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Abstract

This study addresses the critical issue of land subsidence in densely populated agriculture-based country, Bangladesh, focus-
ing on the Barapukuria coal mine area. Our research employed time-series analysis of Landsat satellite imagery from 2005
to 2020, coupled with vertical electrical sounding resistivity methods. Through the false color composite image analysis in
Earth Engine and GIS-based mapping, we quantified the areal extent of subsidence, and results were validated by field visits
and cross-referencing with ESRI and dynamic world land use—land cover maps. Our study revealed a concerning trend of
subsidence moving from west to east, towards the two nearby residential areas. Most importantly, the rate of areal extent
of subsidence was alarming (17.4 acres per year), resulting in a cumulative loss of 205 acres since 2008. Linear regression
predicts that this subsided area will double to around 405 acres by 2030, indicating significant risk to nearby communities.
The trajectory of subsidence extent led us to examine the subsurface condition of nearby villages using calibrated vertical
electrical sounding and borehole data. This revealed a higher resistivity in the northern area, indicating a future subsidence
risk compared to the southern part. This was further confirmed by subsurface lithology, composed mainly of Holocene depos-
its containing clay, clayey sand, and sand. These layers, with their inherent instability and higher consolidation potential,
exhibited higher resistivity and more prone to land subsidence. Overall, this study provides valuable insights for predicting
subsidence, assessing associated risks, and guiding policy decisions to prevent future damage and facilitate community
rehabilitation.

Keywords Barapukuria coal mine - Land subsidence - Satellite time series image analysis - Change detection - Resistivity
method

Introduction et al. 2021). The consequences of such subsidence can range

from minor infrastructure damage to catastrophic environ-

Land subsidence induced by underground coal mining has
been a major concern for many countries around the world
(Del Conte and Falorni 2019; Bagheri et al. 2021, Dang
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mental and social impacts. These effects can have significant
impacts on the environment and the local economy. That
said, there is a growing concern of geo-hazards due to coal
mining as a critical construct in environmental science in
general and its impacts in particular. As a result, substantial
research interest has been generated in the area of geo-haz-
ards due to mining activities around the world (Pacheco-
Martinez et al. 2015; Del Conte and Falorni 2019; Abubakar
et al. 2020; Oliver-Cabrera et al. 2020; Widada et al. 2020;
Abubakar and Shanmugaveloo 2021; Dang et al. 2021).
The Barapukuria coal mine in Bangladesh stands as a
prominent contributor to the national economy, generat-
ing significant revenue annually (BCMCL 2023). Despite
its economic benefits, the mine also poses environmental
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challenges, particularly in the form of land subsidence (Alam
et al. 2022; Arifeen et al. 2021; Islam and Chakraborty 2021;
Howladar 2016a). The subsidence issue is a major concern
due to the high population density (~ 1125 people per square
kilometer) in the surrounding area (BBS 2021). The subsid-
ence can have severe impacts on the lives and properties of
the local residents. With the shortage of agricultural land in
the region, the subsidence can further exacerbate the difficul-
ties faced by the communities. The displacement of families
and loss of crops and homes can cause significant economic
and social hardships. Since 2008, the subsidence has per-
sisted and continues to pose a threat to the area (Alam et al.
2022). To address these issues and safeguard the environ-
ment, it is imperative to investigate the area scientifically and
propose effective remediation measures.

Though various researchers examined the subsidence of
Barapukuria coal mine from different perspectives, no work
has been done yet to analyze the pattern of subsidence and
examine subsurface condition of the nearby habitats near
the subsided zone. For example, Islam and Hayashi (2008)
explored the area during 2008 when the subsidence began.
However, the study was exploratory in nature based on
coal bed methane and not focused on surface subsidence.
Further, extensive research works were done by Howladar
(2012, 2016) and Howladar and Hasan (2014). The focus of
their research was to study the impact of coal mine on water
and surrounding environment. In a relatively recent study,
Arifeen et al. (2021) has examined the impact of mine on
surrounding environments at Barapukuria highlighting the
changes of land use and land cover. In another study, Alam
et al. (2022) has simulated the mine induced subsidence
using the displacement discontinuity method and indirectly
discussed the potential danger for surrounding settlement
area.

