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ABSTRACT

Mapping the spatial distribution of exposed coal sites over a large territory and ensuring temporal continuity is
essential for environmental assessment. It helps identify relationships between coal mining activities and
environmental issues, such as water pollution from coal contamination and air pollution from particulate matter in the
coastal areas of Ha Long and Cam Pha. The carbon index has proven to be an effortless yet effective technique. It is
calculated using the spectral ratio between two shortwave infrared bands (Band 11 - SWIR1 and Band 12 - SWIR2)
of Sentinel-2 imagery. The selection of an appropriate carbon threshold value - used to distinguish exposed coal from
other land cover types, particularly urban areas - was validated through visual interpretation of high-resolution
satellite images from the Google Earth dataset. This approach, which leverages Sentinel-2 imagery with higher spatial
resolution, differs from previous studies that employed complex algorithms or multiple spectral indicators to detect
exposed coal sites using lower-resolution images. The results, with an overall accuracy of 87.35% and a Kappa
coefficient of 0.73, provide valuable support for monitoring and managing the exploitation of natural resources.
Additionally, this method identifies illegal coal mines and seawater contamination, aiding in the management of the
coal industry, among other benefits. These findings lay a crucial foundation for assessing the environmental impact of
coal mining activities and proposing solutions for ecological restoration in coastal areas where diverse and complex

socio-economic activities occur.

Keywords: Carbon index, exposed coal site, Sentinel-2 image, visual interpretation, thresholding classification.

1. Introduction the environmental impact of the mining

industry, the combined effects of coal mining
activities and  rapid  socio-economic
development in recent years have significantly
altered the coastal ecosystems. These changes

The coastal area of Ha Long-Cam Pha is
home to the largest concentration of coal
mining operations and logistics services in
northeast Vietnam. This region contains

several coal mines with substantial reserves.
Despite efforts by local authorities to mitigate
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directly impact the environmental quality in
Ha Long and Cam Pha cities, primarily as
many coal mines are near densely populated
settlements. For example, opencast coal
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mining removes the rock cover, lowers the
ground surface (Nguyen, 2015), alters land
cover and land use (Hens et al., 2000),
disrupts drainage networks (Mustafin, Tran, &
Tran, 2019); and releases dust into the air due
to the transportation of waste rock and raw
coal, etc. (Pham, Do, Pham, Phan, & Pham,
2020; Tran, Cao, Vu, Tran, & Tran, 2012).

Exposed coal sites are among the sources
that can contribute to environmental problems.
They refer to areas where raw coal, extracted
through opencast or underground mining, is
exposed to outdoor conditions. Exposed coal
sites comprise extraction sites (mining areas)
and coal yard sites (storage areas), which
continually change as mining operations
progress. Additionally, acceptable debris from
exposed coal forms coal slurry, which is
carried into drainage networks and transported
to the sea during the rainy season. This leads to
seawater contamination in Bai Tu Long Bay
and Ha Long Bay (Cao et al., 2020), both of
which are UNESCO World Heritage sites
recognized for their unique geological and
geomorphological features.
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identifying exposed coal sites across a large
territory and ensuring temporal continuity is
crucial for generating fundamental data to
establish links with ongoing environmental
events. The results will be a reliable
foundation for supporting ecological and
natural resource management in this coastal
region.

Raw coal is exposed at coalfields during
mining activities or accumulated at coal yard
sites after mining. Measuring the reflectance
value of raw coal at several wavelengths in
the spectrum helps distinguish it from other
types of land cover through a radiometric
curve (Fig. 1). Satellite imagery can meet this
need, offering significant benefits when
combined with ground surveys (Mao et al.,
2014; E. Yang, Ge, & Wang, 2018).
Moreover, with the increasing availability of
satellite images, they should be considered a
practical resource for terrestrial observation,
especially since Sentinel-2 data are freely
accessible to all users. Therefore, promoting
the use of these data to locate exposed coal
sites, including extraction sites and coal yard

