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Abstract

The sedimentologic fingerprinting in detrital deposit is vital to reconstruct sedimentary environments and discriminate
sources. In this study, grain size and microtextural characteristics of quartz from the late Pleistocene hard clay in the Yangtze
River delta (YRD) were analyzed by using a laser particle size analyzer and a scanning electron microscope. Subaqueous
quartz from the Yangtze River and Yellow River sediments and eolian quartz from the Chinese Loess Plateau loess were
also analyzed by scanning electron microscopy to obtain the microtextural characteristics. Quartz grains of the hard clay
were characterized by poor sorting, fine skew, bimodal grain-size distributions, and numerous eolian microtextures. The
comparison of the quartz grain characteristics of the hard clay with these in eolian loess indicated that the hard clay belonged
to an eolian deposition. Moreover, the fine quartz grains of the hard clay were dominated by eolian microtextural
characteristics, representing long-distance transportation. The coarse quartz grains of the hard clay exhibited more subaqu-
eous microtextural characteristics, which indicated that the coarse fraction of the hard clay was derived from the proximal
source regions in the YRD. The determination of buried eolian deposition with multiple sources in the YRD implies a south-
ward westerly jet stream, strengthened eolian dust transportation, and extensive aridification in the YRD due to the increased
Northern Hemisphere ice sheets in Marine Oxygen Isotope Stage 2.
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INTRODUCTION

Eolian dust is not only stored in the form of a loess—paleosol
sequence (Ding et al., 2001; Guo et al., 2001; Sun et al., 2006,
2018; Barbara, 2016; Tian et al., 2017; Yan et al., 2017), but
also frequently preserved in lacustrine sediments and marine
deposits (Zhang et al., 2017, 2018). The latter circumstances
represent the complex process of deposition and multiple
sources of transportation in the depositional systems of
Earth’s surface. Therefore, the determination of the eolian
deposition and tracing the source of eolian deposits is signifi-
cant for understanding the sedimentary environment and dep-
ositional process (Nie et al., 2015).

The grain-size characteristic analysis of clastic sediments is
a valuable sedimentologic method for the identification of
sedimentary environments (Zhang et al., 2017). Through
the comparison of the results of grain-size characteristics,
previous studies have successfully distinguished various
clastic sediments from specific sedimentary environments
(Sun et al., 2000a). It has also been determined that, due to
the stable physical and chemical properties of the quartz grains,
grain size can be considered a more precise proxy for the pale-
oenvironment reconstruction relative to the use of bulk samples
(Sun et al., 2000b). Furthermore, fine and coarse components
of detrital deposit can be derived from incompatible sources
(Kenig, 2006). In recent years, methods of multicomponent
separation have been discussed by means of function fitting
(Sun et al., 2002; Paterson and Heslop, 2015), end-member
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modeling (Zhang et al., 2017), and grain-size standard devia-
tions (Boulay et al., 2003). These mathematical methods
have achieved satisfactory results in tracing the sources of sed-
iments. Mathematical functions can be effectively used to fit
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grain-size distribution curves and achieve mathematical sepa-
ration of the grain size components (Sun et al., 2002; Paterson
and Heslop, 2015). The grain-size fractions of a sedimentary
sequence can be interpreted using integrals and grain-size stan-
dard deviations (Boulay et al., 2003).

Microtextural characteristics of quartz grains can be pre-
served over long periods of time (Kenig, 2006; Costa et al.,
2012; Vos et al., 2014; Warrier et al., 2016; Machado et al.,
2016; Bellanova et al., 2016; Woronko, 2016). Scanning
electron microscopy (SEM) techniques used for sedimentary
studies were first improved by Krinsley and Takahashi
(1962). Several quartz microtextural characteristics have
since been revealed by SEM and essentially applied to
interpret a wide range of sedimentologic environments
(e.g., eolian, glacial, and subaqueous environments). In addi-
tion, quartz microtextural characteristics have also been used
as geologic fingerprints in provenance studies (Krinsley and
Donahue, 1968; Margolis and Krinsley, 1974; Newsome
and Ladd, 1999; Strand et al., 2003; Kenig, 2006; Costa
et al., 2012; Vos et al., 2014; Gindy, 2015). Mahaney et al.
(2001) provided quantitative techniques for distinguishing
various microtextures among various sedimentary environ-
ments. A wind tunnel experiment showed relatively short dis-
tances and time of eolian transportation were sufficient to
create fingerprint features in silica spheres, which indicated
that SEM photos were effective tools for researching eolian
deposits (Costa et al., 2013). Moreover, based on SEM exam-
ination of quartz grains, the finer quartz grains from the Polish
loess were probably transported by high winds from a distant
area. In contrast, the coarser quartz grains indicated a variable
provenance (Kenig, 2006). However, these methods were
rarely used in the clastic sediments in China.

It was known that a late Pleistocene hard clay deposit
between the Xiashu loess on the west of Yangtze River
delta (YRD) and island loess on the East China Sea was dis-
tributed throughout the eastern plain of the YRD (Zheng,
1999). The late Pleistocene hard clay layer was determined
to be an important marker layer for distinguishing between
the Pleistocene and the Holocene (Zheng, 1999). The
changes in the thickness of the late Pleistocene hard clay
layer, which was the Holocene basement stratum, controlled
the extent and process of the Holocene transgression. The for-
mation of the hard clay deposit was controlled by specific cli-
mate conditions during the late Pleistocene (Li et al., 2000).
Therefore, the hard clay was an important archive for study-
ing the sedimentary environment in the YRD during the
late Pleistocene (Li et al., 2000).