It is important to note that all of these studies focused on
the impact of subsidence on water and the surrounding envi-
ronment ignoring the directional trend and quantification of
annual areal rate of subsidence. In addition, there is a dearth
of research examining aerial extent of subsidence with
regard to coal production. Apart from these, it is necessary
to forecast that subsidence and explore the subsurface condi-
tion of nearby habitat areas and investigate whether they are
at risk or not in the context of subsidence nature. This study
aimed to fill this gap by comprehensively analyzing the sub-
sidence and subsurface condition by utilizing both satellite
imagery and resistivity methods. In fact, the integration of
open-source satellite data and cost-effective, non-destructive
resistivity surveys is a widely adopted approach worldwide
(e.g., Indonesia, Malaysia, India, China, USA, Australia etc.)
for studying various types of geohazards and conducting
risk assessments (Singh et al. 2011; Kannaujiya et al. 2019;
Muhammad et al. 2020; Widada et al. 2020).
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Therefore, the objectives of this research were to com-
prehensively investigate the subsidence, including its trend,
calculate the total areal extent and annual rate, forecast the
future subsidence and investigate the subsurface condition
of nearby villages to identify potential vulnerable zones
integrating satellite data and resistivity methods. Analyses
of subsidence regarding coal mining and subsurface condi-
tion in response provide crucial insights for designing and
implementing effective strategies and planning for sustain-
able mine development as well as reducing geo-hazards.

Geological setup

The Barapukuria coal basin in NW Bangladesh is the coun-
try’s first underground coal mine.Tectonically, the Bara-
pukuria coal basin is located in the Rangpur Saddle of
Bangladesh and is surrounded by the Himalayan Foredeep
to the north, the Shillong plateau to the east, and the Indian
Shield to the west (Alam et al. 2003). Geomorphologically,
the surface above the coal basin seems like a flood plain
basin with a 5 km? area, drained by the tributaries of the
mighty river, Jamuna. Topographically, the region has low
elevation, a gentle southward slope, and sits at an elevation
of 30-36 m above mean sea level. Most of the land in the
area is used for agriculture, primarily for growing rice (Islam
and Hayashi 2008).

Geologically, the Barapukuria Basin is an asymmetrical
north—south syncline (Fig. 1) containing Permian Gondwana
coal-bearing sediments resting on an Archaean basement
complex. The sequence mainly consists of continental arena-
ceous sediments, along with siltstones, shales, and up to six
coal seams, reaching a thickness of up to 390 m. Subsidence
along a major north—south fault in the Archaean basement,
which also forms the eastern basin boundary, likely facili-
tated the formation of this sequence. The faults in the basin
can be categorized as intra-basinal and boundary faults, as
suggested by Bakr et al. (1996). The basin features numerous
faults affecting the Gondwana sequence, with 37 faults iden-
tified through seismic interpretations (Hossain et al. 2020a,
b). These faults typically occur in pairs, dipping towards the
ESE. The Eastern Boundary Fault, spanning at least 5 km in
an NNW-SSE direction, has significantly influenced basin
sedimentation. It exhibits a westward displacement, affect-
ing formations from the basement to the Tertiary age. This
fault has a dip of 70-75 degrees towards the west, indicating
a dominant dip—slip component and creating a half-graben
type basin. Deposition thickness increases towards the east
and southeast of the basin (Hossain et al. 2019). The stra-
tigraphy of the Barapukuria Basin is mainly composed of
Quaternary Alluvial deposits, Gondwana coal seams and
the Precambrian Archean basement complex which is out-
lined in Fig. 2. An unconformable layer of the late Miocene/
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Fig. 1 Surficial features and the areal extent of the subsidence zone, and their orientation, along with the subsurface geological structure of the
study area. Boreholes and geophysical vertical electrical sounding points in the surveyed area are used to assess the subsurface condition

Fig.2 Stratigraphy of the study
area indicated the stratigraphic
position of coal seams with
respect to other overburden and
underburden formations [after
Bakr et al. (1996)]
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Pliocene Dupi Tila Formation conceals the basin entirely,
with a thickness of 100-220 m.

