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Abstract: The assessment of textural and compositional modifications of detrital sediments is required
to reconstruct past source to sink dynamics. The Changjiang Delta is an ideal location to study
the sedimentary environment from the Pliocene to Quaternary transition. In the present study,
we aim to decipher the response of heavy minerals to mechanical wear and chemical weathering
since the Pliocene. With the application of a scanning electron microscope and an electron probe,
the geochemistry and surface texture of different heavy minerals (amphibole, epidote, and tourmaline
groups) with grain-size fractions of 32-63 pm and 63-125 um were studied. The result shows that the
surface texture of unstable minerals (amphibole, epidote) changed under strong chemical weathering
in the Pliocene sediments. By contrast, unstable minerals of the Pleistocene sediments are relatively
fresh and similar to those of the modern Changjiang sediment. The stable mineral tourmaline does
not exhibit morphology changes in different chemical weathering conditions. No effect of grain size
on geochemical composition is noticed. The single minerals of very fine sand and coarse silt show
similar geochemical and morphological features. The integration of mineralogy, geochemical data,
and grain size parameters yield a more precise understanding of the physical and chemical response
of heavy minerals to different weathering conditions. The outcome of the study is also helpful in
deciphering sediment provenance changes and environmental changes in the Changjiang basin.
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1. Introduction

The study of source to sink dynamics of large river systems such as Changjiang are vital to
understand the hydrological, geomorphological, ecological, and anthropogenic modifications in
the ever-changing climatic conditions [1-3]. The pre-dam (Three Gorges Dam) sediment yield of
the Changjiang River was >300 X 10° tons per year, whereas, at present, it is ~120 x 10° tons [4].
The reconstruction of the source and distribution patterns of the delta sediments can help to unravel
the history of erosion processes, source area characteristics, and the factors controlling and determining
the production (source), transport, dispersal and accumulation (sink), and reworking (number of
burial-erosion cycles during sediment transport) at different temporal and spatial scales [5-7].

The identification and quantification of heavy minerals is one of the most sensitive approaches to
classify the various provenance terrains and depositional environment conditions [8,9]. However, heavy
mineral assemblages are affected by hydraulic sorting during transportation, chemical weathering
during deposition, and dissolution during diagenesis [10-13]. Moreover, physical and chemical
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etching and corrosion processes intensify with burial depth due to intrastratal dissolution, resulting
in the depletion of unstable minerals (like amphibole and epidote) and the enrichment of stable
minerals (ZTR) in core sediments [8,14]. To overcome this bias, several provenance-sensitive heavy
mineral ratios (e.g., the garnet-zircon (GZi), ZTR, and stability indexes) are widely used [11,15].
Moreover, in situ geochemical analysis of heavy minerals is also widely applied in geoscience and
adds a considerable complexity of interpretation [16-18]. Chemical analysis on single-grain minerals
(e.g., zircon, tourmaline, apatite, rutile, monazite, amphibole, and garnet) has promoted the study of
sediment source to sink [19-21]. However, there are only a few studies that deal with the relationship
between the physical and chemical parameters of single heavy minerals and address these significant
research lacunae: (i) How do different minerals respond to different sedimentary environments in the
deltaic area? (ii) Do the physical and chemical properties of stable and unstable heavy minerals change
depending on depth?

Thicknesses of 150400 m sediments have been deposited in the Changjiang Delta since the
Pliocene [22]. This area is a natural laboratory that can be used to carry out studies on sediment
provenance, tectonic evolution, sedimentary environment, and river evolution [23-25]. With the
application of clay minerals, geochemistry, and heavy mineral analyses, researchers have documented
different sedimentary environments during the Pliocene to Pleistocene transition [26,27]. Heavy mineral
analysis evinces the presence of high contents of zircon and extremely low contents of amphibole
(5%) in Pliocene sediments of the Changjiang Delta, which is related to strong chemical weathering or
diagenesis during this time (Figure 1). In contrast, high proportions of unstable mineral (amphibole
40%) in the Pleistocene strata indicate relatively weak chemical weathering or minor diagenetic
effects [3,27]. The high heavy mineral concentration (HMC) values in some of the Pleistocene samples
define a placer trend, probably due to hydraulic sorting [13,20]. The different chemical weathering and
sedimentary conditions at the Pliocene to Quaternary transition make the Changjiang Delta an ideal
location to document the physical and geochemical response of single minerals to different sedimentary
environments [23,27].
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Figure 1. Stable minerals (ZTR) vs. heavy mineral concentration of Pliocene and Pleistocene sediments
from the Core LQ24 of the Changjiang Delta. HMC = Heavy mineral concentration; the ZTR index [11]
is the percentage of relatively durable zircon, tourmaline, and rutile among the transparent heavy
minerals. The high HMC values in some of the Pleistocene samples define a placer trend [13], and
diagenetic dissolution in the Pliocene sand produces a decrease in HMC and an increase in ZTR.

