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ABSTRACT

The study involved the collection of eighteen surface sediment samples from the coastal shallow water area
from Van Don to Tien Yen - Ha Coi in the Northwestern section of the Gulf of Tonkin to analyze their particle
size composition. Utilizing the EMMAgeo end-member analysis model, four characteristic particle sizes
(4EM) of 0.34, 7.7, 130, and 230 um, corresponding to clay, fine silt, and fine sand of varying sizes were
identified. In conjunction with the sedimentary environment, the spatial distribution analysis of these end
members allowed a detailed determination of the formation conditions and distribution of the sediment
components. Clay deposits (EM1) are primarily intercalated between the islands. At the same time, fine silt
(EM2) is concentrated in the northern part of the study area, transported by flows, and deposited in a low-
energy environment. Fine sand sediments (EM3 and EM4) are distributed along the coast of the Van Don
peninsula in the Southern part of the study area and likely formed in association with tidal-wave processes
under higher energy conditions compared to the North.
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INTRODUCTION

Changes in coastal sediment characteristics
result from variations in natural conditions and
(or) anthropogenic impacts at local, regional,
and global scales, spanning from months to
thousands of years and more [1-2]. Studies on
sediments in coastal areas indicate that
alterations in petrographic, geochemical, and
biochemical compositions are regular due to
being influenced by material supply, river
sediment  transport, topographical and
geomorphological features, oceanographic
factors, and climate change [3—-11]. Although

coastal sediments are only partially retained
from the primary source, they are frequently
regarded as the foundation for theoretical
interpretation when reconstructing
environmental changes that have occurred
during past periods [12-17]. In most cases,
sediment obtained from the seafloor surface
results from a combination of interacting
processes. Therefore, a prerequisite for
studying changes in sediment properties over
time is understanding the causes of spatial
sediment changes in the present before making
assessments regarding long-term regular
changes [9, 18-21].
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Figure 1. Map of the study area and sampling sites

Grain size distribution and the parameters
and shape of grain size distribution curves are
closely linked to sediments’ transport
mechanism and size-sorting processes within
specific deposition environments [22]. Generally,
sediments are mixtures of two or more particle
components with varying origins and transport
processes [23]. Traditional statistical approaches
that describe mean grain size, standard
deviation, or selectivity need to improve the
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interpretation of information related to
sedimentary processes [24]. Therefore, from a
mathematical and statistical perspective, Weltje
(1997), Weltje and Prins (2003) [25] proposed
the End-Member Modeling Analysis (EMMA)
method to analyze sediment grain size
distribution, aiming to extract information about
the origin, transport method, and sediment
deposition environment. Since then, EMMA
methods have been developed and widely
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applied in various regions worldwide. In essence,
end-member modeling is a valuable tool that
may unveil sedimental inputs to a system that
cannot be determined solely via univariant
particle parameters [26]. EMMAgeo, one of
these methods, has demonstrated its suitability
and efficacy through numerous studies
conducted in different areas, typically the Donggi
Cona Lake area in the northeastern Tibetan
Plateau, China [18, 27]; the Heuksan area in
southwest Korea [28]; the Western Alboran Sea
[29]; the Hai Hau area in Vietnam [30]; and the
Taiwan Strait area [31]. This study applies the
EMMAgeo method to identify the dominant
sediment particle size groups and interpret them
based on hydrodynamic characteristics to clarify
the dynamics of sediment transport and
accumulation in the study area (Figure 1).

The study area encompasses the shallow
water region along the coast, extending from
Van Don to Tien Yen - Ha Coi, in the northwest
part of the Gulf of Tonkin. It is adjacent to Mong
Cai City in the northeast, Bai Tu Long Bay, and
Ha Long Bay in the southwest, and borders Co
To Island district to the east. This area features a
complex bottom topography due to its
surroundings of large and small islands formed
from various types of ancient sedimentary rocks.
Regional sediments comprise five main groups,
ranging from very fine to coarse grains, including
gravelly sand, gravelly mud, sand, mud, and
sandy mud [32-33]. These sediments have
complex characteristics, distribution patterns,
material sources, and sediment deposition
environments.

