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Abstract: The mechanism of the nonclassical crystallization pathway of calcium sulfate dihydrate
(gypsum) with calcium sulfate hemihydrate (bassanite) as a precursor has been considered in many
studies. However, studies on the crystallization of gypsum in natural environments have rarely
been reported, especially with regard to natural estuaries, which are one of the most important
precipitation environments for calcium sulfate. Here, surface sediments (0–5 cm) of Lingding Bay
of the Pearl River Estuary in China were sampled and analyzed. X-ray powder diffraction (XRD)
analysis showed that calcium sulfate in the surface sediments mainly existed in the form of gypsum.
In high-resolution transmission electron microscopy (HR-TEM) analysis, calcium sulfate nanoparticles
were observed in the surface sediments. These particles mainly included spherical calcium sulfate
nanoparticles (diameter ranging from 10–50 nm) and bassanite nanorod clusters (sizes ranging from
30 nm × 150 nm to 100 nm × 650 nm), and their main elements included O, S and Ca, with small
amounts of N, Si, Na and Mg. The bassanite nanorods self-assembled into aggregates primarily
co-oriented along the c axis (i.e., [001] direction). In epitaxial growth into larger bassanite nanorods
(100 nm × 650 nm), the crystal form of gypsum could be observed. Based on the observations and
analyses, we proposed that the crystallization of gypsum in surface sediments of the natural estuary
environment could occur through the nonclassical crystallization pathway. In this pathway, bassanite
nanoparticles and nanorods appear as precursors (nanoscale precursors), grow via self-assembly,
and are finally transformed into gypsum. This work provided evidence supporting and enhancing
the understanding of the crystallization pathway of calcium sulfate phases in the natural estuary
environment. Furthermore, the interactions between calcium sulfate nanoparticles and the natural
estuary environment were examined.

Keywords: transmission electron microscopy (TEM); calcium sulfate nanoparticles; surface sediment;
crystallization

1. Introduction

Calcium sulfate is widely found in the Earth's crust, in areas such as deserts, lakes and
oceans [1,2]. Calcium sulfate has three crystalline polymorphs that differ in their degree
of hydration, including dihydrate (CaSO4·H2O, gypsum), hemihydrate (CaSO4·0.5H2O,
bassanite) and anhydrite (CaSO4) [3–6]. Among these polymorphs, gypsum is the most
stable phase at room temperature and has a wide range of uses in different fields, such as
soil amendments, cement additives, and roadbed substrates [2,3,6]. Moreover, solid calcium
sulfate can be used for water purification in seawater desalination plants, oil recovery and
mining activities [7–9]. However, in the above production process, calcium sulfate always
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precipitates and covers the surface of pipelines and heat exchangers, thereby posing a
serious economic threat [10,11]. Therefore, delaying or preventing calcium sulfate scaling
introduces an industrial technical problem that urgently must be solved. More in-depth
studies on the crystallization mechanism of calcium sulfate are needed. Furthermore,
gypsum is an extremely important index mineral in geological evolution and is used to
reflect the behavior of water molecules in planetary history [12–14]. As an important
sulfur-containing mineral, calcium sulfate also plays an important role in the global sulfur
cycle [11]. Therefore, the research on the crystallization process of calcium sulfate can
contribute to many fields.

According to classical crystal growth theory, calcium sulfate crystals are grown via the
continuous aggregation or unit replication of calcium ions (Ca2+) and sulfate ions (SO4

2−)
on the surface of calcium sulfate nuclei [15–17]. In recent years, electron microscopy
techniques have seen great progress, especially high-resolution transmission electron
microscopy (HR-TEM), which has been widely used in the field of mineralogy. In these
studies, researchers have made many new discoveries regarding the crystallization and
growth mechanism of calcium sulfate (mainly gypsum), which differ from the classical
theory [3,11]. It has been suggested that gypsum may be precipitated first by nanoscale
precursors (e.g., amorphous or calcium sulfate hemihydrate nanoparticles) at the early
stage of nucleation and growth, and then transformed into a stable phase as gypsum via
directional aggregation [2–6,11,18–20].