In this study, unstable (amphibole, epidote) and stable (tourmaline) heavy mineral in grain size
fractions of 32-63 pm and 63-125 um were analyzed by using a scanning electron microscope (SEM)
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and an electron probe (EP). Through the assessment of the surface texture and chemical composition of
different transparent heavy minerals, we aim to study the physical and chemical response of different
single minerals and discuss their influence on provenance discrimination.

2. Materials and Methods

One continuous Late Cenozoic borehole (LQ24, 400 m in length) was extracted from Chongming
Island in the Changjiang Delta. The bottom (400-337.2 m) of LQ24 is constrained to the Pliocene
according to the paleomagnetic analysis results, which disclosed that the boundary of Gauss/Matuyama
(G/M) is located at a core depth of 337.2 m (Figure 2). The Pliocene strata above the bedrocks consisted
of stiff clay. There were many calcareous and iron-manganese nodules (Figure 2). Moreover, a block
of grey calcareous sand was found in the bottom strata (Figure 2). No microfossils were found in
the Pliocene sediments. In addition, poorly sorted gravels can be found, which indicate the origin of
sedimentary facies as an alluvial fan or a meandering river [22]. The Quaternary strata comprised
several sedimentary sequences, which were composed of sand at the bottom and clayey silt at the top,
suggesting a fluvial environment (Figure 2). In some mid-late Quaternary sediments, foraminifera and
shell debris were easily found, implying marine transgression since then [3,23,27]. In-depth detailed
stratigraphic information, including magnetostratigraphy, grain size, sedimentary facies, magnetic
susceptibility, and foraminifera have been documented by [3]. In the present study, two Pliocene
sediment samples (core depth of 378 m and 355 m), and three Pleistocene samples (core depth of 320,
259, and 178 m) were selected (Figure 2).
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Figure 2. The Plio-Pleistocene magneto-stratigraphy of Core LQ24 from the Changjiang Delta.
Paleo-magnetic dating, lithology, and grain size parameters were from [3]. N = Pliocene, Q = Pleistocene.

In order to make a comparison with the Changjiang Delta sediment, one modern sediment sample
was collected from its estuary levee (Figure 3).
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Figure 3. Sampling locations of the core and modern Changjiang River sediment.

For each sample (1 kg each), the very fine sand (63-125 um) and coarse silt (32-63 um) fractions
were separated and selected for single mineral analyses. These size fractions were wet-sieved through
125, 63, and 32 pm nylon meshes, respectively. After drying in the oven with a temperature of
<40 °C, the very fine sand and coarse silt fractions were then put into a sodium polytungstate solution
(2.90 kg/dm3 at 20 °C; e.g., [5,21,28]) and heavy minerals were separated from the light fraction by the
gravity separation method (e.g., [14,29]). The content of the heavy minerals (HMC) is calculated as the
total mass of the heavy mineral fraction contained in the analyzed fraction [30].