Study area

The study area is within the Gulf of Tonkin,
characterized by a tropical monsoon climate
typical of northern Vietnam. It experiences two
distinct seasons. The hot and humid weather in
the summer accompanied by abundant rainfall.
During this time, prevailing wind directions
originate from the east, southeast, and south,
with average wind speeds ranging from 1.6 to
3.5 m/s. On the other hand, the winter season
is characterized by dry and cold conditions with
low precipitation levels. The dominant wind
directions during this time are Northeast,

North, and East at an average rate of 1.9 and
3.1 m/s, but other directions are less common.
The transition between these two seasons
occurs in April and October [34—-35]. This region
experiences a high concentration of storms
compared to other coastal areas in Vietnam.
Typhoons frequently occur during the summer
months, depending on the movement of the
tropical convergence band [36].

Freshwater flows into Bai Tu Long Bay
primarily from four main rivers: the Tien Yen
River, the Ba Che River, the Mong Duong River,
and the Dong Mo River. Among these, the Tien
Yen River is the largest, covering a basin area of
1,070 km?. The other rivers, with smaller
basins, include the Ba Che River, the Mong
Duong River, and the Dong Mo River, each with
an area of less than 100 km? [34]. The volume
of water from these rivers varies with the
seasons. During the flood season (from May to
September), it constitutes 75-80% of the total
annual water volume, whereas the dry season,
from October to April of the following year,
accounts for 20-25% of the yearly total. In the
dry season, the primary water source for the
rivers includes groundwater, and a smaller
amount is supplemented by rain brought on by
the variable Northeast monsoon [34].

The monsoon regime primarily influenced.
At the Hon Gai station, located inside Ha Long
Bay, the average wave field records waves at a
height of 0.1 m with a wave period of
1.5 seconds [35]. Bai Tu Long Bay, covered
mainly by islands, is less affected by deep water
wave fields, resulting in generally weak waves
throughout the vyear. In contrast, the area
outside Bai Tu Long Bay, which is the open
seas, tightly depends on the wind regime, and
as such, wave patterns experience significant
seasonal variation. During the winter, waves
originate predominantly from the Northeast
(40%), followed by the North and East, with
wave tranquillity accounting for roughly 10%.
Average wave height in winter ranges from 1 to
1.5 m. In the summer, waves from Southeast
and Southwest alternate to be predominant,
collectively representing about 60% of the total
frequency, and tranquillity constitutes around
20%, with average wave height being
approximately 1 m [34].
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The tide in the study area follows a diurnal
tidal regime, with tidal magnitude gradually
decreasing from North to South. The maximum
tide level reaches 4.67 m, while the average
tide stands at 2.15 m. The highest tides occur
during June-July and October-December, with
water levels rising at a rate of up to 0.5 meters
per hour. Diurnal fluctuations are observed,
and ebb tide durations are typically shorter
than high tide durations [34, 37]. While tidal
residuals can be locally strong, they generally
remain weaker than wind-driven currents,
particularly during the winter monsoon [38].

The flow within the study area is closely
connected to the circulation of the Gulf of
Tonkin, where both winter and summer witness
the presence of a cyclonic, with its center
positioned in the middle of the Gulf of Tonkin.
This center undergoes a southward shift during
winter, whereas it experiences a northward
movement during the summer. Because of its
location along the western periphery of this
circulation, there is a consistent current flow
from North to South along the shoreline in both
seasons. However, due to the intricate
topography of this marine region, the surface
flow direction changes considerably between
different locations. The average flow speed
measures between 20 and 25 cm/s. The
numerous sea bays in the region, shielded by
islands, contribute to the complexity of the flow,
with tidal currents and seabed topography
playing a predominant role. Notably, the flow
rate increases dramatically when passing
through narrow straits and inlets between
islands, with velocities reaching around
100 cm/s [36]. In terms of sediment
accumulation in the vicinity of the study area, it
is relatively slow, with values ranging from 0.47
to 0.75 cm/year, as determined through isotope
age analysis involving *°Pb and **Cs [39].

Material and method

In the dry season 2022, eighteen surface
sediment samples (0-5 cm per column) were
collected using a gravity core. Sampling took
place in four distinct areas/lines, namely: 1) the
coastal area along the Van Don peninsula (area
1); 2) the region between Tra Ngo and Ba Mun
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Islands (area 2); 3) the area adjacent to Cai
Chien and Vinh Thuc Islands, where the Tien
Yen Estuary meets the sea; and 4) the shallow
sea area beyond the islands (Figure 1).

