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Abstract

Water management is a strategic factor in old coal mine working areas due to disturbance in the aquifer caused by subsidence
resulting in drying of wells and streams. Cavity formation due to underground mining leads to roof fall, heaving of clay floors and
collapse of coal pillars in soft clay floors. Logging of water in old mine workings is a common phenomenon especially during
rainy season. Mine water is extensively used in various mining activities, and hence, a study has been conducted in part of
Jamadoba 6 and 7 Pits, Jharia coalfield, India, to assess the hydrological condition during and post-monsoon. Initially, a
conceptual model has been prepared to identify the possible sources of water including its path entering into old mine workings.
Electrical resistivity tomography (ERT) i.e. Wenner-Schlumberger configuration with quality factor 5 has been adopted as it is
effectual and reliable in detecting subsurface cavities at shallow depth and the possible path of transmission of subsurface water
into the mine void with season variation. The study helped in identification of abandoned incline, porous and permeable strata
conditions. The correlation of the resistivity variations is observed to be in close approximation with working plans and available

borehole lithology. This technique proved to be suitable for adopting such studies.
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Introduction

Scarcity of groundwater in coal mining areas is due to distur-
bance in aquifer zone. Outflow of groundwater at shallow
depth affects in logging of water in underground workings.
Geological disturbances help in leading the path for the flow
of such water bodies. The surface and groundwater are a part
of mining section in a catchment area (Salonen et al. 2014).
Land subsidence in mining area could have a great influence
on the available surface water system and groundwater storage
and can cause an impact on water environment (Xu et al.
2014; Zha 2008; Zhang et al. 2014; Jinhai et al. 2018). Mine
water is used for mineral processing, dust suppression and
slurry transportation and hence is an extremely important re-
source for the mining industry. Therefore, the approachability
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of water is one of the key sources for the entire mining and
mineral processing industry.

The geophysical prospecting method is extensively
adopted in delineation of boundary of old and abandoned
underground workings and accumulation of water because
of its high proficiency and non-destructive characteristics
(Roy 1996; Anbazhagan and Sitharam 2008; Coles and
Morgan 2010; Plati et al. 2010; Peng et al. 2016). There are
several geophysical techniques, and each of them has certain
advantages and limitations. For instance, (i) ground penetrat-
ing radar (GPR) possesses strong resolution but restricted to
depth of investigations and topographic variation are the
influencing radar signal (Davis and Annan 1989; Daniels
2005) and (ii) seismic and Rayleigh wave-layering ability is
strong, but the justification to water filling is not noticeable
(Yang et al. 2010); and (iii) the transient electromagnetic
method (TEM), being slightly affected by topography, detects
accumulation of water in underground voids prominently. It
has no clear response to high-resistance anomaly (Danielsen
et al. 2003; Jorgensen et al. 2003; Jiang et al. 2007; Yu et al.
2008). In previous studies, various geophysical techniques are
generally used to hydrogeological conditions, landslides and
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groundwater exploration and environmental and near-surface
problems. Nevertheless, there are few researches on the inves-
tigation of goaf and water-bearing areas in coal mines.

ERT method has extensive use in field of environmental,
complex subsurface geology and shallow subsurface investi-
gations. Amongst geophysical techniques, ERT has been
demonstrated to be very operative and appropriate technique
for detection of subsurface cavities (Abu-Shariah 2009; Panek
et al. 2010; Martinez-Moreno et al. 2014; Martinez-Pagan
et al. 2013; Metwaly and AlFouzan 2013; Bharti et al.
20164a, b). Contrast resistivity, which is achieved by imagery
method, helps in better detection of subsurface cavities, geo-
logical disturbances, solid bedrock, sediments, air and water-
filled conditions.