Furthermore, illegal coal mining remains a  sites, presents valuable opportunities for
persistent issue due to the region's widespread environmental —monitoring and natural
distribution of coal seams, resulting in the loss  resource protection under the specific
of public resources (Van, 2015). Therefore, conditions of Vietnam.
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Figure 1. Spectral profiles of Sentinel-2 imagery for the major land cover types in the study area
few decades, image worldwide. Remote sensing has several

Over the past
processing techniques for land cover mapping
have wundergone significant development

advantages, including wide coverage, short
temporal cycle, and reduced time and cost

273



Vietnam Journal of Earth Sciences, 47(2), 272-289

compared to traditional field survey-based
methods (Giri, 2012). Numerous studies have
utilized satellite imagery to identify the
locations of exposed coal sites (Demirel,
Emil, & Duzgun, 2010; Song, Song, Gu, & Li,
2020; Xiao et al., 2016). Generally, two main
approaches are used for this purpose: In the
first approach, classification based on their
unique spectral patterns and  spatial
information  involves  grouping ground
features into different categories. Algorithms
such as maximum likelihood (Azeez &

Mukhitdinov, 2020), Random  Forest
(Pandey, Mishra, Swamy, Anderson, &
Thakur, 2025), and object-based

classification (Yuan et al., 2019) have been
successfully applied. Results indicate that the
object-based method (Gao, Kerle, & Mas,
2009) and the Support Vector Machine
method (Chen, Li, & Wang, 2020) can
effectively utilize multi-spectral images with
high spatial resolution to identify ground
features in coal mining areas. In the second
approach, coal mining areas have also been
delineated using spectral ratios such as the
normalized differential carbon index, derived
from the Red and Near Infrared bands of the
Landsat TM satellite (Mao et al., 2014) or two
shortwave infrared bands (SWIR1 and
SWIR?2) of the Landsat 8 satellite (Mukherjee,
Mukherjee, Chakravarty, & Aikat, 2018), or
from the combination of these Blue, Green,
Red, Near Infrared, SWIR1 and SWIR2 bands
of the Landsat 8 satellite (Z. Yang, He, Zhang,
& Zhao, 2024). These carbon indices enable
the identification of coal mining areas with
high accuracy by leveraging differences
between the reflectance curve of various land
cover types and the reflectance curve of raw
coal, as measured wusing hand-held
spectrophotometer. Findings from these
studies can be applied to monitor coal mines,
track land-use dynamics, manage wastewater
and coal seams, and support environmental
reclamation efforts in coal mining areas.
Despite the increasing availability of

Sentinel-2 data following the launch of the
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two Sentinel 2A and 2B satellites by the
European Space Agency (ESA) for capturing
Earth surface imagery, research employing
this second approach with Sentinel-2 data
remains limited. Therefore, this new
generation of satellite imagery is a highly
suitable choice for identifying the distribution
of exposed coal sites in Ha Long and Cam
Pha cities due to its medium spatial resolution,
high temporal frequency, and a spectral band
configuration well-suited for calculating the
spectral ratio. The results are compared with
those derived from the visual interpretation of
high-resolution images (from the Google
Earth dataset) to assess accuracy.

2. Study area

The study area is primarily located in Ha
Long and Cam Pha cities, Quang Ninh
Province. These two adjacent cities occupy a
strategic position in the Northeastern coastal
region of the country. The area features
remarkably diverse landscapes, with hills and
mountains dominating, ranging in elevation
from 0 to 980 m, alongside narrow coastal
alluvial plains. The remaining portion
comprises a vast marine area containing
hundreds of large and small limestone islands.
The combined territory of these two cities
covers approximately 758 km?, spanning from
latitude  20°54'35"N to  21°14'05"N
and longitude 106°54'08"E to 107°24'08"E
(Fig. 2). The region experiences a tropical
monsoon climate, with an annual average
temperature of 23.7°C and an average yearly
precipitation of approximately 1832 mm. The
climate is distinctly seasonal, with a hot, rainy
summer (May to October), accounting for
80% to 85% of total annual precipitation, and
a cold, dry winter (November to April),
contributing only 15% to 20% of total annual
rainfall (Huynh, 2002). The hydrographic
network primarily consists of small, short
rivers originating from the mountainous
districts in the West. These rivers exhibit
rapid flow increases and quick drainage to the
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sea due to the region's steep terrain and heavy
rainfall during the rainy season.