After heavy liquid separation, >100 mineral grains (amphibole, epidote, and tourmaline) were
handpicked randomly under a stereoscopic microscope. Further, all the handpicked minerals were
observed and checked under a polarizing microscope. All of the amphibole grains of the Pliocene
samples were selected due to their low concentrations. At least 30 single mineral grains were measured
randomly by SEM analysis. After SEM analysis, single mineral grains were then embedded in epoxy,
polished, and coated with carbon to carry out electron probe analysis. A uniform flat surface of each
grain was selected as a test spot. Single mineral grains were photographed by a scanning electron
microscope (XL-30 ESEM, Philips Company, Eindhoven, The Netherlands), and the mineral chemical
composition was measured by an electron probe microanalysis (JXA-8230 electron probe system, JEOL,
Kyoto, Japan) at the State Key Laboratory of Marine Geology, Tongji University. The measurement
conditions were a 15 kV accelerating voltage, a 10 nA probe current, and a 5 um beam diameter. The
analysis time of each element was 30 s for 5i, Mg, Al, Fe, Ca, and Mn; 10 s for Na; 12 s for K; and 60 s
for Ti. Natural and synthetic mineral standards (SPI) were used to calibrate all quantitative analyses,
and a ZAF correction was used for data reduction.

3. Results
3.1. Geochemical Characteristics of Different Single Minerals in Core LQ24

3.1.1. Geochemical Characteristics of Unstable Minerals in Core LQ24

No change in the composition content (TFeO, CaO, MgO, Al,O3, KO, TiOy, MnO, Cr,03, and
V1,03) of the amphibole derived from very fine sand and the coarse silt fractions was noticed (Figure 4).
The detailed EPMA results of this study are presented in Table 1.
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Table 1. Average element compositions (%) of amphibole, epidote, tourmaline of Core LQ24 and
modern Changjiang River. s = Very fine sand fraction (63-125 um), cs = Coarse silt fraction (32-63 pum).
CJ = Changjiang River.

Samples (Number) SiO, AlLO3; Na,O MgO K,O TiO, CaO FeO MnO Cr0O3 V,03

LQ24-355m-cs-Amp(17)  46.83 6.55 0.86 12.75 0.46 0.31 11.39 13.15 0.38 0.02 0.05
LQ24-320m-cs-Amp(31) 4543 8.74 1.18 11.31 0.76 0.50 11.33 15.34 0.45 0.04 0.06
LQ24-259m-cs-Amp(25)  46.79 7.62 0.91 11.33 0.55 0.34 11.29 15.65 0.52 0.07 0.05
LQ24-178m-cs-Amp(15)  46.32 8.05 0.92 11.41 0.37 0.23 12.32 13.56 0.35 0.03 0.05

CJ-Amp-cs(29) 46.19 7.95 1.00 11.27 0.69 0.74 11.86 15.74 0.38 0.08 0.06

LQ24-378m-cs-Ep(12) 37.14 22.12 0.00 0.02 0.01 0.01 21.64 11.31 0.62 0.01 0.03
LQ24-355m-cs-Ep(44) 36.80 21.9 0.03 0.17 0.01 0.05 22.06 11.34 0.18 0.03 0.05
LQ24-320m-cs-Ep(27) 37.66 22.61 0.01 0.03 0.00 0.06 22.49 11.71 0.21 0.02 0.08
LQ24-259m-cs-Ep(26) 37.03 21.98 0.01 0.05 0.00 0.06 22.25 11.94 0.19 0.02 0.06
LQ24-178m-cs-Ep(25) 37.55 21.40 0.05 0.02 0.00 0.04 22.74 13.25 0.15 0.04 0.1

CJ-Ep-cs(27) 36.92 22.67 0.01 0.03 0.00 0.06 22.5 115 0.17 0.04 0.07

LQ24-378m-cs-Tur(29) 3592  30.43 1.93 6.03 0.03 0.34 0.83 8.40 0.05 0.05 0.04
LQ24-355m-cs-Tur(23) 3578 3117 191 5.03 0.03 0.35 0.44 8.50 0.05 0.04 0.06
LQ24-178m-cs-Tur(26) 36.42  31.88 1.84 5.52 0.03 0.3 0.56 7.72 0.05 0.07 0.04

