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Abstract

Groundwater, coal mine inflow water, and river water samples were
collected during November and December 2006 from the Barapukuria coal
mine area in Dinajpur District, northwest Bangladesh. Groundwater samples
were collected from existing shallow wells. All water samples were analysed for
major ions, stable oxygen and hydrogen isotopes, and for tritium. High Electrical
Conductance (EC) values, alkaline pH, and high temperature of collected
coal mine inflow water signify a good hydraulic connectivity between the most
fractured coal seam bearing Gondwana aquifers and the overlying Dupi Tila
aquifers. Both groundwater and coal mine inflow water were dominantly of
Na-Ca-HCO, and Ca-Na-HCO, type. The clustering of groundwater and
coal mine inflow water samples along the Local Meteoric Water Line (LMWL)
within narrow range indicates a common origin for the collected water samples,
and thus indicates that the groundwater and coal mine inflow water originate
from local rainfalls. The similarity between the average &'®0O composition
of groundwater and coal mine inflow water indicates that the groundwater
percolates into the coal seam bearing Gondwana aquifers without changing
recharging groundwater 8*O compositions. Both the groundwater and mine
water tritium values were <1.0 TU, which could be considered as old water
recharged prior to 1952. Finally, it can be concluded that the Barapukuria coal
mine inflow water is of meteoric origin, which have been recharged within the
aquifers prior to 1952 and there is connectivity between the shallow Dupi Tila
aquifer and the coal seam bearing Gondwana aquifer.
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Introduction

Barapukuria is the first and only coal mine in Bangladesh and
is sited on a subcropped asymmetrical synclinal deposit of Permian
age Gondwana coal measures. The structure was first indicated by a
negative gravity anomaly in oil and gas exploration initiated by the
Geological Survey of Bangladesh (GSB) with seven surface boreholes.
Within the structural limits of the coal basin, approximately 377
Mt coal in-situ has been quantified in the six coal seams that range
in depth from 118 to 518 m below surface (Figure 1). Due to the
synclinal nature of the deposit, the upper coal seams, designated I
to V, occur over diminishing areal extent with decreasing depth.
The principal seam of interest is the lowermost Seam VI, with a
variable thickness across the deposit from 22 m in the northern part
of the deposit to more than 42 m in the southern and eastern areas
[1]. In 1994, the Bangladesh government signed a contract with
the Chinese contractor CMC (China National Machinery Import
and Export Corporation) for the development of Barapukuria coal
mine by underground mining method [2]. The development of the
Barapukuria coal mine commenced in 1996 with the construction of
two vertical shafts. Coal production from Seam VI began in 2005 and
has been continued at the present time. About 34 Mt of coal has been
estimated as recoverable resources, utilising descensional multi-slice

long wall mining [1].

The mine design and development have been severely constrained
by adverse seam gradients and the presence of the overlying water-
bearing Tertiary Dupi Tila sediments. As for the exploration report,
the hydrogeological condition around the mine is much complicated
as a result the mine industry endured various problems to develop
new roadway and safely take out coal from underground. During the
development work of coal mine in 1996, a severe water inrush accident
occurred consequently thoroughly inundated the underground
roadway. In this case, this waterlogged condition has been resolved
using forced pumping activities [3] and the Barapukuria coal mine
operated by the Barapukuria Coal Mining Co. Ltd. (BCMCL) requires
continuous pumping and discharge of nearly 1,500 m* of water every
hour to keep the mine free from flooding [4,5].