The underground of the coastal area in Ha
Long and Cam Pha cities consists of
geological formations that developed from the
Paleozoic era, such as the Tan Mai Formation,
to the Cenozoic era, including the Ha Coi
Formation. However, some formations exhibit
distinctive characteristics unique to this
coastal area. For instance, the Hon Gai
Formation contains the most valuable coal
seams, which have been industrially exploited
since the late 19™ century and continue to be
mined today (Tran, 1998). Numerous coal
mines are concentrated in the central part of
the study area. At the same time, residential
settlements have developed on both sides of
National Road Nol8, with various artificial
structures extending along the shoreline.

Meanwhile, the Northern part of the area
remains dominated by tropical rainforest.
(Fig. 2). Additionally, carbonate sediments of

Formation, and the Cat Ba Formation contain
thick limestone layers formed in the marine
environment, contributing to the region's
unique landscapes. The United Nations
Educational, Scientific and  Cultural
Organization (UNESCO) recognized the
area's geomorphological value by designating
it as a World Natural Heritage site in 1994
(Waltham, 1998). The Hon Gai formation is
exposed in the coastal regions of Ha Long and
Cam Pha. It consists of two parts: (1) lower
part: this section has a thickness ranging from

460 to 1430 m, with a lithological
composition of gravel-stone, sandstone,
siltstone, coaly shale, and 19 to 23

commercially valuable coal seams; (2) upper
part: this section has a thickness ranging from
400 to 500 m and consists of conglomerate,
sandstone, siltstone, and coaly shale, with the
presence of 1 to 5 thin coal seams (Tong et al.,
2005). Since the late Ordovician period,
geological activity in the Quang Ninh coal

the Bai Chay Formation, the Bac Son basin has been diverse and complex.
10259‘0”E 106°P'0"E 1 10"9'0"E - 107"1]0'0"E 107“2]0'0"E
7 CHINA B
2 f o~

19°00'N
19°00'N

15°00'N
15°00'N

EAST SEA

CAMBODIA ©

11°0'0"N
11°0'0"N

E " Phu Quy
Phu Quoc

Tho Chu ., Con Dao
0 125250 500
e Km

Truong Sa |
Istands

CAM PHA

102°00"E 106°00"E T000E

107°10°0"E 107°20'0"E

Figure 2. Map of Northern Vietnam showing the study area (pink dashed rectangle) and
the Sentinel-2 scene boundary (brown rectangle)

Although no intrusive igneous rock has
been detected, numerous geologic faults have
fractured the rock mass along primary
directions, including East-West, North-South,

Northeast-Southwest, and Northwest-
Southeast. Additionally, short asymmetrical
folds have developed, with horizontally
displaced limbs (Mai, Quyen, & Luong,
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1983). These characteristics present various
challenges for investigating, exploring, and
mining coal seams.

The coastline extends from Dam Ha to
Quang Yen and includes famous cultural and
historical sites, such as Cua Ong Temple,
Vung Duc Spot, and Ha Long Bay, a
UNESCO World Natural Heritage site. The
region is also rich in underground mineral
resources, including coal, limestone, clay, and
mineral water. These natural advantages
provide a competitive edge for developing key
economic  sectors, such as industry,
aquaculture, and tourism. Given its natural
landscape and marine tourism potential, Ha
Long and Cam Pha have been identified as
model cities for transforming "grey" to
"green" development, ensuring sustainable
growth and environmental protection. Local
authorities have planned and reorganized
functional urban areas, improved urban
infrastructures, expanded public facilities, and
enhanced ecological sanitation. Therefore,
Cam Pha was designated as a class II urban
center in 2012, while Ha Long was recognized
as a class I urban center in 2013. Urban
classification is defined in the report by Cira

et al. (By 2019, the combined population of
the two cities had reached 609,980 people,
distributed across 20 wards in Ha Long City
and 17 wards in Cam Pha City, covering a
total area of 758 km?, with an average density
of 805 people per km? Along with rapid
urbanization, dynamic socio-economic
activities generate significant environmental
pollutants, such as wastewater, solid waste,
and exhaust gas, which must be treated to
comply with legal regulations. However, local
authorities face significant challenges in
environmental management due to limited
capacity and the complexity of socio-
economic activities, which are closely
intertwined with the urbanization process in a
small territory (NIURP, 2012).