Surface sediment samples collected from
the core’s top (0-5 cm) were treated with HCI
and H,0, to eliminate carbonate and organic
matter. Subsequently, these samples were
analyzed using a Horiba LA960 instrument,
which has a measuring range spanning from
0.01 um to 5,000 pm (11¢ - 2.5¢). Particle size
parameters, including mean (M), sorting (o),
skewness (Sk), and kurtosis (K), were calculated
in micrometers (um) and phi (@) units. These
calculations were performed following the
equations established by Folk and Ward (1957)
and were processed using the GRADISTAT v9.1
program. The results are presented in
Supplementary Table 1.

The Linear Discriminate Function (LDF) is
employed to learn about alterations in physical
conditions during sediment deposition according
to Sahu (1964) [5] and subsequently modified by
Baiyegunhi et al., (2020) [10]. The distinction in
sediment  accumulation  environments s
determined based on four fundamental
equations: Yy, Y5, Y3, and Y,. These equations are
calculated using granularity parameters M, o, Sk,
and K, with the calculation formulas provided in
Table 1. The calculation results are presented in
Supplementary Table 2.

The EMMAgeo method published by
Dietzel E. and Dietzel M. in 2019 [40] is used
with seven calculation steps, including:

Step 1: Transforming grain size data
formats to a constant sum (1 or 100%).

Step 2: Rescaling and standardizing.
Applying column-wise weight transformation
creates a weighted matrix W by expanding the
columns based on the percentage P with lower
(/) and upper (100 — /) bounds:

W=(x-h)/(g—h) (1)

where vectors h and g are defined by
hj=PI(xj) and gj=P100—/(xj) for columns j =
1, 2,..., p. A value of | = 0 reflects the minimum
and maximum of each column, and for
example, a value of / = 2.5 gives percentiles
between P2.5/P97.5. For the sake of simplicity,
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we set /w = 0.05, however, note that the
optimal value /,, is found after iteration stops.

Step 3: Extracting the eigenvector V of the
matrix and eigenvalue A from the secondary
product matrix I given by '=WTW (2).

Step 4: Carrying out the Factor rotation.
Applying factor rotation (e.g., VARIMAX) on the
eigenspace of g end-members in order to
simplify the structure of the end-members,
thus facilitating factor interpretation. The
number of end-members (g) needs to be
determined by iteration.

Step 5: Normalizing the preliminary
eigenvector loadings (V) to ensure the
nonnegativity of the rotated eigenvectors and
estimate the eigenvector scores (M) using linear
nonnegative least squares as the objective
function. This matrix contains the relative
contributions of each end-member to each
sample. Usually, scores can be interpreted as
time series, depth series, or spatial distribution
patterns of end-member abundance.

Step 6: Rescaling matrices and computing
variance explained. Reversing the initial weight
transformation in order to rescale V and M to

the original units of the initial data set.
Normalizing the rescaled matrices to fulfill the
constant sum constraint. The rescaled and
standardized matrices are denoted as end-
member loadings (V*) and end-member scores
(M"), respectively. Calculating the variance,
explained by each end-member as the
proportion of total scores variance. Scores are
the relative contributions of the loadings to a
sample and are thus related to the
predominance of a process during the
formation of the sedimentary deposit.

Step 7: Evaluating goodness of model fit.
Calculating the modeled data set X=MxVx*T
(3) and the respective error matrix £ = X - X
(4). Evaluating the goodness of fit by calculating
mean row- and column-wise linear coefficients
of determinations (r*) between X and X'. The
resulting matrix gives the explained proportion
of variance of each sample and each variable,
respectively (Dietzel et al. 2012).

The result of EMMAgeo is a data set,
called/understood as end-member, that has all
the characteristics of the entire sample set
grain size dataset.

Table 1. Classification of sediment deposition environments
according to Baiyegunhi et al., (2020) [10]

Environments and processes
discrimination

Equation

Indication

Between “shallow agitated
water” and “Littoral
environment”

Y, =—3.5688M, +3.701607
—2.0766Sk +3.1135K,,

Y, >-2.7411 would indicate littoral
environment while

Y, <-2.7411 would refer to an
shallow agitated water process.

Between “Littoral environment”
and “Shallow marine
environment”

Y, =15.6534M, +65.709107
+18.1071Sk +18.5043K,

Y, >63.3650 would refer to a
shallow marine environment

Y, < 63.3650 would indicate littoral
environment

Between “Shallow marine
environment” and “lacustrine or
deltaic”

Y, =0.2852M, —8.7604057;
—4.89325k +0.0482K .