Methodology

Vertical Electrical Sounding (VES) and Landsat satel-
lite imagery are valuable tools for analyzing land subsid-
ence and understanding its underlying causes (Singh et al.
2011; Widada and Saputra 2018; Kannaujiya et al. 2019;
Muhammad et al. 2020; Widada et al. 2020). VES provides
insights into the subsurface resistivity distribution at specific
depths, allowing the identification of potential subsurface
voids, compaction zones, or changes in groundwater levels
that may contribute to land subsidence. On the other hand,
Landsat satellite images offer a broader view of land surface
changes over time, helping to detect large-scale subsidence
patterns and land use alterations. By combining VES data
with Landsat imagery, a comprehensive understanding of
the spatial distribution, trends, and contributing factors of
land subsidence can be achieved, ultimately aiding in risk
assessment and effective planning to combat the situation.

Fig.3 Workflow shows the dif-
ferent steps used in this study

Time series analysis with using false
color composite

Validate the result

Areal extent and rate of subsidence
calculation in ArcGIS 10.5

Subsidence directional trend analysis
and forecasting

Satellite images and VES surveys were used to identify
the surface and subsurface vulnerable zones. In fact, the sat-
ellite images can give us a potential clue to detect change
and trend due to land subsidence from which we can project
the potential vulnerable zone (Widada et al. 2020). Subsur-
face zones are actually vulnerable or not can be assessed
further by electrical resistivity method (Widada et al. 2020).
The flowsheet of the conceptual methodology applied in this
research work is shown in Fig. 3.

Satellite image analysis

Satellite time series data are used to identify changes in the
landscape over time period (Sidhu et al. 2018). It is also used
in this research to identify the nature and trend of subsidence
over time. Due to availability of long-time satellite data sets
as open source, we collected Landsat-7 ETM + (Enhanced
Thematic Mapper Plus) and Landsat-8 OLI (Operational
Land Imager) data at the month of November and Decem-
ber from 2005 to 2020 having 30 m and 16 day spatial and
temporal resolution, respectively. During these periods,
cloud free and apparently clear images were found. The

Identifying potential resistivity survey
and borehole location to explore the
subsurface condition

Lithological Model Generation

Resistivity Model Generation

Model Validation using borehole
lithology

Identifying potential risky zone

*GEE-Google Earth Engine
*WVES-Vertical Electrical Sounding

Table 1 Specification of

R Satellite Sensor Path/row

satellite data used for the
investigated area Landsat-7  ETM+  138/042
Landsat-8 OLI 138/042

Year of acquisition Spectral bands Resolution (m) Cloud cover
2005-2013 8 30 <5%
2014-2020 11 30 <5%
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specification of the satellite data used in the research work
is shown in Table 1.

The Landsat satellite images were fetched from the web-
site of the United States Geological Survey (USGS) (https://
earthexplorer.usgs.gov/) by google earth engine, a cloud-
based platform for geospatial analysis (Gorelick et al. 2017;
Xiong et al. 2017). To effectively use remotely sensed data
for change detection, various methods are available (Lu
et al. 2004; Zhu 2017). We used the multidate false color
composite image comparison method to detect land cover
changes visually using multi-temporal satellite images which
consider texture, shape, size, and patterns of the images to
identify land use and land cover (LULC) changes effec-
tively (Martin 1989; Patra et al. 2006; Xu and Chen 2012;
Imam 2019). As we have the study area’s knowledge and
familiarity from field visit, this technique works as a fast
and economical way to identify our target zone and detect-
ing changes annually. All the maps were assigned to the
WGS1984 UTM Global Geodetic Coordinates System.