A few studies were carried out in recent past years over
Raniganj and Jharia coalfield for identification and delineation
of mine workings. Maillol et al. (1999) studied resistivity im-
aging method for detection of uncharted mine galleries in
Raniganj coalfield, West Bengal, India. The water-logged area
in abandoned old workings at Hingir Rampur colliery was
delineated by Singh (2013) using 2D resistivity imaging sys-
tem by single array approach. Bharti et al. (2019) detection of
old mine working over Jharia coalfield by electrical resistivity
tomography technique in which coal pillars has been identi-
fied with relatively high resistivity anomaly whereas galleries
and goaf have been delineated with relatively low resistivity
anomaly. Krishnamurthy et al. (2009) delineated coal seam
barrier thickness and demarcated water-filled voids through
electrical resistivity method. Das et al. (2017) carried out in-
vestigation on abandoned coal mine galleries in Jharia coal-
field, India, by resistivity imaging technique. They used
Wenner, Schlumberger, dipole-dipole and gradient arrays,
and the outcomes showed the existence of subsurface water
and air-filled cavity due to resistivity anomaly distinction with
respect to surroundings. Bharti et al. (2016a, b) studied detec-
tion of subsurface voids associated with illegal mine using
electrical tomography technique over Raniganj coalfield,
West Bengal, India.

Several shallow old/abandoned mine working situated in
Jharia coalfield and their current status is indistinct. Thus, a
state-of-art technique is required for mapping of unidentified
water-logged zone due to old mine workings. The present
study was conducted in the Jamadoba 6 and 7 Pit colliery,
which falls in northern part of Jharia coalfield in Dhanbad
District, Jharkhand, India. The key objective of the study is
to delineate and map subsurface hydrological condition in
strata associated with old and unapproachable mine workings
using Wenner-Schlumberger configuration. Pazdirek and
Blaha (1996) stated that Wenner-Schlumberger configuration
is a combination of Wenner and Schlumberger arrays which is
sensitive in both horizontal and vertical directions. Wenner
and the dipole-dipole array combination are best suited for
investigation of multiple oriented geological structures
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(Loke 1999). The depth of investigation can be enhanced by
10% and a better horizontal coverage can be achieved using
this combination than done only by Wenner array for the same
stretch of survey (Loke 1999).

Study area

Hydrological condition in strata associated with old mine
working was assessed at Jamadoba 6 and 7 Pit colliery of
Jharia coalfield, India (Fig. 1). The stratigraphy of Jharia coal-
field is unconformable overlying Archean basement. The rock
formation belongs to the Lower Gondwana group rocks of
Permian age comprising Talchir, Barakar, Barren measures
and Raniganj formations, from bottom to top (Chandra
1992). After completion of development in coal seam in chess
board pattern, coal is extracted in the form of panels. These
panels are generally maintained in subcritical dimension to
prevent structural damages by minimising subsidence magni-
tude. The available borehole section located in the vicinity of
the study area is shown in Fig. 2.

A concept of water entering in old mine out area

As a general concept water inundates goaf area by the various
geological activities, and natural process is shown in Fig. 3. In
most mining operations, water is pursued from groundwater,
streams, rivers and lakes, heavy rain fall, or through commer-
cial water service suppliers. Old mine workings at shallow
depth are subjected to inrush of water mostly from the drain-
age basin and hydraulic connections. The amount of free wa-
ter accumulated in the pore space is nearly washed out. It is
mainly depending on rainfall infiltration into the rock mass,
and the inflow time is flexible and depends on the route
through which the water wanders. Subsidence caused by un-
derground mining operation affects surface water due to
change in topography and also affects groundwater due to
disturbance of strata.

Methodology

ERT technique is a non-conventional geophysical method ex-
perienced in the form of profiling and sounding to interpret
respectively lateral and vertical structures of subsurface char-
acterizations. The application of ERT technique is related to
current scattering of the subsurface. The information related to
geological disturbances which are concealed from the surface
can be uncovered by resistivity method (Keller and
Frischknecht 1966; Telford et al. 1976). Sedimentary rock is
typically characterized by porosity, bearing high water con-
tent. In general, resistivity of coal range in 50 to 10° Q m
(Verma and Bhuin 1979; Singh et al. 2004) while sandstone,
shale, clay, water and limestone have resistivity range of 8—4
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Fig. 1 Location map the study area along with generalized map of the Jharia coal field

x 10%, 20-2 x 10°, 1-100, 10-100 and 504 x 10°Q m, re-
spectively (Keller and Frischknecht 1966).