CJ-Tur-cs(20) 34.65  31.25 1.92 6.18 0.03 0.81 0.95 8.39 0.04 0.05 0.07

LQ24-378m-s-Amp(7) 46.62 8.24 1.05 11.13 0.76 0.45 11.69 15.81 0.34 0.03 0.07
LQ24-355m-s-Amp(12) 46.58 9.40 0.92 11.48 1.26 0.35 10.36 15.19 0.33 0.03 0.07
LQ24-320m-s-Amp(27) 46.55 7.88 117 12.26 0.63 0.40 11.42 14.38 0.46 0.05 0.04
LQ24-259m-s-Amp(24) 46.59 7.41 1.08 12.38 0.54 0.38 12.22 13.48 0.42 0.07 0.06
LQ24-178m-s-Amp(15) 47.32 7.30 0.76 12.41 0.34 0.37 12.49 12.66 0.25 0.10 0.06

CJ-Amp-s(25) 46.18 8.80 1.07 11.28 0.53 0.65 11.44 15.45 0.39 0.04 0.06

LQ24-378m-s-Ep(24) 38.08 2293 0.08 0.19 0.01 0.16 22.58 11.00 0.16 0.01 0.08
LQ24-355m-s-Ep(52) 37.31 22.3 0.02 0.08 0.01 0.06 23.05 11.97 0.21 0.03 0.05
LQ24-320m-s-Ep(33) 3725  22.86 0.01 0.25 0.01 0.06 22.53 10.32 0.20 0.01 0.07
LQ24-259m-s-Ep(28) 37.66  22.29 0.07 0.03 0.12 0.06 22.23 11.65 0.22 0.02 0.04
LQ24-178m-s-Ep(25) 3739  21.87 0.01 0.15 0.01 0.04 2245 11.92 0.19 0.04 0.08

CJ-Ep-s(22) 36.41 21.98 0.01 0.07 0.01 0.22 22.22 11.7 0.22 0.04 0.09

LQ24-378m-s-Tur(47) 3595 3255 1.86 441 0.04 0.31 0.57 9.40 0.07 0.03 0.03
LQ24-355m-s-Tur(21) 35.88  33.02 1.92 5.62 0.04 0.32 0.55 7.28 0.06 0.05 0.04
LQ24-259m-s-Tur(6) 37.51 31.45 1.92 8.38 0.05 0.28 1.25 5.38 0.05 0.07 0.06
LQ24-178m-s-Tur(25) 3536  32.29 1.71 5.35 0.03 0.36 0.85 7.75 0.04 0.04 0.03

CJ-Tur-s(16) 3498  31.74 2.11 6.40 0.03 0.75 0.70 7.49 0.04 0.05 0.06

Further classification of the amphiboles was made in Figure 5. Results show that members of the
amphibole group in all of the Changjiang sediment samples belong to the calcic-amphibole group [31],
in which ten different kinds of hornblendes were included. These hornblendes were dominated by
magnesio-hornblende, followed by actinolite, tschermakite, and edenite (Figure 5). Other amphibole
species, including ferrotschermakite, ferroedenite, magnesio hastingsite, and ferropargasite, were low
in content. Moreover, amphibole compositions in very fine sand and coarse silt fractions were very
similar (Figure 5).

Similar to the characteristics of the amphibole in Core LQ24, the epidote geochemistry of
the Pliocene is almost the same with the Pleistocene and modern Changjiang samples (Figure 6).
No difference in the composition (main element content) of the epidote between 63-125 um and
32-63 um size fractions was found.
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Figure 4. The mean element compositions of the amphibole of Core LQ24 and modern Changjiang
River. A very fine sand fraction (63-125 um) is indicated by full lines and coarse silt (32-63 um) is
indicated by dashed lines. Core depth is set in the vertical axis. CJ = Changjiang River. Core samples
that were sampled from different depths of burial are marked in a red and light blue color. The red
one is representative of the Pliocene; the light blue is representative of Pleistocene; N = Pliocene,
Q = Pleistocene. Please see Table 1 for the numbers of grains analysed per sample.