3. Method and data
3.1. Data
3.1.1. Sentinel-2 imagery

The selected image was taken in late
autumn 2019 under favorable weather
conditions, with no cloud cover over the study
area. As a result, the ground features are
visible in the image, whose parameters are
presented in Table 1 below.

Table 1. Sentinel-2 image parameters used in this study

Nomenclature S2B_MSIL2A_20191212T032129_N0500_R118_T48QYJ_20230804T102754
Satellite Sentinel-2B
Sensor MSI
Processing level 2A
Acquisition date 12/12/2019
Cloud cover 2.14 %
Orbit number 118
Direction Descending

Sentinel-2 image was downloaded from
the European Space Agency (ESA) website:
https://scihub.copernicus.eu/. The image was
preprocessed at level 2A, providing the
Bottom Of Atmosphere (BOA) reflectance for
each pixel, and was geo-referenced using the
UTM coordinate system (WGS84). Sentinel-2
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captures 13 spectral bands in the visible and
infrared regions of the spectrum, with
different spatial resolutions: 10 m, 20 m, and
60 m (Table 2). In this study, two shortwave
infrared bands (SWIR1 and SWIR2), with a
spatial resolution of 20 m, were used to
identify coal extraction sites and yards.
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Table 2. Sentinel-2 band characteristics (ESA, 2021a)

Bands Central wavelength (nm) Spatial resolution (m)

Band 1 - Coastal aerosol 442.3 60
Band 2 - Blue 492.1 10
Band 3 - Green 559.0 10
Band 4- Red 665.0 10
Band 5 - Vegetation red edge 1 703.8 20
Band 6 - Vegetation red edge 2 739.1 20
Band 7 - Vegetation red edge 3 779.7 20
Band 8 - NIR 833.0 10
Band 8A - Vegetation red edge 4 864.0 20
Band 9 - Water vapor 943.2 60
Band 10 - Cirrus 1376.9 60
Band 11 - SWIR1 1610.4 20
Band 12 - SWIR2 2185.7 20

3.1.2. High spatial resolution imagery from interpreting exposed coal sites, as its

the Google Earth dataset

Google Earth integrates spatial data from
satellite images, aerial photographs, and
geographic information. Currently, users can
view high-resolution images of the Earth's
surface on Google Earth (with a maximum
size of 4800x2886 pixels), which are
regularly updated over time. In other words,
users can display images from the present or
select a specific time in the past. This function
makes Google Earth particularly useful for

Remote sensing data

frequently updated imagery provides explicit
visual representations of the ground surface.

3.2. Method
3.2.1. Processing procedure

The study follows the main steps outlined in
Fig. 3 below: data collection, image
preprocessing, spatial resolution enhancement,
carbon index calculation and thresholding
classification, noise filtering, accuracy
assessment, result analysis, and validation.

GIS data

}

v
Sentinel 2B image Google Earth image
(12/12/2019) (22/11/2019) Thestudyarca
< | I
v +
Image preprocessing Visual interpretation

Enhancement of
spatial resolution

l

Carbon index calculation &
thresholding classification

!

| |

Sample points

A

Classification image

Majority filter

> Accuracy assesment

!

Distribution map
of coal arcas

Figure 3. The processing procedure applied in this study
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3.2.2. Pre-processing Sentinel-2 imagery

The Sentinel-2 image was atmospherically
corrected for surface reflectance at level 2A
and geometrically referenced to the UTM
coordinate system (WGS84). It was then
cropped to match the study area (Fig. 2) and
used to calculate the spectral ratio for the
acquisition date.