All the images were processed using google earth engine
and later in GIS platform, involving geometric and radio-
metric enhancement, mosaicking, and sub-setting of dif-
ferent Landsat sensors. In order to improve the precision
of change detection using the multidate image comparison
method, additional high-resolution Landsat-8 OLI satel-
lite images from the years 2014 to 2020 were incorporated
(Tiwari and Saxena 2011; Kaul and Sopan 2012; Rawat and
Kumar 2015). Moreover, ESRI landcover and Dynamic
World landuse landcover maps and existing scientific reports
were integrated to validate and verify the obtained results
(Brown et al. 2022; Chaaban et al. 2022). To calculate the
aerial extent of the subsided area annually, we employed an
indirect visual analysis method in ArcGIS 10.5 version after
georeferencing the images (Martin 1989; Choudhury et al.
2012; Dang et al. 2021). The accuracy of the measured val-
ues was validated through direct field visits for the last three
years (2018-2020), while the aerial extent of subsidence
values was validated using previously published landcover
maps, reports and journals (Arifeen et al. 2021; Brown et al.
2022; BCMCL 2023).

Subsequently, we determined the annual rate and trend of
subsidence from the images and employed statistical linear
regression to extrapolate the aerial extent of subsidence for
the next ten years, estimating the vulnerable area of future
subsidence. The trajectory direction of subsidence and the
potential risky zone were identified using visual graphics,
and accordingly, a vertical electrical resistivity survey was
conducted in the area to explore the subsurface conditions
near habitats where thousands of people reside.

Surface electrical resistivity

Based on the trajectory of areal extent of subsidence to iden-
tify potential risky zones, we conducted a vertical electrical
resistivity survey in the study area. This survey aimed to
explore the subsurface condition of nearby habitats where
thousands of people reside. We used three vertical electri-
cal resistivity (VES) profiles at the habitat areas to explore
where land subsidence is likely to occur and to what extent.
Though this method is comparatively old, it is still very
effective and reliable for exploring subsurface conditions
(Widada et al. 2019; Ulfah et al. 2021). Moreover, previous
studies found 90% reliability for identifying subsurface geol-
ogy in the sedimentary environment of Bangladesh using
this method (Rahman and Woobaidullah 2020).

The resistivity survey was conducted in the field accord-
ing to the standard method of ASTM D6431 (2010). Prelimi-
nary location of survey lines was investigated with the aid
of satellite image and on-site visit was conducted to justify
the location and enough accessibility to cover whole study
area. The survey line was oriented perpendicular to the land
subsidence trend, extending 500 feet to investigate subsur-
face conditions up to 200 feet deep. Subsurface anomalies,
such as cracks, faults, or other irregularities, result in abrupt
increases in resistivity, signaling potential anomalous zones
(Wenner 1916). It is crucial to note that subsurface geologi-
cal layers, porosity, compaction, and other factors signifi-
cantly influence resistivity (Woobaidullah et al. 2016). Given
the presence of clay and sandy layers in the survey area,
this method effectively distinguishes between vulnerable and
non-vulnerable zones. By applying this approach, we can
accurately assess the vulnerability of subsurface concerning
the vertical depth influenced by the subsidence trend.

Schlumberger array was used as it is less susceptible to
contact resistance and nearby geologic conditions that may
affect readings and slightly faster in field operations, since
most of the time the current electrode is moved between
readings (Woobaidullah et al. 2020). All things were taken
into consideration, which may cause noise during the

Power Source
(12 V Battery) N
—W———(Ah
A, B- Current Electrode ‘v =
M, N- Potential Electrode l = P
V- Measure voltage M v v === Equipotentialline
A- Measure Current Layered Earth

Fig.4 Vertical electrical sounding (VES) layout for field survey
(ASTM D6431 2010)
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measurements and could influence the output. For instance,
before the survey at each location, contact resistance was
checked in order to get a greater signal-to-noise ratio. In fact,
the resistivity of sub-soil is affected by soil composition,
moisture content, and temperature.