Mining activities below water table trigger the inflow of
groundwater to the pit and creates many difficulties and hazards most
likely increased drilling and blasting costs, difficulties in ore handling
and crushing, decreased machinery life, slope instability, degradation
of water quality, and environmental problems [6]. Therefore,
management of groundwater and planning of appropriate dewatering
systems are imperative requirements for safe, sustainable, and cost
effective mining below the water table. Adequate management of
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Figure 1: Structure, stratigraphy, and distribution of coal seams of the Barapukuria coal basin [22]. Seams Il, IV, V, and VI are clearly visible in Figures a, and. c.
Seams | and Ill are not shown in these sections due to small-scale and variable thickness.

groundwater [7,8] and controlling groundwater inflows to the mine ~ (1952-1953) or mixing had occurred between recent tritiated water
cuttings [9] requires good understanding of the sources of recharge  and water recharged prior to 1950s [19]. In present study, isotope
and the major groundwater flow paths. It is important to understand ~ values as well as hydrochemical concentrations of rainwater, river
the source, flow paths and residence time of groundwater in and  water, groundwater and mine water have been studied systematically
around the Barapukuria coal mine for mine water management i) to ascertain the hydrochemical evolution of groundwater in and
as well as for future mine development. Environmental isotope  around the coal mine aquifers, ii) to determine the origin and time
and hydrochemical studies can provide useful complementary  scales of recharge, and groundwater and mine water residence
information in aquifers with complex lithology [10-12]. time, and iii) finally, the research results would help to manage and
control the groundwater inflows to the mine cuttings which would
be required for the development of proper dewatering systems of the
Barapukuria coal mine.

Environmental stable isotopes (*O, *H) are commonly used in
groundwater studies to identify flow regimes and sources of recharge
[13-15]. Frequently, groundwater retains its stable isotopic signatures
unless diluted or mixed with waters of different isotopic composition ~ Study Area
[16,17]. Therefore, waters from different sources or those exposed to
different processes such as evaporation and/or mixing, often acquire
identifiable isotopic contents, which can serve as natural tracers [18].
Radiogenic 3H isotope can be used to evaluate different residence
time of the waters and mixing processes. Tritium (*H) is a naturally
occurring radioactive isotope of hydrogen and part of water molecule;
its concentration is not affected significantly by reactions other than
radioactive decay. Detectable *H concentrations in groundwater give
the evidence that recharge has occurred after nuclear bomb tests

Geology and hydrogeology

Barapukuria coal basin, covering an area of approximately 5.16
km? within a wide flood plain, is located in Dinajpur District of north-
western part of Bangladesh (Figure 2). The mine area lies between
latitudes 25°31'45"N and 25°33'05”N, and longitudes 88°57'48"E
and 88°58'53"'E (Figure 2). The coal mine area and its surroundings
lie in the northern part of the Barind tract and are characterized by
a great table land of Pleistocene terraces with low relief. The average
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Figure 2: Study area map showing well sites and coal mine area.
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elevation of ground level is 30.5 m above the Average Mean Sea Level
(AMSL) and has a regional slope from north to south with a gradient
of 0.45 meters per kilometre [20]. The Barind tract is extensively
dissected, with narrow or broad valleys extending deep into the level
landscape. The valleys are cultivated with rice in the dry season by
impounding the streams for irrigation [21].

The geologic structure and stratigraphy of the Barapukuria
coal basin have been delineated with the help of borehole data and
seismic survey by the Geological Survey of Bangladesh and Wardell
[22]. The study area consists of a half faulted graben controlled
sedimentary basin of Permo-Carboniferous age. The lower most
Permo-Carboniferous glacial and fluvioglacial sediments (i.e., tillite)
resting unconformable on a denuded Archaean basement complex.
Table 1: Stratigraphic succession of the Barapukuria Basin.

Above this tillite, thick predominantly continental arenaceous
sediments with a number of coal seams of Permian age are present.
This basin is concealed by an unconformable cover of about 100-200
m of Tertiary sediments known as the Dupi Tila Formation, which is
supposed to be of Pliocene age [23,24]. The Barapukuria basin area
is a plain land covered with Recent Alluvium and Pleistocene Barind
Clay Residuum. The stratigraphic succession of this basin has been
established on the basis of borehole data [23]. The sedimentary rocks
of the Permian Gondwana Group, Pliocene Dupi Tila Formation,
Pleistocene Barind Clay Residuum and Recent Alluvium were
respectively encountered in the boreholes, which lie on the Archaean
Basement Complex. A large gap in sedimentary record is present
in between Gondwana Group and Dupi Tila Formation, which is