Previous studies were mostly based on experiments involving artificially prepared
saturated solutions. However, studies on the crystallization of calcium sulfate in natural
environments have rarely been reported, especially with regard to marine environments.
The marine environment is one of the most important precipitation environments for cal-
cium sulfate today [2]. As a sea–land intersection, the estuary area in marine environments
is a key area for material migration and circulation [21]. Moreover, many large gypsum de-
posits were formed in the marine environment during geological history [6,11]. Therefore,
it is typical and necessary to study the crystallization of calcium sulfate in the estuary area
of rivers.

Nanoparticles have specific properties due to an increased surface-to-volume ratio
and particle quantum effects [22,23]. Due to their extremely small size and high mobility,
nanoparticles do not rapidly precipitate after formation in seawater [24]. Thus, they could
migrate over long distances with sea water flow. Furthermore, nanoparticles have the
potential to enter the biological body and affect the health of organisms [25–27]. Therefore,
through the investigation of calcium sulfate nanoparticles in surface sediments of Lingding
Bay, we explored the interactions between calcium sulfate nanoparticles and the natural
environment.

Lingding Bay of the Pearl River Estuary was selected as the research area, and the
Pearl River is the third largest river in China. In the middle and upper reaches of the
Pearl River, it flows through the very large karst landform area and finally transports
and deposits a large amount of calcareous minerals in the Pearl River Estuary (mainly
into Lingding Bay, Figure 1a,b). Therefore, this region is an excellent place to study the
crystallization and precipitation of calcareous minerals (including calcium sulfate). In this
study, we use high-resolution transmission electron microscopy (HR-TEM) as our primary
probing technique to investigate the characteristics of calcium sulfate nanoparticles in
surface sediments. This study could provide a new understanding of the crystallization
pathway of calcium sulfate in natural environments. Furthermore, the interactions between
calcium sulfate nanoparticles and the natural environment are examined.
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Figure 1. (a) Sketch map of the Pearl River Estuary and locations of the sampling sites in the Lingding
Bay (modified from the geological map published by the China Geological Survey). (b) Water system
map of the Pearl River Basin (modified by the authors of [28]).

2. Geological Setting

The Pearl River Basin covers an area of 425,700 km2, with a total length of 2320 km,
making it the third-longest river in China (Figure 1b; [28,29]). The Pearl River system
consists of major tributaries, namely the Xi, Bei and Dong Rivers (in Chinese, xi = west,
bei = north, and dong = east), which converge near Guangzhou and eventually flow into
the Pearl River Estuary. The Pearl River Basin is located from 22◦ N to 26◦ N. The region has
a subtropical monsoon climate, with an average annual temperature ranging from 14 ◦C
to 22 ◦C and average annual rainfall of 1.5m [30,31]. The average annual runoff and the
average annual sediment load in the Pearl River Basin are 342.1 km3/yr and 74.30 Mt/yr,
respectively (Pearl River Sediment Bulletin, 2021).

The Pearl River Estuary is located at 21◦50′–23◦25′ N and 112◦33′–114◦10′ E, in the
southernmost part of the Pearl River Basin. The Pearl River Delta, where the research area is
located, is one of the most economically developed regions in China, with several economi-
cally developed cities such as Guangzhou, Shenzhen, Hong Kong and Macao (Figure 1a).
The area has a developed water system and convenient shipping conditions. The entire
Pearl River Estuary is located in the northern part of the South China Sea, and its main
sea area is Lingding Bay, which is also the study area. It covers an area of approximately
2000 km2, and the average depth of sea water is less than 30 m (Figure 1a,b; [28,32]).

The sediments of Lingding Bay in the Pearl River Estuary mainly encompass various
geological units in the basin. The main rock types include upper Paleozoic carbonate rocks,
Emeishan basalt and Permian dolomite in the Xi River Basin; Yanshan period granites
and Paleozoic carbonates in the Bei River Basin; and Jurassic sandstones and mudstones
in the Dong River Basin [33,34]. The various rock types in the basin provide abundant
terrigenous materials for the lower Pearl River Estuary. In particular, the tributaries of the
Xi River flow through the largest karst landform area in southern China (Figure 1b; [35,36]),
transporting a large amount of calcium components entering Lingding Bay, providing a
material foundation for the formation and deposition of calcium minerals.
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3. Materials and Methods
3.1. Sampling Location and Methods

In total, 6 surface sediment samples (0–5 cm) were collected at 6 sample sites with a
water depth of 20 m in the lower reaches of the Pearl River Estuary (ZJK01-06, Figure 1a).
These sediment samples were obtained using a stainless-steel grab sampler. The samples
were mainly a muddy, yellow to brownish-yellow. Samples ZJK01, ZJK02, ZJK05 and ZJK06
were muddy-silty and had brown to yellow color. Sample ZJK03 was muddy and gray to
green in color. Sample ZJK04 was muddy-silty and had a brownish color. After sampling,
the sediments were placed in sterile polyethylene bags and stored at 4 ◦C until further
laboratory analysis.