During data acquisition, we positioned four electrodes
symmetrically in a straight line (Fig. 4) to ensure good con-
tact with the subsurface. We progressively increased the cur-
rent electrode spacing to improve vertical depth resolution
while keeping the potential electrode spacing constant. It is
important to note that if the ratio of current electrode spac-
ing to potential electrode spacing is too short, it can impact
potential difference measurement accuracy (Khalil 2020).

To address potential distortions caused by lateral hetero-
geneity and equipment failures, we used an updated resis-
tivity meter, the McCOHM (Model-2115, OYO Corporation,
Tokyo, Japan, Digital Electrical Prospecting System). This
robust device integrated the transmitter and receiver, enhanc-
ing signal-to-noise ratio with its built-in stacking processing
function. It automatically recorded and digitally displayed
results during data collection, ensuring accuracy (Thabit and
Al-zubedi 2015). We followed a similar procedure to collect
data from all other points in the study area.

Like all other geophysical methods, resistivity method
faces some ambiguities. Borehole logging data were used
for calibration of the resistivity results to overcome these
ambiguities (ASTM D6431 2010). Borehole and VES
survey location were much closer to borehole location for
comparison and calibration (Fig. 5). IX1D open source soft-
ware was used for processing resistivity sounding data and

utilized Rockworks 17 commercial software for lithology
and resistivity modelling. Local geology, geomorphology
and hydrogeological conditions were focused to reduce
the interpretation ambiguities arising from equivalence of
the resistive layers and their thickness. Previous published
reports and articles were also used to justify our interpreta-
tions (Woobaidullah et al. 2016, 2020).

Results
Satellite data analysis

Since the commencement of subsidence, the area had been
consistently filled with water. As a result, a false-color com-
posite image utilizing the SWIR, NIR, and Red bands was
employed to classify the images into two distinct features.
The feature of interest, indicative of the formation of a sub-
stantial water pool due to subsidence, appeared as a distinc-
tive blue color. In contrast, the remaining features within
the research area appeared as black pixels (Fig. 6). Upon
careful examination of the classified image generated from
the false-color composite, it revealed that no subsidence
observed till 2007 since the beginning of commercial mining
operations in 2005. However, subsidence began primarily in
2008 and areal extent of subsidence was 4.9 acres (Table 2)
and by 2010, a double subsidence zone formed, whereas the
northern zone being smaller in comparison with the larger
southern zone (Fig. 6).
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Fig.5 Calibration of VES model with lithological model. A Raw data collected from field and curve fitting. B Subsurface layered model curve
along with apparent resistivity and thickness. C Borehole lithology which is closely in line with the resistivity layered model
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Fig.6 Annual land subsidence time lapse images from 2005 to 2020
were generated using a multidate three-band false color composite
(SWIR, NIR, Red) of the Barapukuria coal mine area. Images were

Over the subsequent years, subsidence continued to
increase in a linear fashion. By the year 2020, the two
subsidence zones had merged (Fig. 6), resulting in a total
subsided area of 214 acres (Table 2). This represented a
significant increase, exceeding 40-fold when compared to
the subsidence area observed in 2008. The aerial extent of
subsidence over this period was calculated using the ArcGIS
10.5 platform, after proper georeferencing of the images.
The results obtained were subsequently validated through
comparisons with ESRI and Dynamic World Landcover
maps (Fig. 7).