Age Group Formation Member Lithology Max. t(t:]l;kness
Holocene Alluvium Silty clay 1.83
Pleistocene Bann_d Clay 10.36

Residuum
Upper Sandstone, pebbly sandstone and clay/mudstone
Pliocene Dupi Tila 126.82
Lower Sandstone, claystone and mudstone with silica and white clay
Permian Gondwana Feldspathic sandstone, carbonaceous sandstone and shale, ferruginous sandstone, 45732
conglomertes, and coal beds.
) Basement . .- . . - )
Precambrian Complex Diorite, granodiorite, quartzdiorite, granite, and diorite gneiss. 14.32+
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probably caused by the erosional or non-depositional phase, existed
during Triassic to Pliocene age. The stratigraphic succession in the
Barapukuria coal basin is given in Table 1.

Barapukuria coal mine is called mine under water, because of
the presence of thick water-bearing formation over the recoverable
coal seam where groundwater flows from NE to SW direction having
almost flat (0.0004 to 0.0006) hydraulic gradient and horizontal flow
is insignificant compared to vertical flow [22]. The groundwater
sources of the study area are mainly the Upper Dupi Tila Formation
and the Gondwana Formations.

In the study area, Barind clay acts as an aquiclude and mainly
consists of brownish yellow sandy clay, interbedded with dark gray
silt to fine sand in lower part, occasionally appears bluish gray
argillaceous clay, and composed of gray clayey silt at the base. This
aquiclude is thick in the north-west and thin in the south-east, with
a thickness ranging from 4.3-10.36 m. The Upper Dupi Tila (UDT)
aquifer underlying the Barind Clay has regional extension with high
water bearing capacity and acts as the main water recharge source
for various aquifers in Gondwana strata and for coal mine inflows.
The UDT aquifer is thin in the south and north while thick and deep
in the centre eastwards, with an average thickness of 104.41 m and
depth to the floor of this aquifer varies from 102.7-136.2 m below the
surface. This hydrologic unit is mainly composed of medium sand
beds interbedded with fine sand, pebbly grit and thin clay horizons
where clay content increases with the depth.

The Lower Dupi Tila (LDT) is an aquiclude and it consists of
gray-white weathered clay and clay siltstone. Thickness of which
varies from 0 to 80.14 m and the bottom surface is consistent to
the relief of Gondwana strata. The elevation of the upper surface of
LDT ranges from 80 to 90 m below the ground surface and deepens
progressively in the south-western and south-eastern parts up to
depth of 80 to 160 m below the ground surface. About 78% of coal-
bearing strata underlies unconformably by the LDT. The Gondwana
Sandstones represent completely an aquifer system and the coal seam
VI divides this as upper and lower sections. The Upper section is a
sandstone aquifer with a thickness of 0 to 156 m, only remained in
the centre of the basin. The lithology mainly consists of medium to
coarse grained sandstones and pebbly sandstone, interbedded with
coal seams, siltstone and mudstone. In the Upper Gondwana section,
vertical tensile cracks mostly filled with mud or pyrite films are well
developed [25]. The Lower Gondwana section located at floor of coal
seam VI and the thickness of this aquifer varies from 107 to 244 m,
and becomes thick in the centre of the basin from west-north to east-
south. It consists of medium to coarse grained sandstone, gritstones
and conglomerates, interbedded with mudstone and siltstone.

Rainfall, recharge and drainage system

The analyses of ten years (2000-2009) rainfall records in
Barapukuria Coal Mine area revealed that the maximum and
minimum annual rainfall were 2955 mm (2006) and 1166 mm
(2008), respectively. Throughout the years 2000-2009, about 88% of
the annual rainfalls occurred in monsoon and pre monsoon (March—
October) and the remaining 12% in the winter season (November-
February). According to analysis of the dynamic relationship curve
between underground water level and rainfall [25], rainfall is the
main source for water recharging in the study area aquifers. The study

area is drained in the western side by the Khorkhori River, which flow
almost north-south direction. Another river the little Jamuna (local
name) flows in the western side of the river Khorkhori. The river
Ghirnai flows through the north-eastern side of the study area, which
remains almost dry during the winter season and becomes navigable
in the rainy season.