Electrodes are fixed firmly on the ground surface at equal
interval, and direct current is transmitted in the ground
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Fig. 2 Available borehole section of nearby area

through current electrodes, and potential difference is mea-
sured via potential electrodes. A suitable configuration for
the current and potential electrodes is adopted based on the
objective of the study.

Field measurements were made using a state-of-the-art
Syscal Pro 96 Standard and Switch (IRIS Instrument system
multi-electrode resistivity meter) which can be connected to
96 electrodes simultaneously, and 10 channels of resistivity
meter for resistivity and chargeability measurements over the
possible old mine working in a Jamadoba 6 and 7 Pit colliery
as shown in Fig. 4. Based on the availability of space in the
field area for water condition in strata due to old mine work-
ing, ERT survey was carried out using appropriate configura-
tion i.e. Wenner-Schlumberger arrangement, with 5-m elec-
trode spacing for prospecting purpose during and post-mon-
soon. Total length of survey profile was 480 m.

Result analysis

2D ERT data was obtained along profile AA’ during two
seasonal phases, i.e. during monsoon and post-monsoon using
Wenner-Schlumberger configuration. The acquired data was
imported in the Prosys-II data user software. The Prosys II
software allows to run an automatic filtering by data process-
ing. This option allows to filter the data in a classical way (it
contains, by default, some rejection threshold for the main
parameters, and some lateral data smoothing). So, this filtering
can be used in most of any standard cases. This automatic
filter technique was also used by other researchers for near-
surface in homogeneities, leading to over-smooth tomograms
aimed at analysing specific features at depth, or they focused
only on spike noise, which are singular anomalous values
within the measured resistivity pseudo-section (Ritz et al.
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Fig. 3 A conceptual model of
entering water in old mine
working

Sedimentary formation

1999; Ferathia et al. 2009, 2012; Rosset et al. 2013). After
filtering, the number of data reduced to 70 from 84 at a depth
of 10.38-m level as shown in Fig. 5. A total of 3841 raw data
were generated in the field during the monsoon, and the
amount reduced to 2134 after filtering resulting in 44% reduc-
tion in data, imparting higher noise formation during rainy
season due to improper current flow at greater depth causing
distortion at the conducting near surface. However, generally,
geophysical survey is avoided during rainy season, but study
was conducted to understand the objective of the research.
The percentage of data reduction after filtering during the
measurement conducted in post-monsoon was 33%. This im-
parts a clear indication of large noise generation during mon-
soon period. The processed data was exported to RES2DINV
software for inversion of apparent resistivity to true resistivity

Fig. 4 Layout of the instrument
over study area along with surface
mine plan

@ Springer

distribution in the ground. Spicks and noises were also re-
moved by least square optimization technique using
RES2DINV (Loke and Barker 1996). Inconsistency in the
resistivity values was observed in the sections. The 2D
geoelectric sections of profile AA’ estimated using Wenner-
Schlumberger configuration with sensitivity analysis are
shown in Figs. 6, 7, and 8, respectively.