The late Pleistocene hard clay was considered to be a con-
tinuous stratum distribution with the upper part of the Xiashu
loess (Zheng, 1999). As the most important and detailed Qua-
ternary terrestrial archive in subtropical China, the Xiashu
loess has been intensively researched and focused upon to
explore their origin and provenance and the evolution of the
East Asian monsoon (Hao et al., 2010; Qiao et al., 2011;
Liu et al., 2014). However, there was a lack of stable sedimen-
tologic evidence to indicate the origin and provenance of the
late Pleistocene hard clay. Results from stratigraphy, grain
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size, geochemistry, mineral assemblage, microfauna, pollen,
and spores, along with the '*C dating, suggested that the late
Pleistocene hard clay was an eolian deposition under dry-cold
climate conditions during the last glacial maximum (LGM)
(Zheng, 1999). However, the high content of freshwater
algae indicated that the formation of the hard clay occurred
under freshwater environmental conditions (Qin et al.,
2008). Therefore, the sedimentary environment of this stra-
tum has not yet been determined, and further investigations
are required. Although research on Chinese loess has
achieved a series of significant outcomes, many important
fundamental questions remain. For example, where is the
eastern boundary of the distribution of the Chinese Quater-
nary loess strata? Is there still distribution of syndepositional
eolian deposition of the Xiashu loess in the eastern plain of
the YRD? The study of the sedimentary environment and
provenance of the late Pleistocene hard clay in the YRD
can provide valuable insight into these issues.

In this study, the grain size and microtextural characteris-
tics of quartz, an available weather-resistant mineral in the
study area, were analyzed to explore the origin and prove-
nance of the late Pleistocene hard clay in the eastern plain
of the YRD. For comparative analysis, the microtextural char-
acteristics of the quartz from Yangtze River sediment, Yellow
River sediment, and Chinese Loess Plateau (CLP) loess were
also photographed using SEM. The results of this study may
potentially provide a significant insight in evolution of the
East Asian monsoon and sedimentary patterns of the coast
and continental shelf in East China.

MATERIALS AND METHODS

Site description and sample collection

In the research area, the Xiashu loess was widely distributed
on the lower slopes, foothills, hillocks, and river terraces of
the lower reaches of the Yangtze River, particularly in the
Ningzhen Mountain area The Zhoujia Shan section
(Z1S;32°09'49.51”N, 118°53'43.17"E) represented a typical
Xiashu loess section (Fig. 1). According to field observations,
this section (ca. 6.1 m thick) could be lithologically divided
into the following five units: L, S,, Ly, Sy, and L. (L is the
loess unit; S is the paleosol unit) (Fig. 2). In the current
study, 61 samples were collected from the ZJS section at
10 cm intervals. The eastern plain of the YRD was covered
by unconsolidated Quaternary sediments, with the exception
a small number of hills and bedrock in the western area of the
YRD (Fig. 1). Multiple drilled boreholes revealed that the
stratigraphic distribution and depth of the late Pleistocene
hard clay layer in the YRD was generally 20 m underground
in the Shanghai area (Zheng, 1999). A 2-m-thick sediment
core from the —27 m to —25 m stratigraphic horizons was
drilled in the southern area of the YRD (31°11'13”N, 121°
16'2"E); the specific site location is shown in Figure 1B.
The colors, textures, nodule distribution, and a detailed pro-
file description are listed in Figure 2A. A continuous exten-
sional stratum of the hard clay within the upper part of the
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Figure 1. (color online) (A) The mountains, Gobi, sand desert, and loess distributions in China and the locations of samples taken from eolian
and subaqueous environments. (B) The distribution of loess in eastern China, hard clay in the Yangtze River delta (YRD), and sampling sites.
Digital elevation model of the Yangtze—Huaihe river basin showing regional topographic characteristics. The distribution of loess and hard

clay is modified from Qiao et al. (2011) and Zheng (1999). SL core

reference from Zheng (1999). T1, T4, TS, T11, T10, T13, T12, and

T28 core references from Li et al. (2000) and Chen et al. (2008). BY1 and LG core references from Xia and Zhang (2018).

Xiashu loess section is shown in Figure 2B. The XRD anal-
ysis of whole sample of the hard clay indicated that the pri-
mary mineral components in the hard clay included quartz,
feldspars, magnesioferrite, rutile, hematite, goethite, and
muscovite (Fig. 3A). For research purposes, 50 samples of
the hard clay were obtained at 4 cm intervals for grain-size
analysis. Four samples of the hard clay used to extract quartz
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grains were distributed at depths of 2542, 2598, 2646, and
2682 cm. Due to the fact that quartz grain SEM analysis
was time-consuming, four samples of the hard clay that
were evenly distributed in borehole were used as representa-
tive of the sedimentary characteristics of the whole section.
The sedimentary characteristics of the samples at depths of
2542, 2598, and 2646 cm were black silty clay with off-white
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Figure 2. (color online) (A) Lithology of the Xiashu loess in the Zhoujia Shan section (ZJS) and the hard clay core in Shanghai. L, loess unit; S,
paleosol unit. (B) The stratigraphic contact relationship of the Xiashu loess and hard clay showing a continuous extensional stratum of the hard

clay with the upper part of the Xiashu loess section.

calcareous concretions and iron manganese (Fe-Mn) nodules.
The characteristics of the samples at the 2682 cm depth were
grayish-yellow silty clay with abundant Fe-Mn nodules and
plant roots. For comparative analysis, three samples were col-
lected from the Yangtze River (SH; 31°22’48” N, 121°31'12”
E; subaqueous environment), Yellow River (PL; 34°
48'30.57”N, 111°10'21.6”E; subaqueous environment), and
Chinese Loess Plateau (LC; 35°45'N, 109°25'E; eolian envi-
ronment) (Fig. 1A).

Quartz single-mineral sample extraction

In this study, the quartz samples were extracted from the sep-
arated fractions using a potassium pyrosulfate (K,S,07) fus-
ing—fluorosilicic acid (H,SiF¢) soaking method (Xiao et al.,
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1995) as follows: (1) Approximately 3 g of representative
oven-dried samples were treated with 15 mL of 30% H,0,
for a 24-hour period to remove the organic matter. (2) The
samples were boiled for 4 hours in 50 mL of a 6 mol/L. HCl
for the purpose of removing the carbonates and iron oxides.
(3) Then, 20 g of K,S,0; was added and a 650°C melt was
performed for 90 minutes to remove the clay, mica, and
layered silicate minerals. (4) The samples were then soaked
in a 30% H,SiFg for 3 days with constant stirring to remove
the feldspar. (5) At this point, a 9000 rpm centrifugal
wash with deionized water was conducted three times, until
the water was clear. (6) Finally, the samples were dried at
105°C.