3.2. Analytical Methods

A part of each sample was taken out for the X-ray powder diffraction (XRD) analysis.
Before XRD analysis, the samples were first pretreated. They were dried in a thermostatic
chamber at 50 ◦C for 24 h. After cooling, the samples were placed in separate sample bags.
Afterward, they were passed through a 200-mesh sieve, and analyzed via XRD using a
Rigaku SmartLab X-ray diffractometer (Tokyo, Japan) with Cu radiation in the 2θ range
from 10◦ to 90◦ and a scan rate of 4◦/min. The operating conditions included a 40 kV
voltage and 100 mA current. The XRD spectra were processed in MDI Jade 6.5 equipped
with the PDF 2-2004 database.

Another part of each sample was taken out for high-resolution transmission electron
microscopy (HR-TEM) analysis. Structural/chemical information on the samples was
obtained using a transmission electron microscopy (TEM) instrument (FEI Talos F200X)
equipped with an energy-dispersive X-ray spectra (EDS) detector. The general steps for
sample preparation were as follows. (I) A minute quantity of the muddy sample was taken
with a tweezer and smeared on the TEM grid. (II) Subsequently, the TEM grid was clipped
by another clean tweezer and placed on the surface of sterile filter paper that absorbed the
pore water of the sediment. (III) After that, the TEM grid was clipped with the tweezer, and
the obvious impurity particles were blown off with a rubber pipette bulb. (IV) Steps (II) and
(III) were repeated until there was no obvious moisture and until there were no impurities
on the TEM grid. TEM observation was performed immediately after sample preparation.
The specific parameters of the test instruments were as follows. The maximum accelerating
voltage was 200 kV, the dot resolution was 0.20 nm, the linear resolution was 0.14 nm,
the high-angle annular dark-field scanning transmission electron microscope (HAADF-
STEM) imaging resolution was 0.16 nm, and the maximum magnification of the TEM and
STEM devices were 1.5 million and 2.3 million times, respectively. The morphological
features, EDS, HR-TEM image, and selected area electron diffraction (SAED) patterns of
the nanoparticles were obtained. Cu/Mo-C TEM grids were used in this test, and the C
and Cu/Mo contents were not considered in the EDS results.

All of the analyses in this study were conducted at the Sinoma Institute of Materials
Research (Guangzhou) Co., Ltd., Guangzhou, China.

4. Results
4.1. Mineral Composition of the Surface Sediments

According to the XRD analysis results (Figure 2), the main mineral components of
the surface sediments of Lingding Bay were similar, mainly including quartz, muscovite,
plagioclase, potassium feldspar, clay minerals (montmorillonite, illite and chlorite), calcite
and gypsum. The minerals in the surface sediments of Lingding Bay were mainly derived
from the physical and chemical weathering of rocks in the Pearl River Basin and then
transported to the estuary, after which they were precipitated. Among them, calcium
sulfate mainly existed as gypsum (CaSO4·H2O). The XRD patterns of the surface sediment
samples showed sharp peaks at 11.7◦ and 29.1◦, which corresponded to the (020) and (041)
planes of gypsum (Figure 2, ZJK02-06), respectively. A small amount of gypsum may have
been produced during the drying process of the sample. Considering that calcium sulfate
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is slightly soluble in water, the calcium sulfate crystals produced in the pore water were
very limited, and most of the gypsum was naturally formed.
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4.2. Characteristics of Calcium Sulfate Nanoparticles in the Surface Sediments

Numerous calcium sulfate nanoparticles were found in the surface sediment samples.
The microscopic characteristics of representative nanoparticles were selected and analyzed
in detail (Figures 3–7, Table 1). Morphological analysis showed that the nanoparticles in the
surface sediments mainly appeared as nanorods (Figures 3a and 6a) or spherical particles
(Figure 6f), and most of the calcium sulfate nanoparticles were aggregates.
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Table 1. EDS results for the nanoparticles in the sediment samples of Lingding Bay (ID: P1–P6).