6 of 16

Cag=1.50; (Na+K),<0.50 1‘0| B0 LA R |
Ca,<0.50 coarse
88 coarse silt
ct:\ e = ) - @ e silt - e
© - ;EE é? 3 -
w O-B (?(Oé -0+
30_5 +' X" - 20+ 0.5 +—+
<
I
=
0.0 - . 0.0 L . .
8.0 7.5 7.0 6.5 6.0 55 7.5 7.0 6.5 6.0 5.5 5.0 4.5
Cau=t .50, (NarK)<0.50 1.0' Cag=1.50; (Na+K),=0.50; Ti<0.50 |
Ca,<0.50
X
o + % -
& 1Fo FPxE T -
w X L +-i- ++ Q
N Slinc + 0.5 L o CJ
0.5 O
= . X Q-178m
= ¢ = Q-259m
Em + Q-320m
® N-355m
0.0 1 s 0.0 - ' sl
8.0 7.5 7.0 6.5 6.0 5.8 H 70 6.5 6.0 05 5.0 4.5

Figure 5. Amphibole classification diagrams for Core LQ24 and the modern Changjing River.
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Figure 6. Mean element compositions of the epidote of Core LQ24 and the modern Changjiang River.
A very fine sand fraction (63-125 pum) is indicated by full lines and coarse silt (32-63 pm) is indicated
by dashed lines. Core depth is set in the vertical axis. CJ = Changjiang River. Core samples that
were sampled from different depths of burial are marked in a red and light blue color. The red one
is representative of the Pliocene; the light blue is representative of the Pleistocene; N = Pliocene,
Q = Pleistocene. Please see Table 1 for the numbers of grains analysed per sample.

3.1.2. Geochemical Characteristics of Stable Mineral in Core LQ24

The element composition (Al;O3, TFeO, MgO, Na,O, CaO, K,O, TiO,, MnO, Cr,03, and V,03) of
stable tourmaline is shown in Figure 7. Similar to the geochemical characteristics of amphibole and
epidote in Core LQ24, the element characteristics of tourmaline are also the same at different core
depths and the same as the modern Changjiang river samples (Figure 7).
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Figure 7. The mean element compositions of the tourmaline of Core LQ24 and the modern Changjiang
River. A very fine sand fraction (63-125 um) is indicated by full lines and coarse silt (32-63 um) is
indicated by dashed lines. The core depth is set in the vertical axis. CJ = Changjiang River. Core
samples that were sampled from different depths of burial are marked in a red and light blue color. The
red one is representative of the Pliocene; the light blue is representative of the Pleistocene; N = Pliocene,
Q = Pleistocene. Please see Table 1 for the numbers of grains analysed per sample.
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3.2. Surface Texture of Different Transparent Heavy Minerals in Core Sediment of the Changjiang Delta

The surface texture characteristic of unstable heavy minerals are different for the Pliocene and
Pleistocene sediment samples (Figure 8). The corroded unstable mineral grains were abundant in
the Pliocene sediment compared to the Pleistocene samples. The corroded amphibole accounted for
about 30% in the Pliocene sediment and 15% in the Pleistocene samples. On the other hand, corroded
epidote grains accounted for about 50% in Pliocene sediments, which was approximately twice that of
the Pleistocene samples. In contrast to the unstable minerals, the surface texture of the stable minerals
did not exhibit an obvious change in the depth of the core. The corroded tourmaline grains were about
10% on average, which was less than that of unstable minerals. For the same single mineral, the surface
texture characteristic of the very fine sand was similar to that of the coarse silt (Figure 8).

Q- _
178m [ Amp-cs
== Amp-s
Ep-cs
Ep-s
-Q~-Tur-cs
-~ Tur-s
Q- |
259m ’
Q | .
320m| - ¢
N- |
355m
N- | \
378m
T T 1
0.0 20.0 40.0 60.0%

Figure 8. Percentage of corroded single mineral grains in the Core LQ24 of Changjiang Delta. A very
fine sand fraction (63-125 pm) is indicated by full lines and coarse silt (32-63 pum) is indicated by dashed
lines. N = Pliocene, Q = Pleistocene.

3.2.1. Crystal Morphology of Unstable Heavy Minerals in Core LQ24

SEM results showed that the surface texture of the unstable heavy minerals was different in the
Pliocene and Pleistocene samples. For the Pliocene sediment of Core LQ24, both the amphibole and
epidote displayed evidence of chemical etching (Figures 9 and 10). Etch pits on the crystal surfaces
of these single mineral grains were visible. The crystal corrosion along the cleavage plane and fuzzy
edges were readily visible. Microscope observation found that the transparency of some mineral grains
was significantly reduced. Due to strong dissolution, some amphibole grains were found to be deeply
etched (Figure 9).