To ensure the effectiveness of the extraction of the quartz
minerals, the purity of the quartz samples was tested using
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Figure 3. X-ray pattern of samples from different processes of quartz single mineral extraction. (A) The X-ray pattern of original sample of the
hard clay. (B) The X-ray pattern of a sample treated with hydrogen peroxide and hydrochloric acid solution. (C) The X-ray pattern of a sample
after adding K,S,07 and 650°C melt. (D) The X-ray pattern of a sample soaked in a 30% H,SiFg solution for 3 days. Qtz, quartz; Kf, k-feld-
spars; Mgf, magnesioferrite; Rt, rutile; Hem, hematite; Gth, geothite; Ms, muscovite.

X-ray diffraction (Fig. 3). X-ray diffraction eventually showed
only quartz diffraction peaks in the sample (Fig. 3), which
demonstrated that we obtained a high-purity quartz sample
from the hard clay. The X-ray diffraction test was conducted
in the Key Laboratory of Geo-Information Science of the Min-
istry of Education at the East China Normal University.

Grain size and microtexture of the quartz

In this study’s experimental process, 10 mL of (NaPOj)q
(0.05 mol/L) was added to the quartz samples, and an ultra-
sonic oscillation was conducted for 10 minutes. The grain
sizes were measured using a Master-sizer 2000 laser grain-
size analyzer. The measurement error was determined to be
less than 2%. Measurement of quartz grain size was con-
ducted at the Geographical Science Department of the East
China Normal University.

A cold-field scanning electron microscope (Hitachi
S-4800) was used to investigate the microstructures of the
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quartz grains. This equipment had the ability to vary the mag-
nification from 20x up to 800,000x to observe the outlines
and microtextures on the grain surfaces. The working voltage
was fixed at 5 kV; working distance was fixed at approxi-
mately 10.6 mm; and the magnification was set from 300x
up to 18,000x, which successfully guaranteed clear photo-
graphs of the quartz grain microtextures. The extracted quartz
powder was directly mounted in the metal plate. Metal spray-
ing must be conducted on the surfaces of quartz grains during
the test, as quartz is not conductive. Some clay-scale quartz
particles adhered to the surfaces of large quartz particles,
and the adhesion of these particles can interfere with the
observation of the quartz micromorphology, so we chose
bright and clean quartz grains to avoid the interference of
microparticles during SEM. In this study, the microtextural
characteristics of 240 quartz grains from four hard clay sam-
ples were statistically analyzed. Because the <20 pm fraction
was found to dominate the modern eolian dust (Hao et al.,
2010), the quartz particles were simply divided into two
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parts (<20 and >50 um) for statistical purposes. The SEM
observation of quartz grains was completed at the electron
microscope center of East China Normal University.

Samples of 30 quartz sand grains (>50 um) from the Yang-
tze River sediment, 28 quartz sand grains from the Yellow
River sediment, and 31 quartz sand grains from the CLP
loess were measured to obtain their microtextural characteris-
tics. The roundness and angularity of the quartz grains were
identified, referencing the results of Krinsley and Smalley
(1973), Kleesment (2009) and Costa et al. (2013). The
grain outline represented the roundness and angularity of
the grains, which were subdivided into six classes as follows:
very rounded, rounded, subrounded, subangular, angular, and
very angular (Krinsley and Smalley, 1973; Kleesment, 2009;
Costa et al., 2013). The experimental team used the standard
atlases of Mahaney (2002), Strand et al. (2003), and Vos et al.
(2014) as references during the different microtexture identi-
fication processes.

Processing of the granularity data

The grain-size parameters of the quartz grains were calculated
using Gradistat software (Blott and Pye, 2001). Grain-size
characteristics were based on method of moments calcula-
tions. The Folk and Ward method was used to calculate the
value of discriminant function parameters. The Sahu discrim-
inant function was Y=-3.5688 Mz+3.7016 o> —2.0766
SK +3.1135 KG, in which Mz, ¢°, SK, and KG represented
the mean grain size, sorting coefficient, skewness, and kurto-
sis, respectively (Sahu, 1964). The grain-size standard devia-
tion calculations were derived from the method of Boulay
et al. (2003). The curve-fitting method of Sun et al. (2002)
was referenced in this study.

C. Wu et al.

Production of wind field patterns in China

The modern wind field pattern in China was plotted based on the
NCEP/NCAR reanalysis data set of 20062016 (https:/www.
esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html). The
wind field pattern of Marine Oxygen Isotope Stage 2 (MIS 2)
in China was drawn based on the model result of GISS-E2-R
(https:/view.es-doc.org/renderMethod=name&project=cmip5&
client=esdoc-viewer-demo&type=cim. 1 .software. ModelCompo-
nent&name=GISS-E2-R&institute=NASA-GISS). GISS-E2-R
was the NASA GISS atmospheric model (version E2) combined
with the Russell Ocean model. Both plots of wind field patterns
in China were produced using NCAR Command Language
(NCL) mapping software.

RESULTS

Grain-size characteristics of quartz from the hard
clay

The coarse and fine component contents in eolian sediment
could have been affected by the dynamics of the transport
medium, provenance, and sedimentary environment
(Lu and An, 1997, 1998). The sand content (>50 um) of
the quartz samples ranged from 2.24 to 30.72%, with an aver-
age content of 10.49% (Fig. 4), which was determined to be
slightly lower than that in the Xiashu loess (Xu et al., 2016;
Supplementary Table S1). The coarse silt content (10-50 um)
of the quartz samples was found to vary from 43.20 to
64.90%, with an average content of 56.72% (Fig. 4), which
was determined to be the mode particle group (the most fre-
quently occurring particle group) (Xu et al., 2016; Supple-
mentary Table S1). The fine silt content (5—10 um) of the
quartz samples ranged from 10.34 to 20.87%, with an average
content of 15.39% (Fig. 4). The proportion of the clay fraction
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Figure 4. Vertical variation of the quartz grain-size content of the hard clay.
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(<5 um) was between 10.69 and 24.72%, representing the
second mode particle group, with an average of 17.41%
(Fig. 4).