Y3 >-7.4190 would refer to a
shallow marine environment
Y3 < =7.4190 would indicate a
lacustrine or deltaic.

Between “deltaic deposition”
and “Turbidity current process”

Y, =0.7215M, —0.403007
+6.7322Sk +5.2927K,

Y, < 9.8433 would indicate turbidity
current process

Y, >9.8433 would refer to a deltaic
deposition process.
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Supplementary Table 1. Results of analysis of grain composition and sediment classification. Mean, Sorting, Skewness, Kurtosis values calculated according
to Fork and Ward (1957); classification of sediments after Folk (1954)

Mean Sorting Skew-ness Kurto-sis Group (Folk, Mean Sorting | Skew-ness Kurto-sis Group (Folk,
STT | Sample STT | Sample
P (M) () (Sko) (KG) 1954) P (Me) | (oq) (Ske) (KG) 1954)
1 |Rou.1-1 107.1 5.468 -0.605 0.792 Silty Sand 11 |Rou. 3-3 10.98 2.874 0.343 1.537 Sandy Silt
2 |Rou.1-2 49.22 7.842 -0.135 0.882 Sandy Silt 12 |Rou. 3-4 118.2 2.734 -0.196 1.216 Silty Sand
3 |Rou.1-3 213.6 3.202 -0.364 1.201 Silty Sand 13 |Rou. 3-5 10.27 2.884 0.240 1.541 Silt
4 |Rou.1-4 7.857 4.409 -0.267 1.858 Silt 14 |Rou. 3-6 37.48 3.616 -0.285 0.639 Sandy Silt
5 |Rou. 2-1 31.76 7.081 -0.089 0.945 Sandy Silt 15 |Rou. 4-1 48.39 5.907 -0.610 1.054 Silty Sand
6 |Rou. 2-2 23.23 6.040 0.053 0.974 Sandy Silt 16 |Rou. 4-2 65.76 3.304 -0.694 2.073 Silty Sand
7 |Rou. 2-3 29.74 5.567 0.262 0.802 Sandy Silt 17 |Rou. 4-3 19.49 3.676 0.420 0.760 Sandy Silt
8 |[Rou.2-4 49.92 3.911 -0.524 0.639 Silty Sand 18 |Rou. 4-4 26.54 6.104 -0.083 0.976 Sandy Silt
9 |Rou. 3-1 91.83 3.979 -0.571 0.635 Silty Sand
10 |Rou. 3-2 19.22 3.437 0.381 0.814 Sandy Silt
Supplementary Table 2. Results of calculating LDFs, classifying sedimentary environments according to Baiyegunhi et al., (2020)
Router sample 1 Router sample 2
Sample
Rou. 1-1 Rou. 1-2 Rou. 1-3 Rou. 1-4 Rou. 2-1 Rou. 2-2 Rou. 2-3
Shallow Shallow Shallow Shallow
Yy -1.22 |Littoral -2.04 |Littoral 1.25 |Littoral -11.8 |agitated -4.55 |agitated -6.63 |agitated -5.89 )
agitated water
water water water
v, 23741 |ohallow g gy (Shallow 174 |Shallow 289.31 | OM3IOW 1 og) 5 Shallow 10, o5 | Shallow 252.23 | Shallow marine
marine marine marine marine marine marine
Y, 23.48 Iacustnr.le 9541 Lacustrl.ne 158 Lacustn.ne 1798 Lacustrlhe 9371 Lacustrlhe 0.88 Iacus.trme or 18.93 Iacus.trme or
or deltaic or deltaic or deltaic or deltaic or deltaic deltaic deltaic
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Router sample 1 Router sample 2
Sample
Rou. 1-1 Rou. 1-2 Rou. 1-3 Rou. 1-4 Rou. 2-1 Rou. 2-2 Rou. 2-3
v, 96 Turbidity 259 Turbidity 9.74 Turbidity 15.81 delta@ . .05 Turbidity 267 Turbidity 514 Turbidity
current current current deposition current current current
Router sample 2 Router sample 3
Sample
Rou. 2-4 Rou. 3-1 Rou. 3-2 Rou. 3-3 Rou. 3-4 Rou. 3-5 Rou. 3-6
Shallow Shallow Shallow Shallow Shallow
v, 725 |agitated | -4.13 |agitated | -10.43 | agitated 12.09 |agitated | -2.24 |Littoral 12.62 |agitated .64 |Shallow
water water water water water agitated water
Shallow Shallow Shallow Shallow Shallow Shallow )
Y2 2183 marine 206.93 marine 214.46 marine 224.2 marine 169.63 marine 228 marine 212.99 |Shallow marine
v, 18.54 Lacustrme 1924 Iacustr|r.1e 1208 Lacustrme 973 Lacustrme 1273 Lacustrme 10.26 Iacus.trme ol 165 lacustrine or
or deltaic or deltaic or deltaic or deltaic or deltaic deltaic deltaic
v, 9.24 Turbidity 388 Turbidity 514 Turbidity 9.91 Delta|(.:. 939 Turbidity 10.69 de|ta|(_j ' 797 Turbidity
current current current deposition current deposition current
Router sample 4
Sample
Rou. 4-1 Rou. 4-2 Rou. 4-3 Rou. 4-4
Shallow Shallow Shallow
Yy -4.09 |agitated -2.62 |Littoral -10.09 |agitated -6.16 |agitated
water water water
v, | 267.33 | ohallow g gg Shallow g gq Shallow 273 | hallow
marine marine marine marine
v, 2414 Lacustrlpe 1728 Lacustrme 1274 Lacustrme 2173 Lacustrme
or deltaic or deltaic or deltaic or deltaic
. 1181 Delta|§. 17.78 Delta|§. 454 Turbidity 8.45 Turbidity
deposition deposition current current
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RESULTS
Sedimentary characteristics of the study area