Sample No. EDS ID Particle Type Element N O Na Mg Al Si P S Cl K Ca Ti Fe

ZJK02 P1 Calcium sulfate nanorod
Weight % 46.48 1.98 0.62 2.90 2.47 20.83 24.73
Atomic % 64.88 1.93 0.56 2.41 1.96 14.49 13.78

ZJK02 P2
Calcium sulfate nanorod attached to

silicate nanoparticle
Weight % 41.84 1.86 1.14 9.07 10.63 17.07 18.39
Atomic % 58.77 1.83 1.07 7.55 8.50 11.97 10.31

ZJK02 P3 Layered silicate nanoparticle Weight % 53.60 1.69 3.62 17.48 20.99 2.62
Atomic % 66.32 1.48 2.96 12.82 14.76 1.65

ZJK02 P4 Layered silicate nanoparticle Weight % 54.38 1.93 1.65 18.94 20.43 2.67
Atomic % 67.17 1.63 1.34 13.85 14.38 1.63

ZJK04 P5 Calcium sulfate nanorods
Weight % 2.55 48.89 0.43 0.04 0.28 0.20 21.38 0.12 0.11 25.93 0.06
Atomic % 3.97 66.51 0.40 0.03 0.21 0.14 14.51 0.07 0.06 14.08 0.01

ZJK04 P6
Spherical calcium sulfate

nanoparticles
Weight % 2.41 50.95 2.07 0.22 1.43 2.11 0.08 18.29 0.17 0.39 21.71 0.17
Atomic % 3.64 67.53 1.91 0.19 1.12 1.60 0.05 12.09 0.10 0.21 11.49 0.07
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The calcium sulfate nanorods tended to aggregate into clusters, as shown in Figure 3a.
More than 20 nanorods gathered together and were attached to layered nanoparticles, and
the single nanorod size was approximately 60 nm×250 nm. The primary compositions of
the nanorods at the P1 position included O, S and Ca, with small amounts of Na, Mg, Al and
Si (Table 1 and Figure 4; ID: P1). Combined with the element distribution TEM maps shown
in Figure 5, the components of the nanorods primarily included Ca, S and O, indicating that
they were calcium sulfate nanorods. In the HR-TEM images (Figure 3b–e), the characteristic
6.0 Å d-spacing of calcium sulfate hemihydrate (CaSO4·0.5H2O; bassanite) was observed.
In addition, the SAED pattern of another nanorod showed a SAED pattern corresponding

to the zone axis = [31
−
2] of bassanite. Therefore, the analysis results suggested that these

nanorods mainly occurred in the form of bassanite. Simultaneously, the TEM image
(Figure 3f) showed that the bassanite nanorods self-assembled into aggregates primarily
co-oriented along the c axis (i.e., [001] directions) to form into larger nanorods.

The EDS results for other positions (Table 1 and Figure 4, ID: P3–P4) in Figure 3a
primarily included O, Si and Al, with small amounts of Na, Mg and S, suggesting that the
layered particles were silicates. In addition, the EDS result indicated that the P2 position of
Figure 3a contained both calcium sulfate and silicate (Table 1 and Figure 4, ID: P2). The
HAADF-STEM image and element TEM distribution (Figure 5) showed that the bassanite
nanorods and Fe-bearing nanoparticles were adsorbed onto the surface of layered silicate
nanoparticles.

Figure 6a shows about approximately 25 calcium sulfate nanorods, with nanorod sizes
ranging from 30 nm × 150 nm to 100 nm × 650 nm. Most of them are larger than the
nanorods observed in Figure 3a. The EDS results (Table 1 and Figure 7, ID: P5) showed that
the main components of the nanorods included O, S and Ca, with a minor amount of N, Na,
Mg, Si, etc. More morphological and lattice details of the calcium sulfate nanoparticles are
shown in Figure 6b,c. Figure 6d shows the SAED pattern corresponding to the reciprocal
lattice of bassanite along the a and c axes. Meanwhile, a characteristic 6.0 Å d-spacing for
bassanite was observed, as shown in Figure 6e. Based on the above information, these
nanorods also appeared in the form of bassanite. However, Figure 6g shows the detailed
information on the epitaxial growth of bassanite nanorods, with marked lattice spacings
corresponding to bassanite (6.0 Å) and gypsum (3.1 Å, 2. 8 Å and 2.4 Å), indicating that the
crystal form of gypsum existed during the epitaxial growth of the nanorods.