It was known that the grain-size frequency distribution of a
deposit directly reflected the information regarding the grain-
size components (unimodal or polymodal) (Lu and An, 1997,
1998). The representative curves of quartz grain-size distribu-
tions for the hard clay are illustrated in Figure 5A. It was
observed that the grain size of the measured samples ranged
from 0.3 to 200 um with single mode normal distribution.
The accumulation curves of quartz grain size reflected the
transport modes of a deposition and the sorting under differ-
ent transportation modes (Lu and An, 1997, 1998). In this
study, the cumulative frequency distributions of the quartz
grain size for the hard clay were characterized by an
“S”-type distribution, which comprised a dominant well-
sorted silt fraction (5-50um) and a minor poorly sorted
clay component (0.3-5 um) (Fig. 5B). Also, the main trans-
port mode was determined to be suspended transport. The
consistency of the quartz grain-size distributions in the hard
clay layer indicated that this layer was formed under a single
sedimentary dynamic.

The grain-size parameters of sediments, including mean
size (Mz), sorting coefficient (Sd), skewness (Sk), and kurto-
sis (Kg), are closely related to the sedimentary environment
and dynamic conditions of transportation (Lu and An,
1997, 1998). The mean size of quartz grains from the hard
clay varied from 11.47 to 26.96 um, with an average of
17.82 um. The mean size of quartz grains gradually increased
from the depth of 2700 to 2650 cm, while this value gradually
decreased from the depth of 2650 to 2500 cm. The sorting
coefficient ranged from 1.45 to 1.74, with an average of
1.61, indicating poor sorting of the hard clay (Fig. 6). The
skewness varied between 0.05 and 1.54, with an average of
0.73, which indicated fine skewed distribution of the hard
clay (Fig. 6). The kurtosis ranged from 1.55 to 3.83, with
an average of 3.17, showing a mesokurtic distribution of
the hard clay (Fig. 6). These findings indicated that the
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characteristics of quartz grain from the hard clay were poorly
sorted and fine skewed with a mesokurtic distribution.

Microtextural characteristics of the quartz grains

Microtextural characteristics of the quartz grains from
the hard clay

Based on identification results, only very angular and angular
quartz grains can be observed in the hard clay (Fig. 7). Very
angular grains with sharp edges from the four hard clay sam-
ples (2542, 2598, 2646, and 2682 cm depths) accounted for
8.7, 44.4, 58.8, and 38.5% of the fine fraction (<20 um) and
accounted for 11.1, 38.5, 50.0 and 69.2% of the coarse frac-
tion (>50um), respectively (Fig. 8). Angular grains with
sharp edges from the four hard clay samples, accounted for
87.0, 55.6, 35.3, and 61.5% of the fine fraction and accounted
for 88.9, 61.5, 50.0, and 30.8% in the coarse fraction, respec-
tively (Fig. 8).

The SEM photographs were visually analyzed and clas-
sified according to the presence of 11 main microtextural
features on the grain surfaces. These microtextural features
were divided into two groups of mechanical and chemical
microtextures. Conchoidal fractures (Fig. 7A, HR-1, and
YR-3) are typical shell-shaped breakage patterns that
mainly show clear arc shapes, as well as the phenomenon
of overlapping (Vos et al., 2014; Woronko, 2016).
Conchoidal fractures in the four hard clay samples
accounted for 17.2, 15.5, 23.5, and 30.8% of the fine frac-
tion (<20 um) and 11.2, 23.0, 27.8 and 28.8% of the coarse
fraction (>50 um), respectively (Fig. 8). It has been found
that arcuate and straight steps (Figs. 7B, CLP-1, and
CLP-2) often appear in the intersections between conchoi-
dal fractures and cleavage surfaces and display the charac-
teristics of straight or arc shapes (Vos et al.,, 2014;
Bellanova et al., 2016). In the study, arcuate and straight
steps were observed in the fine fraction of the four hard
clay samples, in proportions of 21.5, 11.1, 29.3, and
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Figure 5. (color online) Comparison of quartz grain-size distributions between the hard clay and the Xiashu loess (Xu et al., 2016). (A) The
frequency distribution of grain size. (B) The cumulative frequency distribution of grain size.
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Figure 6. Vertical variation of the quartz grain-size parameters of the hard clay.