3.2.3. Spatial resolution enhancement

Each Sentinel-2 image consists of 13
spectral bands with  varying spatial
resolutions: 4 bands at 10 m, 6 bands at 20 m,
and 3 bands at 60 m. The shortwave infrared
(SWIR) bands have a spatial resolution of
20 m, while up to 4 bands in the visible and
near-infrared (NIR) have a spatial resolution
of 10 m. To enhance the level of detail, the
spatial resolution of bands 11 and 12 is
increased to 10 m using the Sen2Res
algorithm while preserving the original
reflectance values. The Sen2Res algorithm in
SNAP software builds a model to analyze
how information is shared between bands and
what unique characteristics define each band.
Next, the model is applied to unmix the 20 m
and 60 m spatial resolution bands while
preserving their reflectance values. This
process enhances the ability to distinguish
different entities more clearly (ESA, 2021b).

3.24. Carbon threshold

identification

index and

The carbon index is calculated as the ratio
of reflectance values between two shortwave
infrared bands (SWIR1 and SWIR2) based on
the formula proposed by (Drury, 1993) for
identifying the hydrothermal alterations in
clay and aluminum minerals:

¢ = (SWIRI-SWIR2)/(SWIR1+SWIR2) (1)

(Mukherjee et al.,, 2018) the reflectance
values of the SWIRI band near the exposed
coal sites are lower than those of the SWIR2
band due to the significant increase in mineral
proportions on the surface. This causes the
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previously mentioned ¢ value to become
negative. Each ¢ value (SWIR1, SWIR2) is
treated as a function for identifying exposed
coal sites using the segmentation technique as
follows:

F(p) = 1 if B < ¢ (SWIRIL, SWIR2) < «a
(exposed coal sites)

F(p) = 0 if B > ¢ (SWIRI, SWIR2) > «
(other land cover types)

Here, o and P are the threshold values
selected experimentally by analyzing the
extent of exposed coal sites compared to other
land cover types on a Sentinel-2 color
composite image. This means that o and f
values are determined based on the
differences between the reflectance curve of
coal and those of other land cover types,
allowing exposed coal sites to be identified
without relying on multiple indicators,
additional methods, complex algorithms, or
calculations.

Thus, the application of two shortwave
infrared bands - corresponding to band 11 and
band 12 of the Sentinel-2 image is
incorporated into the following formula (2):
¢ = (Band 11-Band 12)/(Band 11+Band 12) (2)

Here, ¢ presents the carbon index. The
spectral ratio ¢ (SWIRI, SWIR2) is an
indicator for identifying exposed coal sites.

3.2.5. Visual interpretation

Figure 4 above presents the key elements
of visual interpretation for remote sensing
images. Based on these principles, coal
extraction sites and coal yards are identified
on the high-resolution image of the Google
Earth dataset according to specific factors:

Site: The coal extraction sites are located
near open-pit mines, where runoff water
accumulates at the bottom of excavation
holes. In contrast, coal yard sites are typically
situated near coal extracting sites and are also
found next to inland waterways ports/piers,
conveyor belts, and railway stations, where
raw coal loading and unloading activities
occur (Fig. 5).
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Figure 4. Elements for visual interpretation (Tiwari & Chatterjee, 2012)

Google Earth

Figure 5. Coal yard sites on (a) the high-resolution image of the Google Earth dataset and
(b) a photo from the real world

Structure and shape: Coal yard sites
typically have a finer structure than waste
rock dumps due to the coal screening process,
which ensures proper selection and prevents
mixing with other materials such as soil, rock,
etc. Additionally, they often take on an
inverted cone shape, as coal is gathered and

L ; .‘:"-' ™\ e VES)

(a)

Tone/color: Coal extraction sites or
yard sites are typically black with a metallic
sheen (Fig. 7a). This characteristic helps to
distinguish coal from other features, such as
vegetation and residential areas (Fig. 7b, c).

piled up to conserve space and facilitate the
loading and unloading (Fig. 6a). In contrast,
coal extraction sites often exhibit a striped
structure with undulating, convex grooves,
resulting from the removal of rock layers to
expose coal seams (Fig. 6b).