Minerals 2019, 9, 454 9of 16

. /- A AT
AccV SpotMagn Det f———— 100 um EAccV SpotMagn Det p————— 200;m
150KV 4.7 556x SE kV 47 327x SE

- D e
AccV SpotMagn Det —f 20um AccV SpotMagn Det j——————o 200m
150KV 47 1501x  SE 150KV 47 306x  SE

\

oK

v \

AccV SpotMagn Det ———| 20um AccV SpotMagn Det —————————| 100 um
150kv 30 1793x SE 150kV 30 562x SE

e {‘.‘
\‘(‘I“" A j
[

AccV SpotMagn Det j——————— 50 m AccV SpotMagn Det p——————4 100 um
150kvV 30 1362x SE 150kV 30 552x SE

Figure 9. Surface texture of the amphibole in the Core LQ24 of the Changjiang Delta. s = Very fine
sand fraction (63-125 pm), cs = coarse silt fraction (32-63 um). N = Pliocene, Q = Pleistocene.

Unlike the sample of the Pliocene strata, the surface texture of the unstable heavy minerals in the
Pleistocene sample displayed different characteristics. Amphibole and epidote grains generally had
an irregular-angular shape, and their crystal surfaces were relatively fresh (Figures 9 and 10). Two
systems of cleavage were obvious at a specific angle. Only a few particles had a fuzzy crystal surface
and plane due to dissolution and abrasion (Figures 9 and 10). The crystal morphology of the different
grain size displayed little surface texture difference between the very fine sand and coarse silt.
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Figure 10. Surface texture of the epidote in the Core LQ24 of the Changjiang Delta. s = Very fine sand
fraction (63-125 um), cs = coarse silt fraction (3263 um). N = Pliocene, Q = Pleistocene.

3.2.2. Surface Texture of Stable Heavy Mineral

The SEM images of the stable heavy mineral of tourmaline showed that crystal particles in the
Pliocene and Pleistocene sediments had short prismatic or granular morphologies, and were mostly
sub-angular or sub-rounded in shape (Figure 11). The edges of the tourmaline crystal were clear with
generally flat crystal surfaces. Etch pits were noticed in a few particles (Figure 11). Similar crystal
morphologies were observed in the Pleistocene and Pliocene samples of tourmaline. The tourmaline
grain size in the very fine sand and coarse silt has a similar surface texture. In general, the unstable heavy
minerals of the Pliocene samples show signs of weathering, while these minerals in the Quaternary
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strata are relatively fresh. A slight alteration or dissolution was found in the crystal morphology
of the stable mineral from the Changjiang Delta, and no variations were seen in the Pliocene and
Pleistocene samples.

150kv 47 1501x SE

AccV SpotMagn Det f———— 20sm AccV SpotMagn Det j——————{ 100 um

£

Figure 11. Surface texture of the tourmaline in the Core LQ24 of the Changjiang Delta. s = Very fine
sand fraction (63-125 wm), cs = coarse silt fraction (32-63 um). N = Pliocene, Q = Pleistocene.
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4. Discussion

4.1. The Factors Which may Cause Variations in Surface Texture of Different Single Minerals

The corrosion signature of heavy minerals indicates different transportation, sedimentation, and
burial conditions [32-34]. The SEM images of Core LQ24 revealed that the amphibole and epidote in
the Pliocene strata were more corroded than the tourmaline mineral present in both the Pliocene and
Pleistocene sediments (Figures 9-11). In our interpretation, weathering is the main factor influencing
the dissolution of unstable minerals in the analyzed sediment samples. In the warm-humid climate,
chemical weathering proceeds at a faster rate and can result in the progressive corrosion and depletion
of unstable minerals [35,36]. Previous studies have documented a drastic environment change in
the Changjiang Delta during the Pliocene to Pleistocene transition [23,27]. Then, warm and wet
climate conditions were prevalent in East China, along with a low deposition rate in the Changjiang
Delta [24,37,38]. Before deposition, weathering may have been responsible for the surface texture
variation in amphibole, epidote, and tourmaline. In such strong weathering conditions, unstable
minerals are progressively corroded and finally depleted.