After carefully analyzing the images, it revealed the con-
tinuity of aerial extent and an alarming trend of subsidence

Subsidence started
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collected in the month of December each year and calibrated using
field visits and high-resolution satellite imagery

pattern for the study area that has developed since the
beginning of subsidence in 2008. Image analysis conducted
from 2008 to 2020 clearly indicates that the subsidence area
was nearly oval in shape and its trend was west to east direc-
tion (Fig. 6). Table 2 data consistently showed a progres-
sive increase in the cumulative subsided area, reflecting a
gradual expansion of land subsidence in the region over the
years. This trend aligns with observations from satellite data
spanning 2008 to 2020. However, individual yearly subsid-
ence areas exhibited variability, with certain years experi-
encing significant subsidence, such as 33.8 acres in both
2015 and 2016, 45 acres in 2020 while others witnessed
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Table 2 Time series data of total subsidence, annual subsidence and
coal production

Year  Cumulative area of
subsidence (acres)

Individual year sub- Annual produc-
sided area (acres) tion (lakh MT)*

2008 4.9 49 8.4
2009 123 7.4 7.15
2010  27.6 15.3 6.5
2011 309 33 8.5
2012 449 14 8.6
2013 59.15 14.25 9.65
2014 734 14.25 6.8
2015  107.2 33.8 10.25
2016 141 33.8 11.6
2017 151 10 9.23
2018 163 12 8.05
2019 169 6 8.11
2020 214 45 7.54

*Source: BCMCL (2023)

minor subsidence, e.g., 4.9 acres in 2008 and 3.3 acres in
2011.

From the correlation (Fig. 8), it is prominently seen that
the cumulative subsided area increased linearly with time
and their correlation coefficient was nearly perfect (0.98)
in nature. However, surprisingly, no significant correlation
(0.34) found between annual coal production and individual
year subsidence. In addition, an insignificant correlation
(0.23) found between total subsided area and annual coal
production.

The rate of subsidence was notably higher (17.4 acres per
year) (Fig. 9), and predictions based on the annual rate of
areal extent using linear regression for next 10 years suggest
that the subsided area will be nearly doubled (405 acres) by
2030 (Fig. 10).

Resistivity data analysis

Based on the forecasted trajectory of subsidence derived
from linear regression (Fig. 10A), vertical electrical
sounding survey conducted in the extrapolated risky zones
(Figs. 1 and 10B) which revealed four distinct lithologi-
cal units (clay, mixed clay and sand, fine sand, and coarse
sand layers). The borelogs and VES results closely agreed
with each other where the thicknesses of the layers were
generally consistent (Table 3). The lithological profile
showed the vertical and horizontal distribution of subsur-
face lithology of the two nearby villages (Fig. 11) which
demonstrated that sand layer was sandwiched between two
clay layers.

The resistivity distribution of subsurface layers from
VES survey helps to assess the existence of vulnerable
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zones (Fig. 12). The resistivity section along N-S direction
revealed a striking contrast in resistivity between the south-
ern and northern parts of the study area. Most importantly,
the northern part of the study area at 60—100 feet depth
showed relatively higher resistivity (80-90 €.m) compared
to the southern part (20-80 Q.m) having subsurface extent of
1 km demonstrating significant anomaly below the surface.

Discussion

This research aimed to provide a more robust understand-
ing of mine-induced subsidence and associated risk in the
Barapukuria coal mine and its surrounding. The results
from this study showed a pronounced west-to-east direc-
tional trend, towards the nearby residential areas (Fig. 6),
revealing an eastward inclination of the underlying geologi-
cal layers. Previous research indicates the complexity of the
subsurface characteristics, marked by various faults, linea-
ments, and an identified asymmetrical synclinal structure
within seismic sections (Islam and Hayashi 2008). Notably,
the crucial insight emerges from Alam et al. (2022), shows
that the fold's axis aligns in a north—south direction, with its
sloping side tilting towards the east. This arrangement likely
explains the possible reason of orientation of subsidence
towards the east. Using displacement discontinuity method,
he concluded that the role of fault and dykes is negligible
for subsidence at Barapukuria where subsurface tilted strata
and strain factors mainly plays a vital role for subsidence. He
also doubted in his research about the future vulnerability of
nearby villages and coal mine and recommended backfilling
and other methods to adopt to manage the situation.