The analysis of the eighteen samples
revealed that the sediments in the study area
consisted of silty sand, sandy silt, silt, and
clay with poor to very poor sorting
(Supplementary Table 1). The sediment grain
sizes ranged from 0.138 (Sample Rou.1-4) to

1,337.481 um (Sample Rou.1-3). The graph
depicting the relationship between particle
size and the frequency of occurrence
illustrates that within the entire sample set,
there are local maxima within the following
particle size ranges: 0.17-0.55 um; 5-15 um;
69-129 um; and 184-580 um. These ranges
correspond to clay sediment, fine to medium
silt, fine sand, and fine to medium sand
(Figure 2).

Frequency curves of samples

0.16 Clay

0.14

Silt Sand

Sand
fine - very fine -
medium fine /\ medium

fine

103

Grain-size [um]
[ ] : Sample router 1 [—]: Sample router 2 [—|: Sample router 3 [—|: Sample router 4

Figure 2. Characteristics of surface sediment grain size in the study area

Analysis results of LDFs

The results of calculating LDFs, as presented
in Supplementary Table 2, demonstrate that the
indices Yy, Y, Ys, and Y, exhibit fluctuations
within the following ranges: -12.62 to 1.25,
169.63 to 289.31, -25.24 to -9.73, and 4.54 to
17.78, respectively. Based on the results of
calculations for all samples within the study
area, when index Y, exceeds -63.365, and Y; is
less than -7.42, this suggests a sediment
accumulation environment characterized as a
shallow marine environment or lagoon,
lacustrine, or deltaic environment. Sample
Route 1 contains 3 out of 4 samples with a Y,
index greater than -2.74, corresponding to a
coastal marine accumulating environment
(littoral). The remaining samples with a Y; index
above -2.74 belong to the agitated shallow
water environment, accounting for 13 out of 18
samples. The Y, index exhibits a similar pattern
to Yy, with 13 out of 18 samples falling into the
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sedimentary environment associated with
turbidity currents. In contrast, the remaining
samples are related to the deltaic deposition
environment.

End-member modelling analysis

Normalizing the input data indicates that
the model exhibits the highest stability when
utilizing weight transformation with a value of /
= 0.03, resulting in a mean total explained
variance of mRt = 0.668 (Figure 3a). The
determination of the optimal number of
endmembers is based on the stability of the
relationship between the number of end
members (g), weights (/), and the total variance
of the model (R*). The results suggest that a
choice of g = 4 corresponds to a stable
relationship with weight / in the range of 0—
0.05, resulting in R’ = 0.72 (Figure 3b and 3c).
For cases where g = 2 or g = 3, the total
extracted variance is smaller than when g = 4.



In contrast, when g =5 or g = 6, a larger total
extracted variance is achieved, but the compared to the case with g =4 (Figure 3b).
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Figure 4 displays the outcomes of the
EMMAgeo model applied to the sample set
within the study area. The last four members of
EM1, EM2, EM3, and EM4 have been
identified. The model’s fit for the grain sizes
and samples is illustrated by the mean
extracted variance values of 0.58 and 0.85,
respectively (Figures 4a and 4b).