23.1%, respectively (Fig. 8). Meanwhile, these microtex-
tures were observed in the coarse quartz grains with the pro-
portions of 21.5, 30.9, 44.6, and 11.0%, respectively. The
flat cleavage surfaces (Fig. 7C and CLP-3) are parallel pat-
terns of the cleavage planes, which are known to often
occur with flat-shaped fractures (Vos et al., 2014; Machado
etal., 2016). The flat cleavage surfaces appeared in the fine
fraction of the four hard clay samples at frequency of 21.5,
7.9, 7.3, and 10.1%, while these microtextures rarely
appeared in the coarse fraction, at frequencies of 10.7,
0.0, 0.0, and 0.0%, respectively (Fig. 8). The dish pits
(Fig. 7D) are saucer-shaped depressions. Dish pits on the
coarse quartz grain surfaces from four hard clay samples
were observed with percentages of 10.8, 23.2, 12.1, and
23.2%, respectively (Fig. 8). However, these microtextures
appeared more frequently on the fine quartz grains, with
percentages of 21.6, 39.0, 33.5, and 46.6%, respectively
(Fig. 8). The V-shaped percussion cracks (Fig. 7E and 1),
triangular-shaped depressions and shallowly indented
depressions, have been determined to be the traces of
mechanical impacts and wear (Newsome and Ladd, 1999;
Kenig, 2006; Vos et al., 2014). The V-shaped percussion
cracks were not observed in the fine quartz grains, while
these microtextures were observed in the coarse quartz
grains, with the proportions of 10.0, 7.9, 5.6, and 7.6%,
respectively (Fig. 8). The imbricated grinding features
(Fig. 7F) occur as a series of circular or subcircular,
hogback-shaped patterns, which have been determined to
result from the relative compression between the sharp
edges at higher pressures (Costa et al., 2012). This kind
of microtexture was only observed in the fine quartz grains
from the 2542 cm sample, with the proportion of 11.1%.
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Also, as can be seen in Figure 7 CLP-5, meandering ridges
appear on the grain surfaces as intersecting lines between
the conchoidal fractures (Krinsley and Donahue, 1968;
Vos et al., 2014). Meandering ridges on the coarse quartz
grain surfaces from the four hard clay samples were
observed, with percentages of 8.3, 8.0, 5.8, and 0.0%,
respectively (Fig. 8). However, these microtextures
appeared more frequently on the fine quartz grains, with
percentages of 21.5, 16.9, 15.8, and 15.2%, respectively
(Fig. 8). The ditting surfaces (Fig. 7C LP-4 and 2) occur
as a series of circular pinholes and are mechanical origin,
as distinguished from chemical origin. Ditting surfaces
were observed on the coarse quartz grain surfaces from
the four hard clay samples, with percentages of 0.0, 11.6,
12.3, and 7.7%, respectively (Fig. 8). However, these
microtextures appeared more frequently on the fine quartz
grains, with percentages of 8.8, 22.4, 33.9, and 15.4%,
respectively (Fig. 8). The polished surface (Fig. 7YR-2)
occurs as a smooth flat surface. This microtexture princi-
pally appeared on the coarse quartz grains, with percent-
ages of 5.8, 8.5, 7.6, and 8.6%, respectively. These
microtextures occurred in inappreciable amounts in the
fine quartz grains, with percentages of 9.2, 0.0, 0.0, and
0.0%, respectively. Generally, the frequencies of the flat
cleavage surfaces, meandering ridges, dish pits, and ditting
surfaces were systematically higher in the fine fractions
compared with the coarse fractions. However, the frequen-
cies of the V-shaped percussion cracks and polished sur-
faces were systematically lower in the fine fractions
compared with the coarse fractions.

Apart from the abovementioned mechanical microtextures,
several chemical microtextures were observed on the quartz
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Figure 7. (color online) Quartz grains microtextural characteristics of the hard clay, Yangtze River sediment (YR), Yellow River sediment
(HR), and Chinese Loess Plateau (CLP) loess. (A—H) Hard clay quartz grains: (A) Very angular grain with high relief and the presence of
a conchoidal fracture (a). (B) Angular grain with medium relief showing an arcuate (a) and straight (b) step. (C) Angular grain with low relief
and the presence of a series of flat cleavage surfaces (arrows). (D) Angular grain and the presence of a dish pit (a). (E) V-shaped percussion
cracks covering a surface. (1) Enlarged image showing the detail of V-shaped percussion cracks (arrows). (F) Very angular grain with high
relief showing imbricated grinding features. (G) Detail of triangular etch pits. The orientation of the etch triangles is extremely regular. (H)
Circular solution pits on a fracture plane. (HR-1) A conchoidal fracture. (CLP-1) A straight step. (CLP-2) An arcuate step. (CLP-3) Flat cleav-
age surfaces. (CLP-4) Ditting surfaces. (2) Enlarged image showing the detail of ditting surface. (CLP-5) Angular grain with low relief show-
ing a meandering ridge (arrows). (YR-1) V-shaped percussion cracks. (YR-2) Polished surface. (YR-3) Surface showing a conchoidal fracture

planes (a) with a straight step (b).

grains of the hard clay. Oriented etch pits occur on quartz
grains as extremely regular, triangular or rectangular depres-
sions (Fig. 7G). The oriented etch pits appeared in the fine
fraction of the four hard clay samples, with frequency per-
centages of 4.6, 11.1, 5.9, and 15.5%, while these microtex-
tures appeared in the coarse fraction, with percentages of
22.1, 7.8, 5.9, and 7.7%, respectively (Fig. 8). In the study
area, it was found that the solution pits (Fig. 7H) display
extreme variations in appearance, one example being honey-
comb corrosion pits that have developed due to strong chem-
ical erosion. The solution pits appeared in the fine fraction of
the four hard clay samples with frequency percentages of 8.9,
5.6, 11.6, and 15.4%, while these microtextures appeared in
the coarse fraction with percentages of 11.3, 7.6, 11.2, and
15.4%, respectively (Fig. 8).

https://doi.org/10.1017/qua.2020.31 Published online by Cambridge University Press

Microtextural characteristics of the quartz grains from
the Yangtze River sediment, Yellow River sediment,
and CLP loess

The frequencies of angular outlines of the coarse quartz grain
(>50 pm) from Yangtze River sediment, Yellow River sedi-
ment, and CLP loess were 85.7, 76.2, and 36.0%, respectively
(Fig. 8). Meanwhile, the very angular coarse quartz grains
appeared in these sediments with the proportions of 14.3,
23.8, and 64.0%, respectively (Fig. 8).

The microtextural features of arcuate and straight steps,
V-shaped percussion marks, conchoidal fractures, and pol-
ished surfaces (Fig. 7) occurred abundantly in the Yangtze
River sediment. The frequencies of these microtextural fea-
tures in the Yangtze River sediment were 50, 35.7, 25, and
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Figure 7. Continued.
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Figure 8. (color online) Frequency histogram of quartz grain microtextural characteristics for the hard clay (2542 cm: <20 um, n = 32; >50 pum,
n=28; 2598 cm: <20 um, n=30; >50 um, n=30; 2646 cm: <20 um, n=29; >50 um, n=31; 2682 cm: <20 um, n=29; >50 um, n=31),
Yangtze River sediment (YR; >50 um, n=30), Yellow River sediment (HR; >50 pm, n=28), and Chinese Loess Plateau (CLP) loess

(>S50 um, n=31).