The subsidence phenomenon exhibited an approximately
oval shape, which reflects the variations in lithology of over-
burden and bedrock and the flat coal seams. This observation
aligns with a recent theoretical analysis conducted by Yan
et al. (2021) concerning mine-induced overburden subsid-
ence in horizontal coal seams in Mongolia. He deduced that
variations in lithology and properties between the overbur-
den and bedrock lead to the formation of three-dimensional
bowl or two-dimensional oval like shape of the subsidence
area.

The continuous extension as well as the alarming rate
(17.4 acres per year) of the phenomena further suggest
that the subsurface layer is composed less competent rocks
which are vulnerable to subsidence. Research suggests that
the less competent coal-bearing formation of Barapukuria
stratigraphically existing below the Dupi Tila water-bearing
formation, naturally vulnerable to subside (Howladar 2016).
In addition, the stratigraphy of the study area formed under
river deltaic condition (Hossain et al. 2020a, b) and recent
study revealed that coastal plains and river deltaic regions
are highly prone to frequent land subsidence, accounting for
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around 47% of 290 study areas worldwide (Bagheri-gavkosh
et al. 2021). The possible other factor responsible for the
continuous extension of subsidence area is the overexploita-
tion of ground water. Bagheri et al. (2021) found that human
activities are responsible for 76.92% of all land subsid-
ence cases, with groundwater extraction being the primary

contributor, accounting for 59.75% of these cases (Bagheri
et al. 2021). They also showed a strong and direct correlation
between the average land subsidence rate and groundwater
withdrawal (R2 =0.950) as well as groundwater level decline
(R?>=0.888). In fact, 14 deep tube wells are continuously in
operation to cool the thermal power plant located near the
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Fig.9 Observed and simulated subsidence at Barapukuria

Barapukuria coal mine (Sunny 2018). As a result, low per-
meable clay may deform, compact and eventually subside.

The present study provides a significant insight into the
relationship between subsidence and coal production in the
study area over a 13-year period. Quite surprisingly, we
didn’t find any significant statistical correlation between
annual coal production and areal extent of subsidence
(Fig. 8). Despite some years a larger subsided area cor-
responded with lower production, a clear and consistent
relationship between the two variables was not established.
However, it possibly indicates that other factors are respon-
sible for the continuous aerial extent of subsidence in the
area. Given that Ghazifard et al. (2017) found that subsid-
ence is influenced by factors like sediment properties (type,
thickness, stiffness, and compressibility), geological history,
coal basin structure, hydrogeology, mining method, and the
presence of multiple coal seams.

@ Springer

From borehole and VES survey we deciphered the sub-
surface lithology of the nearby villages mainly composed
of sand, clayey sand and sand, which are more prone to
subsidence. This finding is congruent with the recent study
conducted in Malaysia which showed that Holocene deposits
in river deltaic regions are naturally soft and more prone to
subsidence (Widada et al. 2018, 2019). They concluded that
the presence of mechanically unstable clay/sandy clay layers
of Holocene age is susceptible to compression contributing
to substantial land subsidence.

Based on the east ward direction of surficial extent and
the forecasted trajectory of subsidence, the conducted VES
survey revealed a notable high-resistivity zone in the north-
ern region of the area, coinciding with the presence of the
thickest layers of alluvial sediments that possess a higher
consolidation potential (Widada et al. 2018). Furthermore,
the northern part of the area is characterized by a denser
population compared to the southern part (Arifeen et al.
2021). One plausible explanation is that this denser popula-
tion, coupled with overexploitation of groundwater and the
ongoing trend of subsidence expansion, may lead to sub-
surface conditions deteriorating due to layer compaction,
resulting in increased resistivity. It may also reflect differ-
ential compaction of different hydrostratigrapahic unit of
Holocene alluvial deposits. Our findings are supported by
previous study conducted by Howlader (2014). He reported
that groundwater is declining in this area day by day causing
the decrease of porosity and permeability leading compac-
tion of subsurface layers which eventually give higher resis-
tivity value than the surrounding zone. Further, extraction of
groundwater by the nearby thermal power plant exacerbates
this condition.