Figure 4c represents the statistical result of
reducing the correlation dimension of sediment
grain size for the entire sample set to 4 EM,
converted to total variance Rf =100%, including
EM1 =7.6%, EM2 = 33%, EM3 = 28%, and EM4 =
31%. Accordingly, the dominant modes for each
end member (EMs) are 0.34 um (clay), 7.7 um
(fine silt), 130 um (fine sand), and 230 um (fine
sand), respectively. In each EM, secondary peaks
represent the sub-modes in the sedimentation
process. These sub-modes play a secondary role
and are shown as secondary factors related to
the regional sediment distribution laws. The
level of contribution of each EM in the samples
expressed in scores (Figure 4d) shows that most
of the samples are mainly contributed by EM2
and EM3.

DISCUSSION
Sedimentary environment of the study area

The results of sediment sample
classification align with previous research on
sediments within the study area [32-33, 39,
41]. The sediment deposition environments, as
classified based on the research [10] presented
in Figure 5, exhibit wide dispersion ranges that
reflect complex sediment accumulation
environments. However, a discernible influence
of river or wave processes is not observed.
Most of sediments within the study area are
categorized within the fluvial and marine
distribution field and are associated with
coastal dunes (related to littoral) (Figure 5a).
This classification is appropriate since the
sediment samples were primarily collected
between islands far from the river mouth and
at depths ranging from 8 to 14 meters.
Consequently, the sediment accumulation
environment is less directly impacted by wave
and river processes but is primarily influenced
by tidal and coastal currents.

3.0 —ﬂ

2.5

Standar deviation

O
m
A’ $P'Cq
[RING)
Pl o4
O o*b'" 0,

.
X
e
D

Q)' O

O : Sample router 1

3
Mean (phi)
[ : Sample router 2

€ : Sample router 3 A : Sample router 4

T
4 5 6 7 8 9

Figure 5. Mean size relationship chart and standard deviation comparing the sediment
accumulation environment in the study area with the sediment accumulation environment
from the studies of Folk and Ward (1957) [3]; Baiyegunhi et al. (2020)
and Selvaraj and Mohan (2003) [8, 10]

The Linear Discrimination Function (LDF)
graph depicted in Figure 6 reveals that the
relationship between Y; and Y, reflects the
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sediment accumulation environment in the study
area, primarily characterized as a shallow sea,
with the majority falling into the category of
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shallow agitated waters. Samples from Line 1 are
predominantly situated in coastal waters
(Littoral) (as shown in Figure 6a). The relationship
diagrams Y, — Y; and Y; — Y, show that the
sediments in the study area are primarily deltaic
sediments originating from ancient sedimentary
rocks, eroded and deposited by dynamic
processes in agitated water environments and
turbidity currents (as depicted in Figures 6b and
6c). Studies on sediments in neighboring areas
have suggested that sediment sources from

rivers are minimal, primarily derived from
erosion around the bay [39, 42]. Consequently,
the results indicate that the river process less
influences sedimentation in the study area.
Instead, the accumulation process occurs in
shallow coastal marine environments, with the
primary source of material being products from
the erosion of ancient sedimentary rocks around
the bay. These materials are predominantly
transported in shallow agitated water and (or)
turbidity currents.
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Figure 6. Linear discriminant function graph. Characteristics of the accumulation environment are
based on Sahu (1964) [5] and Baiyegunhi et al. (2020) [10]

Spatial distribution of End-members

End members EM1 and EM2 correspond to
clay and fine silt, likely representing suspended
sediments transported by currents. EM1, being
smaller in size, tends to deposit under low-
energy conditions and is not commonly
distributed throughout the study area. As shown
in Figure 7a, EM1 is found in only 4 sample
locations, with 3 of them situated between small
islands in sample line No. 2, having contribution
scores ranging from 10% to 52%. The highest
score of 55% is recorded at a sample location
outside the bay in sample line 4, at a depth of
11 m, where the topographic gradient