During monsoon

The inverted data of the geoelectric section of profile AA’
(Fig. 6a) measured during monsoon revealed heterogeneity
of the subsurface strata. The topmost layer up to a depth of
10 m was anticipated as possibility of soil/alluvium due to
relatively low resistivities in the range of 2-50 2 m. A

A’
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Fig. 5 Data reduction after filtering for the measurement conducted
during monsoon at a depth of 10.38-m level

possibility of moist weathered sedimentary formation was ob-
served at the centre of the profile with medium resistivity
range of 50-120 Q2 m. Samouelian et al. (2005) and Palacky
(1987) classified resistivity range of soil and weathered sedi-
mentary formations. Model represents a horizontal layer of
hard rock/bed rock/floor rock along the complete length of
the profile at a depth below 10 m with relatively high resistiv-
ities of the order of 120-380 2 m. Additionally, the three
prominent feasibility of water body was indicated at a depth
of about 14 to 30 m (marked zone A), 10 to 32 m (marked
zone B) and 70 to 187 m (marked zone C), with electrical
resistivity variation ranging from 2 to 9 {2 m.

The 2D ERT inverted data set was accordingly checked
for sensitivity distribution in which sensitivity ranged be-
tween 0.075 and 4.65 (Fig. 6b). The average model sensi-
tivity in relative sensitivity section was found to be high

ranging from 1.43 to 4.6 at shallow depth and low sensi-
tive values (0.075 to 0.791) in medium depths (35 to 60
m). Low value of sensitivity (0.075 to 0.791) was up to a
depth of 85 m with respect to the centre of the profile
where the high resistivity zone was delineated (Fig. 6a).
A plot was made between sensitivity and depth to define
low and high sensitivity along with range of depth as
shown in Fig. 7.

Post-monsoon

2D ERT section of the inverse model of post-monsoon (Fig.
8a) that the upper ~10-m thick layer comprised of soil/
alluvium with relatively low resistivity of 2-50 2 m through-
out the profile. A possibility of moist weathered sedimentary
formation was expected at the centre of the profile due to
medium resistivity range of 50-120 2 m. An anomalous high
resistivity of more than 240 2 m was observed beneath the
layer indicating horizontal layer of hard rock/bed rock/floor
rock along the whole length of the profile and extending up to
the depth of study i.e. 85 m. In addition, two low resistivity
signatures (marked zone B and zone C) of about 2 to 12 2 m
water body between reduced distance (RD) of about 345 to
380 m and 200 to 260 m and depth of about 24 and 70 m were
also identified.

The geoelectric inverted data set was subsequently
analysed for sensitivity spreading in which the minimum
and maximum values were 0.052 and 5.36, respectively
(Fig. 8b). A moderately low sensitivity zone (0.380 to
0.737) was estimated at the centre of profile up to a depth of
85 m, where a relatively low resistivity zone was demarcated
(Fig. 8a).

soil/ alluvium/ weather rock A
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The geoelectrical section of this array indicated presence of
soil/alluvium up to a depth of around 10 m from the surface.
The topmost seam is at an average depth of 40 m, having a
gradient of 1 in 7.2 dipping towards south-west, as shown in
Fig. 9. The interpretation of the resistivity section of the ERT
profile was drawn from the resistivity variations and the lithol-
ogy determined through borehole section (Fig. 2) and under-
ground working plan. Range of resistivity was categorised
quantitatively as low, medium and high with the support of
range defined by Verma and Bhuin (1979) and Verma et al.
(1982). A high resistivity contrast was observed near surface
from RD of 320 to 425 m indicating old mine workings.
Location was identified as abandoned incline as per the plan,
although there is no sign of incline at the surface. High resis-
tivity indicated air-filled cavity near the depth of about 18 m.

A

Depth  Iteration & RHS error = 7.1 %
0.8

1.255__*_¢______; .

9.26
15.9
25.9

33.8

5.6
52.4
59.9

68.1
77.2
87.21
Inverse Model Resistivity Sectiem

L1 1 1 | jssjecjen) jesiemjosies) § ) | |
1.37  2.88 6.8  12.7 6 55.9 17 246

;i 26.6
Inverse Model Resistivity Sectiom Unit electrode spacing 5.88 m.

