 °C), 0.1 M NaOH (overnight, 60 °C), and 1 M HCI (2 h,
60 °C) [47]. The sample was measured at Xi’an Accelerator Mass Spectrometry Centers,
Shaanxi Province, China. The result is reported as radiocarbon ages in years before the
present with an analytical precision better than 0.5%. Age calibration was carried out using
the IntCal 20 calibration curve [48] and OxCal 4.4 (https://cl4.arch.ox.ac.uk, accessed on
8 August 2023), which allows for direct comparison with OSL ages. The age—depth model
of the stratigraphy sequence was then retrieved via Rbacon Rpackage using Bayesian
statistics [49].

The particle size distributions of sediments were determined by adopting a Malvern
Mastersizer 2000 after pretreatment with HCI (10%) and H,O, (30%) to remove secondary
carbonates and organic matter. The measurement ranged from 0.02 to 2000 pm in grain
diameter, and the relative error was less than 1%. According to the classification method
in the Yellow River paleoflood research, particle size was categorized into four groups:
clay (<2 pm), fine silt (2-16 um), coarse silt (16-63 pum), and sand (>63 um) [50-52]. The
compositions of the major elements (SiOp, Al,O3, MgO, Fe;03, K,O, NayO, and CaO)
were measured using a PW4400 X-ray fluorescence spectrometer. In particular, 4.0 g of
powdered samples (<200 mesh) and 2.0 g of boric acid were pressed into a pellet before
measurement. The experiments were conducted at the Key Laboratory of Quaternary
Chronology and Hydro-Environmental Evolution, China Geological Survey. Local poly-
nomial regression (LOESS) of grain sizes and principal component analysis (PCA) of
the elements were applied to statistically identify the sedimentation changes to support
paleoflood reconstruction results [15,53,54].

The premise of a centred log-ratio (clr) transformation of elemental contents was
applied to calibrate and reduce the matrix effects (e.g., variable water content and grain
size distribution) [55,56]. Pearson’s correlation coefficients were calculated between the
percentage of grain size fractions and elemental composition. PCA was conducted in R
using the FactoMine R package [57] in order to examine co-variability among proxies and
discriminate different sedimentary and geochemical processes [53,54]. Seven active vari-
ables of standardized major elements were applied to the analysis, and grain size fractions
(including clay, fine silt, coarse silt, and sand) were plotted as supplementary variables.

4. Results
4.1. Stratigraphy

According to sedimentological criteria in the nearby sites, the lithology of the LWM
profile can be summarized as sandy soil (SS), lacustrine deposit (LD), and overbank deposit
(OD). The slackwater deposit (SWD) was separately analysed as a special type of over-
bank deposits, because it has been widely accepted as a paleoflood sedimentary evidence
and has a ubiquitous distribution on the North China Plain [19,30,32,33]. The distinct
lithological features of SWDs, mainly referred to the identification criteria within bedrock
gorges [8,9,51,52], were summarized as follows: (1) consisting of silt and silty clay with
laminated or massive structures; (2) abrupt vertical change of physical features, such as
colour, grain size, and texture; (3) presence of buried soils or lacustrine sediments un-
der SWDs; and (4) formation of a series of mud cracks on the layer surface, indicating
surface exposure during non-flood periods. SWD layers were subdivided into six layers
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through the sedimentological criteria. SWD2 (720-755 cm), SWD4 (430-495 cm), and SWD6
(110-190 cm) are much more obvious than SWD1 (890-900 cm) and SWD5 (320-330 cm),
owing to their thicker layers and more stable features (Figure 2a).

Age Depth Unit LWM stratigraphy
i (cm) clay sand
0 —
1007 Units
) SWD6
860£70a 200 7 [d]
i SS2
Unit 4
300 —
2800£300a 40 | q-.
2700+400 a a.
) SWD4
500 —
2500+100 a § Unit3 o) OD3
2600=300a 900 7

2700+200 a

3700+45 a BP

900 —

clay silty clay clayey silt silt sand ﬂ]]]]]] soil shells IZ' mud-gravels

Figure 2. Sediment lithology and field photos of the LWM profile in the LYR. (a) Paleoflood SWDs
with distinct lithological features in the profile. (b) LD1 with shells in Unit 2 overlain by SWD2 and
OD2 in Unit 3. (c) Decimetre-scale fining-upward packages of OD3 (yellow arrows) overlain by
structureless SWD4 in Unit 3. (d) SS2 overlain by structureless SWD6 in Unit 4. The dots represent
the OSL and radiocarbon dating samples, and the radiocarbon dating result was different in red
colour from the OSL results. The letter in rectangle shows the place of photos in (b—d), respectively.