undergoes significant changes. In contrast, EM2
is present in 15 out of 18 sample locations,
indicating that the flow regime predominantly
influences the sediment accumulation process in
the study area (Figure 7b). However, the
contribution index of EM2 is not uniform across
the region, with high values at sites along line 3
and one location on line 4 (Figure 7b). Notably,
locations where EM1 appears tend to have
lower EM2 scores. These differences and the
contribution scores at sample locations indicate
that the flow energy is heterogenous across the
study area, with locations sandwiched between
islands on sample line 2 experiencing the lowest
flow energy, followed by the Cai Chien and Vinh
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Thuc island areas on sample line 3, and the
highest flow energy observed in the shallow sea
along the coast of Van Don Peninsula on sample
line number 1. The changes in end members
(EMs) outside Bai Tu Long Bay are complex. It is
worth noting that the sampling occurred in
March 2022 at the end of the dry season.
According to research by Nguyen (2013) [38],
during the dry season, due to the influence of
monsoons, tidal regimes, and wind-driven
currents, most suspended materials from the
Hainan Strait are transported eastward into the
open sea outside Bai Tu Long Bay (Western of
Coto island). Additionally, when comparing the
sampling locations with the February flow
regime map in the Vietnam National Atlas [43], it
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becomes evident that Rou.4-3 and Rou.4-4 fall
within a localized counterclockwise flow vortex
range. This condition might promote substantial
accumulation when EM1 and EM2 scores are
relatively high. However, at locations Rou.4-1
and Rou.4-2, the accumulation of suspended
material is nearly absent, with EM3 having a
significantly high contribution score and the
sediment composition primarily consisting of
fine-grained sand. These two sample points align
with the research results of previous authors
[32—-33] in that they are located in an erosion
area. In conclusion, the accumulation process in
the outer area of Bai Tu Long Bay is quite
complicated, warranting further research.
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End members EM3 and EM4, with grain
sizes at the peaks of 130 um and 230 um,
correspond to fine sand sediments that are less
easily transported in suspension by currents
and are primarily formed through tidal and
wave processes. As shown in Figures 7c and 7d,
EM3 is observed throughout most of the study
area, whereas EM4, with coarser grain sizes, is
primarily concentrated along the coast of the
Van Don Peninsula. While this study did not
sample sediments in the Tien Yen and Ka Long
estuary areas, several previous studies have
indicated the existence of similar sediments
[32, 34, 39, 42]. Dang et al., (2020) [34]
suggested that fine sand in the study area is
formed through the erosion of coastal sands.
This area is characterized by strong dynamics,
particularly influenced by tides, especially
during the ebb tide [32]. In the intertidal zones
of the bay, dominant tidal currents give rise to
sand dunes connecting the islands. In some
funnel-shaped estuaries (e.g., Tien Yen River,
Ka Long River), these dunes are distributed
parallel to the riverbed. Although values of
EM3 and EM4 are present at most sample
locations in the study area, the heterogeneity
in their distribution characteristics indicates
that the influence of the tidal process on the
area is not uniform. Along the coast of the Van
Don Peninsula, where EM4 is primarily
concentrated, it is considered an area more
strongly affected by tides than other regions.

The results of the spatial distribution of
Endmembers in the study area indicate a
division into two regions: lower environmental
energy conditions in the North and higher
environmental energy conditions in the South.
The North exhibits high EM2 values, while the
South shows high EM3 and EM4 values.

CONCLUSION

The coastal area extending from Van Don to
Tien Yen - Ha Coi is characterized by relatively
complex sediments with poor selectivity,
encompassing four sediment types: silty sand,
sandy silt, silt, and clay. These sediments in the
study area originated in a shallow coastal marine
environment, with the material source

attributed to erosion occurring around the bay.
The transport mechanism mainly involves
disturbances in shallow agitated water and/or
turbidity currents.

The statistical results of particle size
composition using the EMMAgeo model have
identified  four main  members  (EMs)

corresponding to four distinct sediment types:
clay, fine silt, and fine sand of varying sizes. These
sediments are the major factors and statistically
essential components of the whole sediment
composition within the study area. Fine-silt
sediments are dispersed uniformly across the
research area, but their contribution gradually
diminishes from north to south, commensurate
with a gradual increase in environmental energy
for sediment accumulation. Notably, the coastal
area along the Van Don Peninsula has the highest
environmental energy for sediment
accumulation, resulting in  poor sediment
accumulation primarily comprised of fine-grained
sand. In addition, the locations situated between
islands experience the lowest environmental
energy for sediment accumulation, where the
sediment is predominantly clay sand. In the outer
part of the bay, two contrasting accumulation
environments exist. The northern region, near Co
To Island, is characterized by high sediment
accumulation. Meanwhile, the western region
features erosion and low sediment accumulation.
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