A

Depth Iteration & RHS error = 7.1 3%
8.8

86.98 160.9

33.8

15.6
52.4
59.9
68.1
77.2
87.2

Model resistivity relative sensitivity section

L1 1 ] | jsmjoojeny jeosimmjoaies) ) ) |
8.852 8.181 8.196 8.338 8.737 1.43 2.717 5.36
Model resistivity relative sensitivity section

Unit electrode spacing 5.88 n.

soil/ alluvium/ weather rock

point of view. It is also a possible source for inflow of surface
water to the underground workings as shown in Fig. 9.
During monsoon, high resistivity of about ~180 2 m was
observed up to a stretch of 190 m from the starting point indi-
cating no cavity at 40 m depth (Fig. 9a). There is no underground
working up to 190-m length on correlating with the status of old
workings which validated with the surface plan as shown in Fig.
9. The developed underground working was observed at RD of
190 to 480 m as per plan. Expected water-logged zone was
identified at RD from 190 to 275 m (85-m stretch) with relatively
low resistivity of about 02 to 192 m near the depth of about 30 m
(zone A). High resistivity beyond 300 m indicated air cavity, i.e.
free from water logging. Strata at the depth range from 9 to 30 m
for RD of about 190 to 470 m appeared to be permeable. The
source of rain water (surface water) appeared to percolate from
23510255 m RD. Low resistivity of 20 {2 m was observed in this

hard rock/ bed rock/ rock floor

259.8 n.

Fig. 8 2D ERT section along profile AA’ over study area during post-monsoon a Wenner-Schlumberger array, b model resistivity relative sensitivity

section of profile

@ Springer



Assessment of hydrological condition in strata associated with old mine working during and post-monsoon... 5165

No working

Possible water log

A (during monsoon)

Depth Iteration
0.0

199
9.26
5.9
na| (@)

a9

)
52,0
59.9
o1

A Coal seam

pacing 5,00 A,

240.0

Unit electrode spacing 5.68 .

Abandoned Inclined mine

Air- filled cayity

Water filled cavity

Fig. 9 2D electrical resistivity profile (a) during monsoon and (b) post-monsoon showing the general conditions of subsurface encountered around a

section of 6 and 7 pit mine

zone indicating the inflow of surface water to the mine, indicated
from zone A to zone B.

Water-filled (marked as zone C) was found to enhance
during post-monsoon measurement as shown in Fig. 9b. The
extent of water increased from 85 to 125 m was indicated by
relatively low resistivity of about 09 €2 to 16 2 m. However,
high resistivity was found in the permeable zone indicating the
complete percolation of rain water to the mine. The water
appeared to ingress from the rise side of the developed work-
ing, i.e. at zone A and that was found to flow towards zone B
supported by the seam inclination. This consequently led to
enhanced accumulation of water in zone C as interpreted
through resistivity tomography anomalies.

Conclusions

2D ERT technique, one of the vital tools for delineation and
mapping of water logging in cavity associated with old mine
working, was carried out at Jamadoba 6 and 7 Pits, Jharia
coalfield, India, during and post-monsoon using Wenner-
Schlumberger configuration. Higher noise formation was ob-
served during monsoon as indicated by data reduction by 44%
after filtering. Distortion of current flow near surface led to
improper current flow at greater depth. The percentage of
reduction in post-monsoon data was 33% after filtering. This
imparted a clear indication of large noise generation during
monsoon period. The enhancement of resistivity ranges from
4 t0 26 2 m at around 10-m depth during monsoon and post-

monsoon, respectively, assisted in distinct demarcation of po-
rous and permeable strata. The possible location of inlet of
rain water from surface to the mine was identified through
resistivity contrast. Unknown cavity at shallow depth like
abandoned incline was also identified with high resistivity
~300 €2 m near the depth of about 18 m. Accumulation of
water in abandoned old workings was observed after post-
monsoon. The estimated range of resistivity variation of study
area was well corroborated with the field investigation results
of previous research conducted in Raniganj Coalfield and
Jharia coalfield, India, as well as borehole lithological section
and working mine plan. The result supports the application of
Wenner-Schlumberger configuration for better understanding
of old and unapproachable mine workings.
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