The other deposits can be distinguished from SWDs by their colour, structure, and
fossil remnants. In particular, ODs are mainly composed of yellow sand and red-brown
silt, with cross-bedding and parallel bedding (Figure 2b,c). LDs are organic-rich dark grey
silts (Figure 2b), and soils are brown and grey silty loams with abundant redoximorphic
features (Figure 2d). The profile was finally divided into five units according to lithological
features and assemblage (Table 1).

4.2. Chronology

Seven OSL dating results are listed in Table 2 and are consistent with the order of
sedimentary stratigraphy. The OSL ages range from 7.2 & 0.4 ka to 0.86 & 0.07 ka and are
mainly distributed around 2.5-2.8 ka in Unit 3, demonstrating that the fluvial sequence has
been deposited rapidly during flood-rich periods. The result at the bottom of the profile is
7.2 4 0.4 ka, indicating that the sedimentary rates varied in lacustrine deposits. One #C age
from the lacustrine bulk sample (Lab No. XA16700) at the depth of 7.56 m is 3700 = 45 a
BP, i.e., 4218~3901 cal a BP of 20 calibrated age, that is consistent with the period of
lake development in the North China Plain [35]. Furthermore, the topside OSL result
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(0.86 &= 0.07 ka) in paleosol is consistent with regional archaeological work. The ancient
Daming County was investigated to be buried 1-5 m below the surface by the flood deposits
of the Ming Dynasty (ca. 0.6 ka) [42]. These flood deposits were tracked and correlated
with Unit 5 in this study area (Figure 2).

Table 1. Stratigraphic descriptions, sedimentary facies, and lithological units in the LWM profile in
the lower Yellow River.

Unit Depth (cm) Sedimentary Facies Stratigraphic Description
0-20 Modern so0il(SS3) Grey-brown clay, crumb structure, friable and porous.
5 20-110 Overbank deposit (OD6) Grey-yellow fine sand, parallel laminations, very loose.
110-190 Slackwater deposit (SWD6) Red-brown clay, homogenous texture.
190-280 Paleosol (552) Dark brown speckled clay, friable and porous.
280-320 Overbank deposit (OD5) Light yellow fine sand and red.—brown clay couplet,
4 parallel bedding.
320-330 Slackwater deposit (SWD5) Red-brown clay, homogenous texture.
330-358 Paleosol (SS1) Dark brown clay, friable and porous, crumb structure.
358-430 Overbank deposit (OD4) Yellow-brown clayey silt, crumb structure, very loose.
430-495 slackwater deposit (SWD4) Red-brown clay, homogenous texture.
495-600 Overbank deposit (OD3) Grey-yellow silt with brown—red.sﬂt}f clay, dual structure, and
3 parallel laminations.
600-720 Overbank deposit (OD2) Yellowish speckled fine sand, very loose, parallel laminations
and ripples.
720-755 Slackwater deposit (SWD2) Red-brown clay, h(?mogenous texture, some
conchoidal fractures.
2 755-825 Lacustrine deposit (LD1) Grey silty clay, few shells, massive structure.
825-890 Overbank deposit (OD1) Grey-yellow silt, some mud-gravels at the bottom.
1 -
890-900 slackwater deposit (SWD1) Red-brown clay, h(?mogenous texture, some
conchoidal fractures.
Table 2. OSL ages of the LWM profile in the LYR.
o Water Equivalent Dose Rate
Sample Depth (m) U (ppm) Th (ppm) K (%) Content (%) Dose (Gy) (Gy/ka) Age (ka)
LWM-2 2 4.56 +0.23 24.01 £ 0.95 2.42 +0.06 15+10 4.83 + 0.06 5.62 +0.37 0.86 £ 0.07
LWM-3.8 3.8 2.47 £+ 0.06 12.18 £0.17 1.67 £ 0.02 10£5 8.13 + 0.66 294 +0.11 28+0.3
LWM-4.2 42 1.98 £ 0.1 9.67 £0.43 1.69 + 0.03 10+£5 7.24 + 0.93 2.69 £0.11 27+04
LWM-5.5 55 1.61 £ 0.04 7.43 £0.13 1.66 + 0.01 10£5 7.05 £ 0.19 243 +0.1 25+01
LWM-6.15 6.15 2.02 £ 0.05 8.82 £0.12 1.74 + 0.05 15+5 6.5+ 0.74 254 £0.1 2.6 £0.3
LWM-7.1 7.1 2.17 £0.04 10.48 £ 0.18 1.61 +0.03 15+5 8.33 £ 0.45 3.07+£0.18 27+02
LWM-8.5 8.5 1.87 £ 0.06 9.26 £0.17 1.58 £+ 0.06 10£5 17.78 £ 0.57 248 £0.11 72+0.1

4.3. Proxy Indicators

Grain size and major elemental contents can generally be used to divide the LWM
profile into five units, consistent with the lithological units (Figure 3). The ages at the
boundaries are generated from the age—depth model.