(b)
Figure 6. Features on the high-resolution image of the Google Earth dataset: (a) Coal yard sites,
(b) Waste rock spoil area

Association: It is an indirect indicator that
recognizes objects or phenomena that cannot
be directly perceived. However, their presence
can be identified through the traces left on the
ground. For example, coal extraction sites and
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coal yards often contain various types of
equipment, such as trucks, excavators, and

conveyors, used for transporting coal from
one location to another. Specifically:

Figure 7. Features on the high-resolution image of the Google Earth dataset: (a) Coal extraction sites,
(b) Vegetation, (c) Urban settlement

- Inland ports/piers are key transport hubs
for processed coal products. Before being
shipped to other locations, coal is loaded onto
vessels, resulting in a high concentration of
anchored vessels in the surrounding water
area (Fig. 8a).

A
|
1000m

(a)
Figure 8. Features on the high-resolution image of the Google Earth dataset:
(a) Vessels at coal ports (b) Conveyor belts in coal mines

3.2.6. Accuracy

To evaluate the accuracy of the established
map, the thresholding classification results of
coal index wvalues are compared to those
obtained through visual interpretation using

- Coal screening plants and thermal power
plants consume large amounts of coal as raw
materials for production. Coal conveyor belts
and railways are commonly present inside
these facilities to transport coal to production
lines (Fig. 8b).

{b)

overall accuracy and the Kappa coefficient.
Specifically, overall accuracy is calculated as
the ratio of the total number of correct sample
points and the total number of sample points.
The Kappa coefficient is determined using the
following formula (Cohen, 1960):

K=[NXI_;xi — Xrca (=2 )VIN? = X_1 (i —x40)] 3

Here, » represents the number of rows and
columns in the error matrix; x; is the number
of pixels in row i and column i (on the main
diagonal); x;. is the total number of pixels in
row i, x.; is the total number of pixels in
column 7; and N is the total number of pixels
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in the image.

The Kappa coefficient typically ranges
between 0 and 1, where £ > 0.75 indicates
high accuracy, 0.4 < k£ < 0.75 indicates
moderate accuracy, and k£ < 0.4 indicates low
accuracy (Kirch, 2008).
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4. Results
4.1. Exposed coal sites distribution
4.1.1. Carbon index value thresholding

The carbon index values obtained using
formula (2) range from -1 to +1. To
distinguish exposed coal sites from other
features, these values were segmented based
on their corresponding entities in a color
composite image (Red-Green-Blue) created
using shortwave infrared and near-infrared
bands (bl12-b11-b5) from the Sentinel-2
image. Experiments show that the threshold
values of o and  range from -0.19 to -0.06,
effectively representing the extent of exposed
coal sites. The carbon index accurately
distinguishes coal from other features (Fig. 9).
Notably, these thresholds enable the clear
separation of exposed coal sites from urban

107'?‘0'E

107'l5'0"E 107'1IO'D'E

areas, avoiding the confusion observed in the
study (Raju, 2016), where visible spectrum
bands were used.

4.1.2. Generalization of isolated pixels

After thresholding classification, small and
discrete clusters of pixels representing
exposed coal sites are commonly observed in
the results. This noise can impact the reader's
ability to interpret the information accurately.
Several methods have been developed to
address this issue. The first approach
improves  classification  accuracy by
incorporating the spectral-spatial properties of
entities (Bruzzone & Carlin, 2006; Huang &
Zhang, 2013), while the second approach
applies post-classification processing (Lv,
Zhang, & Benediktsson, 2017; Su, 2016; Tu,
Aa, Gemeren, & Veltkamp, 2013).
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Figure 9. Carbon index thresholding classification

Studies indicate that the sliding window
technique is wusually wused to analyze
neighboring pixels when reassigning values to
the central pixel. This method effectively
removes isolated pixels while preserving

classification accuracy. The present study
adopts the second approach, applying a
Majority filter with a 5 x 5 dimension to the
segmented classification image due to its
effectiveness in comparison to other
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dimensions, which removes isolated pixels
while preserving the shape of features. The

resulting image highlights exposed coal sites
while minimizing noise (Fig. 10).