21.4%, respectively (Fig. 8). Subsequently, the microtextural
features of meandering ridges and ditting surfaces were com-
monly observed in the Yangtze River sediment. The frequen-
cies of these microtextural features in the Yangtze River
sediment were 17 and 17%, respectively (Fig. 8). The micro-
textural features of flat cleavage surfaces occurred in inappre-
ciable amounts in the Yangtze River sediment with a
proportion of 3.5% (Fig. 8). No dish pits, imbricate abrasions,
or chemical microtextures appeared in the sand quartz from
the Yangtze River sediment (Fig. 8).

The microtextural features of arcuate and straight steps,
meandering ridges, and ditting surfaces (Fig. 7) occurred
most abundantly in the Yellow River sediment, accounting
for 47.6,28.6 and 28.6%, respectively (Fig. 8). Subsequently,
the microtextural features of conchoidal fractures, polished
surfaces, and V-shaped percussion marks (Fig. 7) were com-
monly observed in the Yellow River sediment. The frequen-
cies of these microtextural features in the Yellow River
sediment were 19, 14.3, and 9.5%, respectively (Fig. 8). No
dish pits, flat cleavage surfaces, imbricate abrasions, or chem-
ical microtextures appeared in the coarse quartz of the Yellow
River sediment (Fig. 8).

The microtextural features of conchoidal fractures, arcuate
and straight steps, ditting surfaces, and flat cleavage surfaces
(Fig. 7) occurred abundantly in the CLP loess. The frequen-
cies of these microtextural features in the CLP loess were 44,
44, 24, and 24%, respectively (Fig. 8). Subsequently, the
microtextural features of meandering ridges and dish pits
(Fig. 7) were commonly observed in the CLP loess. The fre-
quencies of these microtextural features in the CLP loess were
20 and 16%, respectively (Fig. 8). The microtextural features
of V-shaped percussion marks (Fig. 7) were less evident in
the CLP loess, with a proportion of 8% (Fig. 8). No imbricate
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abrasions, polished surfaces, or chemical microtextures
appeared in the coarse quartz of the CLP loess (Fig. 8).

DISCUSSION

The sedimentary environment of the hard clay
in the YRD

The analyses of grain-size characteristics have been widely
applied in the interpretation of sedimentary environments
(e.g. Sun et al., 2006; Wang et al., 2017b). The monomineral
of the quartz, relative to the bulk samples, predominantly rep-
resented the grain-size characteristics of the original dust, due
to the fact that a relatively small alteration occurred for quartz
grains during the process of postdeposition pedogenesis (Sun
et al., 2000b). In this study, the quartz grain-size distributions
from typical eolian loess presented the characteristics of a
positive skew (e.g., toward the finer sizes) and bimodal distri-
bution. However, there was a pronounced mode observed in
the 20 to 40 um fraction (Sun et al., 2000a; Xu et al., 2016).
The quartz grain-size distribution of the hard clay was a bimo-
dal distribution, with a fine tail and a dominant peak. The silt
fraction in the hard clay accounted for the high proportion.
These features were found to be very similar to the typical
loess and indicated that the hard clay had the characteristics
of an eolian deposit. Also, a sedimentary environment could
be inferred from the Sahu discriminant function value of Y
(Sahu, 1964). It was determined that the negative value of Y
represented the eolian sediment, while its positive value re-
presented the subaqueous sediment. Figure 9 illustrates the
fact that the Y values of the hard clay are all negative, which
suggests that the hard clay belongs to an eolian deposit.
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The meandering ridges were confirmed to be distinct prop-
erties of eolian transportation in desert and littoral dunes
(Krinsley and Donahue, 1968; Vos et al., 2014). Conchoidal
fractures commonly occurred in the microtextures of quartz
grains and were produced in a wide range of environments.
If the conchoidal fractures were more uniform in size and gen-
erally less than 10 um, these characteristics indicated an
eolian and littoral environment (Vos et al., 2014; Woronko,
2016). The formation of flat cleavage surfaces was a promi-
nent feature of quartz grains and has been attributed to eolian
and glacial environments (Krinsley and Donahue, 1968;
Krinsley and Cavallero, 1970; Mahaney, 2002; Costa et al.,
2013). It was clear from the microtextural results of the
wind tunnel experiment conducted by Costa et al. (2013)
that the predominantly fresh surfaces, fractures, and abrasions
increased with increasing time and wind velocities. These
microtextural features under eolian environments were also
supported by the investigation of the CLP loess. The micro-
textural features of meandering ridges, conchoidal fractures,
flat cleavage surfaces, and ditting surfaces were frequently
observed in the CLP loess (Fig. 8). In the study area, these
microtextural characteristics of the quartz grains under an
eolian environment were observed on the quartz grain sur-
faces as high frequencies. These features imply that the orig-
inal dust that formed the hard clay had an eolian history.

The clastic sediments had generally undergone a process of
production and were transported by a series of geologic
agents before deposition in the accumulation area. The detri-
tal zircon U-Pb age revealed that the northeastern margin of
the Tibetan Plateau was an important source area of loess in
the CLP. However, the detrital material was transported
through the Yellow River to the floodplain in the middle
reaches of the Yellow River, then transported by the East
Asian winter monsoon, and deposited on the CLP (Nie
et al., 2015). In addition, abundant materials from the CLP
were eroded into the Yellow River. Therefore, apart from
the microtextural features of the subaqueous environment,
rich microtextural features, for example, meandering ridges
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Figure 9. The Y value diagram of sedimentary environment
discrimination.
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and ditting surfaces, which were formed under an eolian envi-
ronment, also were observed in the quartz grains from Yellow
River (Fig. 8).