Moreover, numerous spherical nanoparticle aggregates were observed, as shown in
Figure 6a. Typical nanoparticle aggregates were observed and analyzed in detail (Figure 6e).
These spherical nanoparticles exhibited a diameter of 10–50 nm, and their main elements
included O, S and Ca, with small amounts of N, Si, Na and Mg (Table 1 and Figure 7,
ID: P6), which is similar to the compositions of the surrounding nanorods. According to
the SAED pattern and HR-TEM image (Figure 6e, SAED and HR-TEM 1, respectively),
these nanoparticles were mainly amorphous. In the HR-TEM image for another position
(Figure 6e, HR-TEM 2), the characteristic 6.0 Å d-spacing of bassanite (6 Å) was observed,
indicating that a few of their crystalline forms included bassanite.

5. Discussion
5.1. Implication for the Nonclassical Crystallization Pathway of Calcium Sulfate Dihydrate
(Gypsum) in the Natural Estuary Environment

According to classical crystal growth theory, calcium sulfate crystals are grown via
continuous aggregation or the unit replication of calcium ions (Ca2+) and sulfate ions
(SO4

2−) on the surface of calcium sulfate nuclei [15–17]. In recent years, researchers have
deeply studied the nucleation and crystallization process of calcium sulfate dihydrate
(gypsum) in a saturated solution of calcium sulfate at room temperature [2–6,11,18–20,37].
Based on previous studies, the mechanism of the nonclassical crystallization pathway of
gypsum with calcium sulfate hemihydrate (bassanite) as a precursor was proposed and
constantly improved [2–4,11,37]. A schematic diagram is shown in Figure 8. The main
process includes the following stages. (I) Initially, amorphous calcium sulfate nanoparticles
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precipitate from the solution saturated with Ca2+/SO4
2− [3,37], and they then crystallize

into bassanite nanoparticles as the nanoscale precursor emerges [3,11,19,37]. (II) Bassanite
nanoparticles grow into nanorods, and bassanite nanorods self-assemble into aggregates
primarily co-oriented along the c axis (i.e., [001] direction), to form larger-size nanorods.
(III) The large-size nanorods are finally transformed into gypsum [2,11,18]. Certainly,
nonclassical pathways commonly exist in the crystallization process of minerals, and the
types of precursors vary [38–41].
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In this study, in the surface sediments of Lingding Bay, calcium sulfate mainly occurred
in the form of gypsum (Figure 2), which is the most stable phase at room temperature [3].
However, based on the TEM analysis, many calcium sulfate nanoparticles and nanorods
(Figures 3a and 6a) appeared in the form of metastable-phase bassanite (Figure 6f). We
propose that bassanite nanoparticles and nanorods appeared as precursors, grew in the
nonclassical crystallization pathway, and finally transformed into gypsum. Various pieces
of evidence were observed corresponding to the nonclassical crystallization pathway
proposed above (Figure 8). The details are as follows: (I) spherical amorphous nanoparticles
(Figure 6a,f), a few of which were converted into bassanite, with a small size ranging from
5–20 nm, indicating that these particles likely appeared at the initial stage of the growth
process; (II) bassanite nanorods aggregated into clusters (Figures 3a and 6a), and prior
to oriented aggregation and assembly along the c axis (Figure 3f), the size of nanorods at
this stage was approximately 60 nm × 250 nm; (III) during epitaxial growth into larger
bassanite nanorods (100 nm × 650 nm), the crystal form of gypsum could be observed
(Figure 6g), indicating that bassanite nanorods were further growing and transforming into
gypsum.

Previous studies [2,11,18,19] have suggested that the thermodynamic stability of the
three phases of calcium sulfate may overlap under small-particle-size conditions, and
bassanite is more stable than gypsum under nanoscale conditions. Therefore, at the early
stage of the crystallization process of calcium sulfate dihydrate (gypsum), the metastable
calcium sulfate hemihydrate (bassanite) precursor often first appears as an intermediate
phase. This also explains why most of the nanoscale calcium sulfates found in the surface
sediments occurred in the form of bassanite.