N
A

1Km (b)

Figure 10. Coal yard sites on the Dien Vong riverbank: (a) before and (b) after filtering

4.1.3. Exposed coal site distribution

Figure 11 illustrates the distribution of
exposed coal sites after applying the Majority
filter. Specifically, the exposed coal sites are
divided into two main clusters located at the
center of the study area, approximately 3 km
from the coastline. These exposed coal sites
correspond to opencast coal extraction sites
and coal yards. In Ha Long City, exposed coal

107°0'0"E

107°;‘>'0"E 107°1.0‘0"E

sites are concentrated in several wards,
including Ha Khanh, Ha Phong, Ha Tu, Ha
Trung, Ha Lam, and Thong Nhat commune.
In Cam Pha City, they are primarily found in
Quang Hanh, Cam Thach, Cam Trung, Cam
Tay, Cam Dong, Cam Son, Cam Phu, Cam
Thinh, Cua Ong, Mong Duong, and Duong
Huy commune. Notably, exposed coal sites
are more widespread in Cam Pha city.
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Figure 11. Exposed coal site distribution in the Ha Long - Cam Pha region.
The pink boxes indicate the locations of sample frames shown in Fig. 12 a-e
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This pattern aligns with the development
plan of the Vietnam National Coal and Mineral
Industries Group, as Ha Long City is gradually
restricting opencast coal mining operations in
preparation for their closure in the coming
years (NIURP, 2012). In both cities, large,
exposed coal sites are typically associated with
coal extraction sites. In contrast, smaller sites
are found near inland waterway ports, piers,
coal screening facilities, and thermal power
plants.

4.2. Validation
4.2.1. Field trip

Two field trips were conducted in
September 2020 to recognize specific land
cover types in the study area and compare the
results with real-world conditions. This serves
as a basis for interpreting high-resolution
images of the Google Earth dataset. Photos
were taken at several coal extraction and yard
sites (Fig. 12), where their locations align
with the exposed coal sites identified in the
segmented carbon index image.

4.2.2.  Comparison with high-resolution
images of the Google Earth dataset

The wvalidation is based on comparing
carbon index thresholding classification using
the Sentinel-2 image (captured on December
12, 2019) and visual interpretation results
from a high spatial resolution image (captured
on November 22, 2019) of the Google Earth
dataset. A set of 245 random samples was
extracted from the Google Earth dataset, of
which 161 samples corresponded to exposed
coal sites, while 84 samples represented other
land cover types. These 245 samples were
then superimposed onto the carbon index
thresholding classification image to assess the
positional alignment between the two data
layers. The sample locations are presented in
Fig. 11, and the statistical results are shown in
Table 3. The statistical analysis indicates that
the overall accuracy reached 87.35%, while
the Kappa coefficient was 0.73. To illustrate
the wvalidation framework, five specific
samples are highlighted in Fig. 13 rather than
displaying the entire set of 245 samples.

Figure 12. (a) The coal yard site at Lang Khanh Port is located on the left bank of the Dien Vong River.
(b) Coal extraction site at Deo Nai coal mine. (c¢) The coal yard site at Cua Ong coal screening plant and
Cam Pha thermal power plant are located onshore in Bai Tu Long Bay. For the photo locations, refer to Fig. 9
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Table 3. Matrix used for accuracy evaluation

Google Earth dataset
Other entities Exposed coal sites Total
samples % samples % samples %
Thresholding Other entities 75 30.61 22 8.78 97 39.59
classification of Exposed coal sites 9 3.68 139 56.73 148 60.41
carbon index Total 84 34.29 161 65.71 245 100
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thresholding classification Google Earth dataset in the
background

Figure 13. Comparison of the spatial extent of exposed coal sites identified using two different methods.
For the location of frame, refer to Fig. 11
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5. Discussions

Several limitations exist for the proposed
processing approach for optical imagery.
Some exposed coal patches are missing from
the coal distribution map, or their dimensions
appear smaller than the corresponding entities
in the high-resolution image of the Google
Earth dataset. This can be attributed to two
main reasons: -/ spatial resolution differences:
the Sentinel-2 image has a lower spatial
resolution compared to those of the Google
Earth dataset, making it more challenging to
identify smaller entities; -/effect of post-
processing: after thresholding classification,
the Majority filter reduced the size of objects
or in some cases, completely removed them.
As a result, the validation of Sentinel-2 image
against visual interpretation using the Google
Earth dataset yielded an overall accuracy of
87.35%.