In Unit 1 (825-900 cm, before 6.7 ka), sediments are dominated by coarse silts (average
54.2%) and become coarser toward the top with an inverse grade. K,O (average —0.91 clr)
and Fe,O3 (average —0.27 clr) have the lowest value. SiO, (average 2.47 clr) and Na,O
(average —1.35 clr) have a relatively high value in upper samples. In comparison, Al,O3
(average 0.74 clr), CaO (average 0.31 clr), and MgO (average —0.98 clr) have a relatively
high value at the bottom.
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Figure 3. Stratigraphy, grain size composition, median grain size, and major elements variations in
the LWM profile in the LYR. The legend is identical to that of Figure 2.

Unit 2 (755-825 cm, 3.7-6.7 ka) is characterised by a slow trend in proxy indicators
and an abrupt change between LDs and ODs. Sediments are dominated by coarse silts
(average 55.5%) and fine silts (average 23.7%). SiO,, K»O, and NayO increase to a high
average of 2.60 clr, —0.81 clr and —1.18 clr, respectively, while CaO (average —0.18 clr) and
MgO (average —0.99 clr) have the lowest values.

Unit 3 (360-755 cm, 1.7-3.7 ka) is characterised by frequent changes in depth. The
peak—valley variations in different proxy indicators are almost synchronous. Coarse silt
(average 64.2%) increases to the maximum of the profile, while clay (average 3.11%) and
fine silt (average 17.7%) have the lowest values. SiO; (average 2.48 clr), NayO (average
—1.32), Al,O3 (average —0.72 clr), K,O (average —0.90), CaO (average 0.24 clr), MgO
(average —0.97 clr), and Fe,O3 (average —0.25 clr) remain with a similar average value but
with much more obvious variations compared to Unit 2.

In Unit 4 (190-360 cm, 0.8-1.7 ka), sediments are much finer than in Unit 3. As fine silt
(average 46.9%) and clay (average 4.74%) increase significantly, Al,O3; (average 0.82 clr),
CaO (average 0.46 clr), MgO (average —0.73 clr), and Fe,O3 (average 0.08 clr) also have the
highest value. Sand (average 0.7%), SiO; (average 2.19 clr), and NayO (average 1.96 clr)
decrease to the lowest value of the profile. All the indicators fluctuate in a relatively
tight range.

Unit 5 (0-190 cm, after 0.8 ka) has the highest value of sand (average 26.6%) and
the lowest value of coarse sand (average 40.6%). SiO; and NayO increase to averages of
2.41 and —1.54 clr, respectively. Al,O3 (average 0.77 clr), K;O (average —0.83 clr), MgO
(average 0.77 clr), and Fe,O3 (average —0.89 clr) decrease slightly.

4.4. PCA

Significant correlations between the grain size and major elements are shown in Table 3.
The percentage of sand is positively correlated with SiO, (r = 0.79) and NayO (r = 0.77). In
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contrast, percentages of clay and fine silt have a strong positive correlation with Al,Os3,
MgO, and Fe; O3 (r > 0.75), and a weak positive correlation with K,O and CaO (r < 0.5).
This result was supported by the biplot of the first two principal components (PC1 and
PC2) (Figure 4). PC1 represents 76.80% of the total variance, having negative loadings for
5i0O; and NayO. The coarse silt and sand, as supplementary variables, are also plotted on
the negative side of PC1. On the other hand, Al,O3, K;O, CaO, MgO, Fe,0;3, clay, and fine
silt have positive loadings on PC1. The high percentage of SiO, and NayO is related to
the dominance of quartz and plagioclase in the Yellow River, which originate primarily
from the Loess Plateau [58,59]. Therefore, the first eigenvector (negative values) reflects the
input evolution of coarse clastic deposits under strong hydrodynamic conditions, which
was interpreted as a peak flood indicator to reconstruct paleofloods.

Table 3. Pearson’s correlation coefficients (r) between the major elemental contents and percentages
of grain size fractions in the LWM profile.