The abundance of apatite is a reliable indicator of surface weathering. This mineral is susceptible
to dissolution during weathering but remains stable in deep burial [8,13,15]. In order to reflect the
weathering intensity, we used the ATi (Apatite-Tourmaline index), whose value is calculated as (100 x
Apatite%)/(Apatite% + tourmaline%) [39]. In this parameter, two minerals (Apatite and tourmaline)
possess identical densities but show contrasting behaviours in weathering, thereby reducing the
effect of hydrodynamics. Furthermore, apatite fertility and erosion rates may have an impact on the
content of apatite [20,21]. In the present study, low ATi and apatite content in the Pliocene imply
stronger weathering scenarios (Figure 12). Moreover, a strong enrichment of ZTR and a significant loss
of unstable minerals (amphibole <5%) also suggest that weathering was much stronger during the
Pliocene than during the Quaternary time (Figure 12).

W Anw IR Ep [J im @@ Mgt [ Px W Ap M Zmn M Tur [] Grt [J Others

0 20 40 60 80 100(%)
T T T T 1
Q-178 m ATi=29
Q-259m ATi=86
Q-320m ATi=33
N-355m ATi=14
N-378 m ATi=25

1 1 1 1 J

Figure 12. Heavy mineral distribution for Core LQ24 of the Changjiang Delta. Heavy mineral data
are from [3]. The analyzed size fraction is very fine sand (63-125 um). N = Pliocene, Q = Pleistocene.
Systematic mineral abbreviation list: ATi (Apatite-Tourmaline index) = (100 X Apatite%)/(Apatite% +
tourmaline%). Amp = Amphibole, Ep = Epidote, Im = Ilmenite, Mgt = Magnetite, Px = Pyroxene,
Ap = Apatite, Zrn = Zircon; Tur = Tourmaline, Grt = Garnet, Others = Other heavy minerals and
mineral aggregate, including limonite, fluorite, titanite, rutile, anatase, kyanite, andalusite, un-identified
grains, rock fragments, etc.

Strong weathering conditions resulted in a decline in the concentration of unstable heavy
minerals [8,27], and amphibole and epidote developed etched surfaces, as shown in Figures 9 and 10.
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As an unstable heavy mineral, amphibole is dissolved in strong weathering conditions [10,27]. In such
environments, unstable minerals were easily etched during the Pliocene. SEM images show that
amphibole and epidote were corroded along the direction of the crystal cleavage and left tiny holes on
the crystal face after dissolution (Figures 9 and 10). At the same time, the crystal’s transparency reduced.

Amphibole and epidote etching were found to be comparable to previously published
studies [9,10,32]. In modern sediments of subequatorial regions, surface textures of detrital minerals
ranged from incipient corrosion to deep etching, reflecting a progressive increase in the degree of
alteration [9]. In addition, some studies show that etching developed from mamillations, through
facetted grains, to skeletal grains [32]. Therefore, we infer that the etching of amphibole and epidote
grains would have occurred during the sediment transport process before deposition in the sink area
of the Changjiang Delta. In this process, the least stable mineral, amphibole, dissolved faster and
decreased in the bottom of Core LQ24. On the other hand, the more stable minerals of ZTR dissolved
at slower rates and thus were relatively enriched.