All stages of coal mining activities,
including stripping, extraction, dumping,
screening, and transportation, have significant
environmental impacts, one of the most
concerning being water pollution. Although
wastewater originates from various sources,
including groundwater from opencast and
underground coal mines, as well as effluents
from screening plants, it is collected for
treatment. However, only 74% of this
wastewater is treated before being discharged
into the environment (KOEI, 2014). During
the rainy season, surface runoff from
coalfields and waste rock dump areas still
directly enters the drainage network. As a
result, coal slurry is carried into the bay,
contributing to elevated total suspended solids
(TSS) levels, which often exceed the
allowable limits set by Vietnamese
regulations for the protection of aquatic life
(Dao, Bui, Nguyen, Nguyen, & Bui, 2016). A

study conducted by Tran et al. (2012) found
that each year, Ha Long and Bai Tu Long
bays receive large amounts of pollutants from
industry, livestock, domestic use, and coal
mining.

For example, in the Cam Pha area, aside
from domestic waste, livestock contributes
13.9 thousand tons of Chemical Oxygen
Demand (COD) and 1.5 thousand tons of
Biochemical Oxygen Demand (BODs).
Additionally, coal mining also releases 70
thousand tons of Total Suspended Solids
(TSS) in the form of slurry. At the Cua Luc
estuary, slurry deposition ranges from 0.1 to
3.5%, with some areas reaching 10%. Figure
14 illustrates the dispersion of coal slurry in
seawater around coal ports/piers, screening
plants, and estuaries, which are connected to
coalfields through designated discharge
channels for mine water. This highlights the
close relationship between exposed coal sites
and the concentration of coal slurry in the
seawater of Bai Tu Long and Ha Long bays.

Illegal coal mining remains a persistent
issue in the remote areas of Ha Long and Cam
Pha cities, yet it is challenging to monitor
using traditional investigative methods. This
results in adverse environmental impacts and
the depletion of natural resources. However,
illegal coal mining is often associated with
coal yard sites, making it possible to identify
their locations by comparing them with the
exposed coal site distribution map generated
through carbon index thresholding
classification. By combining this approach
with the official registration data of the Quang
Ninh Department of Natural Resources and
Environment, authorities can assess the legal
status of coal extraction sites and identify
institutions involved in

individuals and

violations.
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Figure 14. Coal slurry in seawater (dark violet) in the Ha Long and Cam Pha coastal regions.
The natural color composite (b4-b3-b2) of the Sentinel-2 image, captured on December 23, 2019,
is shown in the background

6. Conclusions

The study has demonstrated the
applicability of Sentinel-2 data in identifying
exposed coal sites. The calculation of the
carbon index from shortwave infrared bands,
combined with segmentation within the range
of [-0.19; -0.06], enables automated mapping
of the spatial distribution of opencast coal
extraction sites and coal yard sites in the
coastal area of Ha Long and Cam Pha cities
(Quang Ninh province). The validation
achieved a satisfactory accuracy of 87.35%,
based on visual interpretation of the Google
Earth dataset captured during the same period.
This enables the estimation of the area of
exposed coal sites and the assessment of the
legal status of coal extraction sites, among
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other tasks, aiding authorities in implementing
effective plans and policies for coal mining
management in this territory. Enhancing the
spatial resolution of shortwave infrared bands
to 10 m improves the detection accuracy of
exposed coal sites; however, this resolution
remains insufficient, as small exposed coal
sites may still be too minor to be distinguished
in Sentinel-2 images. Therefore, future
research should explore advanced methods to
achieve higher accuracy.
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