The depositional process of the hard clay was found to be
complicated due to the presence of microtextural characteris-
tics of imbricated grinding features, V-shaped percussion
cracks, and arcuate and straight steps. Arcuate and straight
steps are one of the most frequently observed features in gla-
cial deposits (Strand et al., 2003). Moreover, imbricated
grinding features are only observed on glacial grains and
have been used diagnostically for the identification of glacial
grinding (Margolis and Kennett, 1970). It is known that
V-shaped percussion cracks are produced mainly through
impacts in highly energetic subaqueous environments (Maha-
ney and Kalm, 2000). In the present study, based on the
abovementioned various microtextural characteristics of
quartz grains, it was found that the quartz grains in hard
clay had experienced considerably long-term supergene geo-
logic processes before they were associated with the hard clay
accumulation. In summary, the quartz grain characteristics of
the hard clay indicated an eolian history. In this study, two sit-
uations were proposed: (1) The dust had been transported by
the wind directly from its provenance to the deposition area;
or (2) the original materials were first transported by glacial or
fluvial processes into the sedimentary system, and then blown
by the wind into the accumulation zone. The eolian signal
contained in the hard clay directly indicated the dry and
cold sedimentary environment in the YRD during the late
Pleistocene. In previous studies, the study of sporopollenin
showed that the low content of sporopollenin fossils and
herbs in the hard clay layer reflected a cold climate (Qin
et al., 2008). The spore combinations of gramineae—cyperaceae,
defoliation—pine—artemisia, and sedge—decidual-palm indi-
cated that vegetation patterns on the YRD and surrounding
mountains were meadows, coniferous forests, and broad-
leaved mixed forests, respectively (Qin et al., 2008).

The multiple provenances of the hard clay in the YRD

In a previous study, Zheng (1999) discovered and confirmed
that the hard clay was a continuous extensional stratum of the
Xiashu loess (Fig. 2B). The Xiashu loess was considered as a
continuation of the CLP loess due to the similar grain-size
characteristics (Zheng, 1999) and geochemical compositions
(Zhang et al., 2007; Mao et al., 2011). During a period rang-
ing from March 26 to March 27, 2000, severe dust storms
originating from the arid areas of northern China reached
the Shanghai area (Shi et al., 2006). The modern meteorolog-
ical data suggested that the fine-particle fractions of the clastic
sediments in the YRD could have been derived from the arid
areas of the northern China (Zheng, 1999; Chow et al., 2014).
The degree of drought and desertification last strengthened in
northern China during the late Cenozoic and provided suffi-
cient material sources for the loess deposits in eastern
China (Guo et al., 2004). In the present study, when a mass
of eolian dust was transported from northern China to eastern
China during the late Pleistocene, it was concluded that the
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Figure 10. (color online) (A) Grade standard deviation curve of the quartz grain size of the hard clay and the Xiashu loess. (B) The grain-size
distribution of the 2540 cm sample. This curve was fit using a Weibull function with two peaks following Sun et al. (2002).

eolian dust would most likely have been stored in the YRD. In
other words, the arid area of the northern China was an impor-
tant potential source area for the late Pleistocene hard clay
deposition.

The microtextures on quartz surfaces can be used as “fin-
gerprints” to trace sediment provenance through detailed
comparison with potential sources (Wang et al., 2017a).
The quartz grain microtextural characteristics of the Xiashu
loess mainly included the mechanical characteristics of dish
pits, conchoidal fractures, flat cleavage surfaces, breakage
blocks, striations, and ditting surfaces (Xu et al., 2016).
The eolian microtextural features of meandering ridges, con-
choidal fractures, flat cleavage surfaces, and ditting surfaces
were abundant in the CLP loess. The micromorphology fea-
tures of the quartz grains, such as dish pits, meandering
ridges, flat cleavage surfaces, and ditting surfaces appeared
at high frequencies in the fine fraction (<20 um) of hard
clay and are considered as the results of long-transportation
by wind. According to the results of the simulations and
observations of eolian transportation, the <20 um fraction
of eolian dust could be suspended over long distances (Pye,
1987). The quartz grain-size fractions of <20 um in the hard
clay accounted for more than 50%, respectively, as shown
in Figure 5B. Although the silt-size aggregates in the loess
were able to be lifted to form aerosol particles (Jeong,
2008), we suggest that the amount of this component was
small. Taking into consideration both aerodynamic laws
and microtextures, it was concluded that the fine fraction of
the hard clay had been transported from a distant area.

As discussed by Pye (1987), the 20 to 70 um fractions of
the eolian dust were short-term suspensions. In a comparison
of the grain-size fractions of typical CLP loess (Sun et al.,
2002; Vandenberghe, 2013) and Xiashu loess (Xu et al.,
2016), it was suggested that the sand fraction (>50 um) of
the hard clay, with a proportion of less than 30%, was
unlikely to have undergone long-distance transport by
wind. After removing the impact of the postdepositional
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pedogenesis, the average sorting value of the quartz grains
was determined to be 1.60 for the hard clay, which was higher
than that of the CLP loess (1.23) and Xiashu loess (1.59),
respectively (Sun et al., 2000a; Xu et al., 2016). In other
words, since driven by the East Asian winter monsoon, the
sorting of the dust became worsened (more random) with
the increasing transportation distance, indicating that material
from additional sources was mixed in during the process of
the dust transportation.

In the present study, an obvious view of the statistical data
for the four samples was that the coarse fraction, relative to
the fine fraction, provided more of the surface micromorphol-
ogy characteristics under subaqueous environments (for
example, V-shaped percussion cracks and polished surfaces).
These findings suggest that the coarse and fine quartz frac-
tions in the hard clay had different provenances. Although
the source of the Xiashu loess remained not entirely clear,
increasing amounts of evidence indicated that near-source
materials were mixed into the Xiashu loess (Hao et al.,
2010; Qiao et al., 2011; Liu et al., 2014). Therefore, we con-
clude that the coarse fractions of the hard clay were preferen-
tially derived from proximal source regions of the Yangtze
River basin. This conclusion was consistent with the results
of the U-Pb age spectrum of the >40 um detrital zircons in
the Xiashu loess (Liu et al., 2014). Our conclusion concern-
ing a proximal source for the coarse fraction in hard clay is
also supported by the subaqueous microtextural features
(V-shaped percussion cracks and polished surfaces) which
were found to be abundant in the Yangtze River sediment
(Fig. 8).