Moreover, in the field visit we found shattered walls and
cracked yards in the northern part of the study area shown
in Fig. 13. Since the coal extraction, several villages near the
mining area (Moupukur, Jigagari, Sardarpara, Kalupara, and
Bashpara) have experienced land subsidence while excava-
tion activities resulted in cavities formation (Sunny 2018).
Therefore, from the survey and field photo observation, it
reflects some crucial evidence that the habitat of the north-
ern part (Patrapara) is more vulnerable to geohazard in near
future.

The geophysical data also indicates that the same layer
in the southern part of the study area does not currently dis-
play any anomalous resistivity values. This may be due to a
less pronounced trend of expansion of subsidence and urban
development in the southern region. However, it is important
to note that in the future, the southern part may also be influ-
enced by similar conditions. Alternatively, it may be other
unknown factors which may cause normal resistivity below
the surface at that particular depth in the southern part of the
study area. However, further work is needed to unravel the
subsurface scenario in detail incorporating other direct and
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Table 3 Comparison of Lithology from Borelogs Borehole thick-  Lithology from VES VES thickness Resistivity

borelogs and VES data ness (feet) (feet) (ohm-m)
Clay 30-40 Top soil 0.5-13 5-20
Mixed Clay and Sand 5-10 Clay 1540 2-12
Fine sand 80-100 Fine sand 60-100 10-110
Coarse sand 30-50 Coarse sand 40-50 20-50

(A)
South
Wes

Depth (ft)

Fig. 11 Borelog-derived A lithological fence diagram, and B lithological cross section along north—south direction of the study area
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indirect geological and geophysical methods for confirma-
tion the scenario. Given the recent plan to extend the north-
ern part of the coal mining area (“Barapukuria coal mine”
2021), it is crucial that policy makers take these findings into
consideration to assess the vulnerability of the subsurface
in detail and take action to rehabilitate affected communi-
ties. Further, this issue should be taken into consideration
for future exploration of other 4 coal fields in Bangladesh.

Limitations and future research directions

While this study offers valuable insights, it has limitations
that can guide future research. These include a limited
number of boreholes and VES surveys, which should be
expanded in future studies. To advance our understanding,
future research should employ a broader range of geological
and geophysical methods for detailed subsurface analysis in
sustainable mine development.
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Fig. 13 Surface cracks and shattered walls found during the field visit
in the northern part of the study area

Nevertheless, this study’s key contribution lies in its com-
prehensive analysis of Barapukuria’s subsidence phenom-
ena, including trend forecasting. This research significantly
enhances our understanding about the expanding subsid-
ence issue, aiding regional planning and development. In
addition, through geophysical and borehole data analysis,
we have identified the subsurface areas at risk of geohaz-
ards related to land subsidence. We expect our findings will
empower the decision makers for informed decision-making
and proactive mitigation measures against the impact on
human activities and infrastructure. Furthermore, integrating
these methods into natural disaster research holds promise
for global studies in the future.

Conclusions

In this study, we analyzed the land subsidence in the Bara-
pukuria coal mine as well as investigate the subsurface
zone to assess the risk through the integration of satel-
lite and resistivity methods. The analyses enabled us to
comprehensively understand the alarming rate (17.4 acres
per year) and west-to-east trend of surficial extent of land
subsidence directed towards the nearby habitats along with
forecasting future subsidence area, which will helpful for
the sustainable mine design, and planning regional devel-
opment of the study area. Particularly, this study helped
in identifying subsurface zone of nearby habitat that is
highly prone to geohazards associated with land subsid-
ence. Furthermore, this study identified subsurface layers
which are essentially Holocene deposits composed of clay,

@ Springer

clayey sand and sand. In fact, the layers are incompetent
in nature and may undergo a rapid land subsidence in near
future. Therefore, our results highlight the need for imme-
diate actions for the alarming annual rate of surficial areal
extent of subsidence and vulnerable subsurface condition
of adjacent living areas to rehabilitate the people by the
authorities.
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