Parameter SiO; Al,O3 K,O Na,O CaO MgO Fe,03 Clay Fine Silt Coarse Silt Sand
SiO, —0.76 ** —0.37 ** 0.98 ** —0.76 ** —0.96 ** —0.96 ** —0.76 ** —0.84 ** 0.25 ** 0.79 **
Al,O5 0.79 ** —0.83 ** 0.21 ** 0.90 ** 0.90 ** 0.75 ** 0.79 ** —0.25 ** —0.73 **
K,O —0.47 ** —0.21** 0.56 ** 0.56 ** 0.40 ** 0.42 ** —0.26 ** —0.29 **
Na,O —0.71 ** —0.98 ** —0.97 ** —0.76 ** —0.84 ** 0.28 ** 0.77 **
CaO 0.58 ** 0.56 ** 0.42 ** 0.51 ** —0.20 ** —0.43 **
MgO 0.99 ** 0.79 ** 0.86 ** —0.24 ** —0.82 **
Fe, O3 0.80 ** 0.86 ** —0.23 ** —0.83 **
clay 0.92 ** —0.43 ** —0.75 **
fine silt —0.53 ** —0.75 **
coarse B N
silt 0.16

sand
Notes: **. Significant at p < 0.01. *. Significant at p < 0.05.
(@) 2 1
|
: K,O (clr)
| I
|
|
| |
= | ALQ, (clr)
|
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Figure 4. PCA biplot of the physicochemical parameters in the LWM profile in the LYR: (a) loading
plot of standardized elemental data as active variables (solid black line), and grain size fractions as
supplementary variables (dashed blue line). (b) The PCA score plot of samples in different facies.

5. Discussion
5.1. SWD as a Flood Indicator in the Yellow River Floodplain

SWDs in the LWM profile have distinct sedimentological and geochemical features
with other sedimentary facies. SWDs are generally structureless, fine-grained sediments
as a result of rapid deposition from suspension during major floods (Figure 2). It is
noteworthy that both SS and SWD share relative similarities in particle sizes and major
elements (Figure 4) because the pedogenesis on floodplains is mainly based on the previous
alluvial deposit and accelerates finer sediments [60]. However, SS layers were distinguished
by redoximorphic features and widely distributed proxies. Furthermore, the variation in
the grain sizes and major elements with depth shows that SWDs have an abrupt change
with adjacent deposits due to different hydrodynamic conditions (Figure 3). In general, the
characteristics of SWDs are much more stable and significant than others.

The similarity of SWDs in different reaches of the Yellow River indicates that the SWD
method for paleoflood identification can still be effective. Proxy indicators of SWDs are
discussed by comparing the LWM profile with the upper and middle reaches of the Yellow
River [50,61-63], providing a quantitative reference for further paleoflood research. The
mean particle size of SWD2 (average: 19.12 um), SWD4 (average: 23.62 pm), and SWD6
(average: 15.13 pm) in the LWM profile is much finer than the SWDs in the source area
(51.87-55.05 pum, according to reference [63]), the upper reach (16.41-45.99 pum, according to
reference [61]), and the middle reach (19.9-33.0 um, according to reference [50]) (Figure 5).
All SWDs in the Yellow River Basin have a narrow peak grain size distribution in common,
indicating a similar suspension and deposition process in the flooding water. Additionally,
SWDs have a gradual finer trend from the river source area to its lower reach, which reflects
the sorting process of alluvial deposits with increasing transport distances [59].

Unlike traditional bedrock gorges, SWD is one type of multiphase flood deposits
on alluvial plains. The deposition model with an ordered sequence of floodplain events
indicates that SWDs were deposited at the beginning phase of flood [64]. This model
has been confirmed by recent post-flood research [25,26]. In the LYR, geoarchaeological
stratigraphy revealed that ancient flood deposits comprised red silty clay deposits, sand-
wiching a massive Yellow River silt flood package [30,32,33,39,65]. All SWDs in the LWM
profile were covered by ODs of coarse silts and sands, especially SWD2/0D2, SWD4/0D4,
and SWD6/0D6 with thick layers. According to previous studies on the sedimentation
of a major flood in alluvial plains [24-26], the lower SWD layer was interpreted as the
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deposition resulting from suspended sediments overtopped the levee, while the upper
OD layer was interpreted as deposition resulting from the breached levee. In contrast, the
SWD interpretation in canyons and gorges of the Yellow River is more direct because only
high-stage SWDs were deposited during flooding periods, while other genetic deposits of
non-fluvial environments (e.g., slope deposits or loess—paleosol) were accumulated during
inter-flooding periods [50,51,66].