In summary, the investigation of calcium sulfate nanoparticles in the surface sediments
of Lingding Bay provided evidence supporting the existence of a nonclassical crystalliza-
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tion pathway for gypsum in the natural estuary environment. Moreover, the bassanite
nanoparticles first emerged as precursors in this crystallization process.

5.2. Implications for Interactions between Calcium Sulfate Nanoparticles and the
Estuary Environment

The nonclassical crystallization path of minerals is formed via the aggregation and
directional arrangement of precursor nanoparticles [11]. The aggregation behavior of
nanoparticles in natural water environments is affected by various environmental factors,
such as solution pH, ionic strength, electrolyte solutions, and varied organic matter and
amount [42–45]. In addition to the above factors, various other materials present in the
natural water environment may affect the crystallization and precipitation process of
minerals. In this study, we observed that bassanite nanorods aggregated with layered clay
mineral nanoparticles (Figures 3a and 5). Layered silicate nanoparticles such as kaolinite
and montmorillonite have adsorption properties [46], and the abundant presence of layered
silicate nanoparticles in surface sediments may influence the crystallization, aggregation
and deposition of calcium sulfate minerals.

Moreover, the sizes of the calcium sulfate nanoparticles observed in the surface sedi-
ments of Lingding Bay ranged from 50 nm × 150 nm to 100 nm × 650 nm. As nanoscale
particles, they have specific properties due to an increased surface-to-volume ratio and
particle quantum effects [22,23]. Owing to their extremely small size and high mobility,
some nanoparticles do not precipitate rapidly after formation in seawater [24]. Thus,
they can migrate over long distances with sea water flow. Furthermore, nanoparticles
have potential to enter the biological body and affect the health of organisms [25–27]. In
this study, we detected nitrogen (N)-bearing calcium sulfate nanoparticles in the surface
sediments of Lingding Bay (Table 1, ID P5–P6). Moreover, calcium sulfate is one of the
main sulfur-containing minerals in marine sediments. The migration and precipitation of
N-bearing calcium sulfate nanoparticles could affect the distribution and content of N and
S elements in regional seawater. Sulfur (S) and nitrogen (N) are two of the most important
elements in marine ecosystems. Therefore, N-bearing calcium sulfate nanoparticles may
play a certain role in elemental cycling in an estuary ecosystem.

In summary, calcium sulfate nanoparticles could interact with materials and factors
in the natural estuarine bay environment, and participate in geological and ecological
processes.

6. Conclusions

I. The mineral components of the surface sediments of Lingding Bay were similar,
mainly including quartz, muscovite, plagioclase, potassium feldspar, clay minerals
and calcareous minerals. Among them, calcium sulfate mainly existed in the form of
gypsum.

II. The calcium sulfate nanoparticles in the surface sediments of Lingding Bay were
mainly spherical calcium sulfate nanoparticles (with a diameter ranging from 10
to 50 nm) and bassanite nanorod clusters (sizes ranging from 50 nm × 150 nm to
100 nm × 650 nm), and their main elements included O, S and Ca, with small amounts
of N, Si, Na and Mg. The spherical calcium sulfate nanoparticles were mainly amor-
phous (diameter ranging from 10–50 nm), and a few of them appeared to be crystallized
into bassanite. The bassanite nanorods self-assembled into aggregates primarily co-
oriented along the c axis [001]. During epitaxial growth into larger bassanite nanorods
(100 nm × 650 nm), the crystal form of gypsum could be observed.

III. Based on the observations and analyses above, we propose that the crystallization of
gypsum in surface sediments of the natural estuary environment could occur through
the nonclassical crystallization pathway. In this pathway, amorphous calcium sul-
fate nanoparticles precipitate from the solution saturated with Ca2+/SO4

2−, and they
then crystallize into bassanite nanoparticles as the nanoscale precursor emerges. Af-
terward, bassanite nanoparticles grow into nanorods, and the bassanite nanorods
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self-assembled along the c axis grow into larger nanorods, which are finally trans-
formed into gypsum.

IV. Calcium sulfate nanoparticles could interact with materials and factors in the natural
estuarine bay environment, and participate in geological and ecological processes.
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