The intrastratal dissolution during the diagenetic process may also be listed as a major factor
that promotes unstable mineral dissolution in a core sediment. For ancient sediments, temperatures
and pressures that increase with burial depth cause the intrastratal dissolution of unstable heavy
minerals [14]. Being a depocenter since the Pliocene, the Changjiang Delta has a deposition of a
~300 m thick siliciclastic sedimentary sequence. Affected by compaction and diagenesis, a block of
calcite-cemented sand formed at the core bottom of the Changjiang Delta [3,27]. However, the burial
depths involved in this study area are modest (the deepest thickness = ca. 400 m), and the sediments
of the Changjiang Delta are very young (Neogene) [22,38]. Calcite-cemented sands in the bottom
strata are not fully diagenized. Environmental magnetic parameters have shown that diagenesis
has not erased the detrital magnetic signal in the Changjiang Delta. This observation suggests weak
post-depositional diagenesis [38]. Compared to similar studies in other parts of the world, the process
of dissolution during burial diagenesis needs a deeper burial and higher temperatures. Studies in
older (Paleocene) sandstones of the North Sea show that amphibole and epidote dissolutions are not
complete until they reach a 600 m and 1100 m burial depth, respectively [40]. Walderhaug and Porten
suggest that amphibole and epidote dissolution requires pore water temperatures of 40 and 95 °C,
respectively [41]. These studies suggest that the process of burial diagenesis did not play a significant
role in the single mineral dissolution in the Changjiang Delta.

4.2. Chemical Responses of Different Single Minerals to Different Weathering Environments

Irrespective of the corroded surface texture of susceptible heavy minerals in the Pliocene strata
(as a result of strong weathering conditions), no change in the major element composition of single
minerals was observed (Figures 4-7). The EPMA results show the prevalence of a similar geochemical
character in single minerals extracted from the Pliocene, Pleistocene, and modern Changjiang sediments.
The result of amphibole classification showed that all amphibole grains in the boreholes and river
samples were mainly composed of magnesio-hornblende, actinolite, tschermakite, and edenite (Table 2,
Figure 5). For different samples, the percentage of the same amphibole species varied slightly (Table 2).
This bias might have been introduced by natural processes, such as hydraulic sorting, mechanical
abrasion, and weathering, or by inaccurate procedures during sampling, laboratory treatment, and
analysis [20,28]. Furthermore, for the same type of heavy mineral, the geochemical characteristics are
similar in the size fractions of 63-125 um and 32-63 pum.
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Table 2. Amphibole species (%) for Core LQ24 and the modern Changjing River. s = Very fine sand
fraction (63-125 pum), cs = coarse silt fraction (32-63 pm). CJ = Changjiang River. Others = other
amphibole species, including Ferrotschermakite, Ferroedenite, Magnesio Hastingsite, and Ferropargasite.

Samples Tremolite  Actinolite = Magnesio-Hornblende Ferro-Hornblende  Tschermakite Edenite  Others
LQ24-N-s 0.00 11.11 66.67 0.00 0.00 11.11 11.10
LQ24-Q-s 3.03 15.15 57.58 1.52 13.64 7.58 1.50
CJ-s 0.00 4.00 80.00 4.00 8.00 4.00 0.00
LQ24-N-cs 0.00 5.88 94.12 0.00 0.00 0.00 0.00
LQ24-Q-cs 1.45 13.04 59.42 0.00 13.04 725 5.80
CJ-cs 0.00 6.90 72.41 0.00 13.79 3.45 3.50

Under a strong weathering environment, unstable minerals are easily corroded due to their crystal
lattice feature. As chemical weathering proceeds, unstable minerals gradually disappear, thereby
resulting in an extremely low (about 5%) content of amphibole in the Pliocene strata. Unstable mineral
dissolution further affected the HMC. Studies show that the HMC of most Pliocene samples is only
0.5% (Figure 2), which is much lower than that of the modern river sediment samples [27,42].

5. Conclusions

(1) The major element (Si, Fe, Mn, Al, Mg, Ti, and Na) contents of single minerals at different core
depths of LQ24 are similar to those of the modern Changjiang sample. There is no distinct depth
control of elemental richness or loss of single minerals in the Plio-Pleistocene sediment.

(2) The surface texture of unstable minerals (amphibole, epidote) in the Pliocene strata of Changjiang
Delta shows corrosion. By contrast, unstable minerals from the Pleistocene sediment are relatively
fresh, like those of the modern Changjiang samples. The stable mineral tourmaline does not show
a morphological difference in different strata.

(3) Different minerals within grains of 63-125 um and 32-63 pum size fractions do not show physical
and chemical variations at different core depths in the Changjiang Delta.
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