(a) o—o—o SWD2 | Coarsel
10+ SWD 4 :
B 1+ BV 6 Fine silt _
= |
-y
< 61
N
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Figure 5. Frequency curve comparisons of the grain size distributions of SWDs between the LWM
profile in the LYR (a) and typical research in the source area [63], the upper reach [61], and the middle
reach [50] of the Yellow River (b).

High sedimentation rates and suitable depositional environments could be the key
reasons why SWDs were preserved in the Yellow River floodplain. Two main factors
controlling SWD deposition sites are appropriate sediment sources and preservation condi-
tions [9,52]. The Yellow River, with the highest sediment load in the world [67], guarantees
abundant sources of paleoflood deposits, and widely distributed low-lying regions in the
LYR (e.g., back swamp and paleochannel) [35,36] provide container conditions for flood
deposits. In short, our results suggest that the SWD method can be applied to the Yellow
River floodplain and similar alluvial plains. A recent study on paleoflood reconstruction
of the lower Ohio River, USA, also demonstrates the potential for SWD preservation in
non-traditional alluvial settings [16].

5.2. Paleoflood Reconstruction and Regional Comparison

In order to verify the paleoflood stage indicator of SWDs, the LOESS of the sand [15,68]
and PCA of elements [53,54] were applied as two widely accepted methods to reconstruct
paleofloods in alluvial plains. Six flood periods (F1, F2, F3, F4, F5, and F6) in the LWM
profile were reconstructed through the positive LOESS residuals and the regime shift in
PC1 scores, which is consistent with paleoflood identification by SWDs (Figure 6). All
except F3 have the corresponding depositional sequence with a stable SWD layer at the
bottom and a thick OD layer at the top. F3 (495-600 cm) of silt-sand couplets differs from
other floods by LOESS residuals and PC1 scores repeated change (Figure 6). Previous
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studies have indicated that each fining-up sequence represents a short-term interval of the
whole flood in the modern Yellow River delta [69]. Thus, F3 was interpreted as seasonal
flooding deposits. On the other hand, F1 (825-900 cm), F2 (600-755 cm), F4 (358-495 cm),
F5 (280-330 cm), and F6 (20-190 cm) have a significant change in reconstruction indicators.

Age LWM stratigraphy ~ LOESS residuals PCl score
((m' st clay sand 40 0 40 45 0 45  Flood periods
age: 2 )
—

™ lﬁ\

860+70a 9

1

2800+300a9-. - .- .\
2700+400a 9=
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g NN

2500£100a 0 . = . ) i
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370045 a BP e

Figure 6. Paleoflood reconstruction in the LWM profile based on LOESS residuals and PC1 scores.
The red arrow represents the subtle variation in flood deposits with blue color. F3 in different pattern
as its result show rhythmic changes. The legend is identical to that of Figure 2.

The LWM stratigraphy was further subdivided into flood-rich and flood-poor phases
based on the stratigraphy and chronology. In spite of F5, Unit 2 (3.7-6.7 ka) and Unit
4 (0.8-1.7 ka) were formed in a relatively stable environment during flood-poor phases.
F5, showing a subtle variation in PC1 scores and LOESS residuals in Figure 6, suggested
the flood magnitude is at a lesser level. On the contrary, Unit 1 (before 6.7 ka), Unit 3
(1.7-3.7 ka), and Unit 5 (after 0.8 ka) represent flood-rich phases, especially Unit 3 with
F2, F3, and F4. This serious flooding phase around 4.0 ka was supported by existing
research. The integration of the related dating results in a recent review paper shows that
the relative concentration of paleoflood events occurred since ca. 4.0 ka in the Yellow River
basin [29,70].

The paleoflood reconstruction in the LWM profile can be further supported by geoar-
chaeological evidence in the Yellow River floodplain. AS, DZL, SYZ, and SLP sites
(Figure 1b) were chosen to compare in the study area because (1) they are archaeological
sites with reliable chronology based on ceramic vessels, architectural tiles and dating results;
and (2) they preserved similar sedimentary sequences in the adjacent area [30,31,39,71].