The multipeak curves of grade standard deviations indi-
cated that the grain-size distributions of sediments are con-
trolled by multiple factors (Boulay et al., 2003). Figure 10A
shows that the curve of the quartz grade standard deviation
of the hard clay is a bimodal distribution, which was deter-
mined to be the result of different provenances or depositional
dynamic change. The previous analyses had basically
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Figure 11. (color online) Top, The modern wind field pattern of winter (December, January, February) in China. This wind field pattern is
drawn based on the NCEP/NCAR reanalysis data set of 2006—2016. Bottom, The pattern of winter monsoon and subtropical jet during Marine
Oxygen Isotope Stage 2 (MIS 2) in China. The wind field pattern of MIS 2 is drawn based on the model result of GISS-E2-R (last glacial

maximum).

eliminated the influences of the various depositional dynam-
ics. Eventually, a bimodal distribution of the grade standard
deviation curve indicated the existence of two provenances
for the hard clay in the study area. The grain-size distributions
of sediment with certain dynamic distributions are the results
of single-factor random events under the same transport
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mode. Furthermore, the digital characteristics of grain-size
distributions of sediments obey a type of mathematical distri-
bution (Sun et al.,, 2002; Paterson and Heslop, 2015).
As shown in Figure 10B, the two peaks of grain-size fre-
quency distributions were separated by using the Weibull
function, which indicated that the hard clay had multiple
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sources. As detailed in Figure 11, the China winter wind field
showed that the eolian sedimentary system was mainly
affected by the upper westerly jet stream, near-surface East
Asian winter monsoon. Recently, loess-like deposits in the
Pearl River delta area that may have been derived from north-
western China were reported (Wang et al., 2015). In the
Northern Hemisphere westerlies, the fine dust derived from
central Asian desert was transported to the CLP (Sun et al.,
2013), Japan (Yamamoto et al., 2013), the North Pacific
(Zhang et al., 2016), and the Greenland ice core (Bory
et al., 2003) by upper-level westerly jet stream. Combined
with the findings presented earlier and the data shown in
Figure 11, the results of this study suggest that the fine-grain
fraction of the hard clay was related to the Northern Hemi-
sphere westerlies (Sun et al., 2000a). However, the coarse
fractions of the hard clay were transported by the East
Asian winter monsoon.

The sedimentary age and controlling factors of the
hard clay in the YRD

Based on the '“C dating of the shell fragments in the overlying
marine deposition of the hard clay, the samples taken from T1,
T4, T28, and TS yielded ages of 7.06 £ 0.3, 8.23 +0.3, 14.19
+0.22, and 10.17 0.3 "C ka BP, respectively (Chen et al.,
2008; Li et al., 2000). Our '*C dating of the shell fragments
in the overlying and underlying marine deposition of the
hard clay in the Shanglin (SL) core determined the ages to
be 7.37+0.14 and 28.8+0.54 '"C ka BP, respectively
(Zheng, 1999). For the hard clay layer distributed on the north-
ern part of the YRD, the ages at the bottom (BY1 core) and
middle (LG core) of the hard clay were 26.5 +0.06 and 1.39
+0.39 "C ka BP, respectively (Xia and Zhang, 2018). The
age of the overlying marine deposition of the hard clay at
T11, T10, T13, and T12 was 7.76 +£0.3, 12.8 +0.35, 14.83
+0.39, and 11.78+0.37 '*C ka BP, respectively (Chen
et al., 2008; Li et al., 2000). In conclusion, the deposition of
hard clay in this study occurred approximately from 25 to 12
ka BP. The formation of this hard clay layer was related to spe-
cific environmental conditions.

During the hard clay sedimentary period (from 25 to 12 ka
BP) (Zheng, 1999), which corresponded with the LGM stage,
there was an important global dry-cold event (Heinrich, 1988).
The occurrence of LGM was revealed by 80 record of
Greenland ice core between Heinrich events 2 and 1 (abrupt
cooling climate events), approximately 24—18 ka BP (Hein-
rich, 1988). Song et al. (2018) indicated that cooling climate
signals corresponding to Heinrich events may have been trans-
mitted from central Asia to the East Asian monsoon areas by
the Northern Hemisphere westerlies. Due to an increased vol-
ume of ice sheets in Greenland and the polar region, the Mon-
golian and Siberian Highs then intensified, which led to
enhanced winter monsoons, along with a southward shift in
the westerly jet stream, as seen in the Figure 10 during MIS
2 (Dingetal., 1995; Liuetal., 1999; Tian et al., 2017). We con-
sider that the cooling events leading to enhanced East Asian
winter monsoon, southward shift in the westerly jet stream,
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and aridification of source and deposition areas may have con-
trolled the formation of the late Pleistocene hard clay in the
YRD.

CONCLUSIONS

The similarities of the quartz grain size between the hard clay
and the typical eolian loess indicated that the hard clay had
the characteristics of an eolian deposition. Moreover, the
quartz micromorphology characteristics of the hard clay pro-
vided information regarding the eolian history for the hard
clay. In comparison with the fine quartz grain microtextures,
the coarse quartz grains exhibited more pronounced micro-
textures under a subaqueous environment, which suggests
that the fine and coarse fractions of the hard clay were derived
from different source areas. The grain-size distributions and
grade standard deviation curve of the quartz grains from the
hard clay revealed the existence of multiple provenances for
the hard clay. In combination with the modern meteorological
data and quartz grain characteristics, this study proposes that
the fine and coarse fractions of the hard clay were related to
the Northern Hemisphere westerlies and East Asian winter
monsoons, respectively. The late Pleistocene hard clay deposi-
tion with multiple provenances in the YRD was a result of the
southward westerly jet stream, strengthened East Asian winter
monsoon, and extensive aridification when the volume of
Northern Hemisphere ice sheets was increased during MIS 2.
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