As shown in Figure 7, our results are difficult to use for confirming historical in-
undation events due to the dating inaccuracy and stratigraphic break. However, these
synchronical ages of paleoflood deposits in all the sites imply that the regional flood events
may have worsened around the Han Dynasty and Song Dynasty, while the river was
inactive in the interval. As Figure 1 shows, the old Yellow River courses were mainly
distributed in the study area around the 5th C. BC-70 AD (around the Han Dynasty) and
955-1565 AD (around the Song Dynasty). This statement agrees with the increased flood
frequency in the last millennium by synthesizing sedimentary and documentary data of
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Depth

the Yellow River basin [70]. In addition, the top F6 in Figure 7 was only recorded in the
LWM profile. The reason is that the last flood was the extreme regional flood in the Daming
area, as recorded in the documentary [40].

LWM DZL AS SYZ SLP

(m) (presentstudy) (Storozum etal.,2018b) (Storozum etal.,2018a) (Kidder etal.,2012)  (Yu etal.,2020)

04

10
11

12

\:| Flood deposits - Inter—flooding deposits
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o} 86070
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4510~4248

Ming floods

2760~2720

0~3080 5292~4970
4150~3920

4218~3901

4965~4850
5890~5600

7200+400
7160~6795
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Figure 7. Comparison of extreme floods in the LWM profile with previous research profiles in the
LYR. The Dazhanglongcun (DZL) site was modified from [31]; the Anshang (AS) site was modified
from [30]; the Sanyangzhuang (SYZ) site was modified from [39]; and the Shilipu (SLP) site was
modified from [33].

The correlation also suggests that the stratigraphy sequence and depositional rate in
flood-prone floodplains are matched. The flooding and inter-flooding units are mainly
controlled by the hydrodynamic conditions of the old Yellow River. For instance, the SYZ
and LWM sites exhibited similar flood deposits among F2, F3, and F4 around the Han
Dynasty. Seasonal flood deposits (F3) are composed of thin silt and silty clay, while major
flood deposits (F2 and F4) mainly contain thick SWD and OD layers representing different
flood stages (Figure 2c). In the SYZ site, the flood deposit consists of an initial fine-grained
massive deposit that gradually transitioned to a silt loam/silty clay loam and then abruptly
shifted to laminated silt and silty clay stratum [39]. These depositional assemblages and
features are consistent with our lithological observation, suggesting sedimentary features
of breach or diversion on the floodplain are similar and comparable [24-26]. Noteworthy,
the SLP site has a different sediment rate from the others because it is a typical mound site
which is significantly higher than the surrounding ground and accumulated by human
activities [33,72].

The research highlights the potential to reconstruct long-term paleoflood series on the
alluvial plain. Compared to widespread flooding records in the middle river, paleoflood
research in the LYR is still limited and challenging [19]. However, interlinking disaster
mechanisms in river systems need more detailed archives on floodplains to be better
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revealed [13,73]. Further work is required to uncover the paleodischarge of flood deposits
and explore the linkages between flood signatures and major factors.

6. Conclusions

The study focuses on the sedimentological and geochemical features of the LWM
profile in the Yellow River floodplain in order to identify and reconstruct paleoflood
events. SWDs in the LYR have distinct features with other sedimentary facies, but they
are comparable with SWDs in the upper and middle Yellow River. This suggests that the
SWD method can be applied in the LYR due to its high sedimentary rates and suitable
depositional environments. Six flooding periods, including major and seasonal floods,
were identified based on sedimentary characteristics, major elemental compositions, and
particle size distribution. Our results display that Unit 2 (3.7-6.7 ka) and Unit 4 (0.8-1.7 ka)
correspond to a relatively stable environment during flood-poor phases, while Unit 1
(before 6.7 ka), Unit 3 (1.7-3.7 ka), and Unit 5 (after 0.8 ka) correspond to flood-rich
phases. These paleohydrology characteristics are broadly consistent with those in regional
stratigraphy and historical documentaries, which confirms that sedimentological and
geochemical analysis are effective methods for paleoflood research in the Yellow River. The
low-lying floodplain is extremely vulnerable to inundations, leading to challenging work
on paleoflood reconstruction. Nevertheless, the method linking to multi-proxy analysis
provides an optimal geological point to understand flood features and explore paleoflood
records on the floodplain, where there is an increasing flood risk with population growth,
rapid urbanization, and economic growth development.
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Abbreviations
LYR lower Yellow River
SWD slackwater deposit

LD lacustrine deposit

OD overbank deposit

SS sandy soil

OSL optically stimulated luminescence

LWM Longwangmiao

DZL Dazhanglongcun

AS Anshang

SYZ Sanyangzhuang

SLP Shilipu

LOESS  local polynomial regression

PCA principal component analysis

ka thousand years before the present
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