Methodology
Field sampling

In present study, nineteen groundwater (depth ranging from
11-61m), eight coal mine water and one river water sample were
collected during November-December 2006 (Figure 2). Prior to
sampling each well was pumped for several minutes until steady state
physical conditions (pH, electrical conductivity and temperature)
were obtained. The geographical location of each well was determined
with a GARMIN handheld Global Positioning System (GPS) and the
depth of wells were noted from the well owner’s records. The physical
parameters such as electrical conductivity, pH and temperature were
measured with a portable EC/pH meter (TOA EC/pH METER, WM-
22EP). The samples for major ion analysis were filtered by 0.25pm
polycarbonate filters. For 3H analysis one litre of groundwater
sample was collected in High Density Polyethylene (HDPE) bottles.
Unfiltered aliquots were collected for §180 and §2H analysis in 100
ml HDPE bottle [12,18,26,27]. Prior to shipment to Japan by express
mail, all the samples were preserved in room temperature in Isotope
Hydrology Laboratory, Institute of Nuclear Science and Technology,
Bangladesh Atomic Energy Commission, Dhaka, Bangladesh and
later on the samples were shipped to Japan and stored in room
temperature in Hydrology Laboratory, Kumamoto University, Japan
until the analysis being performed.

Laboratory analyses

The concentrations of anions (Cl-, NO,™ and SO,*) and cations
(Na*, K*, Ca** and Mg*") in water samples were measured using ion
chromatography (Compact IC, 761, Metrohm). The instrument was
linearly calibrated with standards (Wako Pure Chemicals Industries
Ltd., Japan) in Kumamoto University, Japan [27]. Alkalinity (as
HCO,") was measured by titration method in the same laboratory
[12].

Oxygen isotope ratios (**0/'°O) of water samples were determined
in Hydrology Laboratory, Kumamoto University, Japan using CO,
equilibration method and the chromium reduction method was used
for the determination of 2H/1H ratios, followed by analysis with a
Thermo Electron Delta S mass spectrometer using conventional
techniques [28]. Hydrogen and oxygen isotope ratios are expressed
by 6°H and § '*O, respectively, where 6 = [(Rmmple/Rsmn o) —1]1 1000
(%o0), R is the ratio of "H/'H or *O/'O in sampled water (Rmmple) orin
Standard mean ocean water (Rstandard). The isotopic compositions
were reported in standard d-notation representing per mil (%o)
deviations from the V-SMOW standard (Vienna Standard Mean
Ocean Water) [29]. The analytical errors were +0.1%o for 8O
and +1.0 %o for §°H. Tritium determination was performed with a
liquid scintillation counter (TRI-CARB2750TR/LL, Perkin-Elmer
Co.) after electrolytic enrichment [30]. The results were reported as
Tritium Units (TU), i.e., one atom of tritium in 1018 atoms hydrogen.
The values of physical parameters, major ion concentrations, and *H,
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Table 2: Physical parameters, major ions and environmental isotopic compositions of collected water samples.

Sample Sample Type Depth pH T(imp. EC (uS/ Cl SO, NO, | HCO, Na K Mg Ca 50 | &H | °H Water
ID (m) (°C) cm) | (mg/L) | (mg/L)  (mg/L)  (mg/L) | (mg/L) (mg/L) (mg/L) | (mg/L) (%) (%) | (TU)  Type
Bl  Groundwater 12 | 6.29 | 26.4 340 | 1057 | 25.14 | 4164 @ 120 | 2301 @ 9.81 | 816 | 2249 -54 34 45 cﬁcNoa
B2 -do- 11 | 658 261 272 | 1489 | 357 | 063 | 193 | 10.11 | 4.85  10.73 | 30.06 -3.4 -21 - C:é'\g?'
B3 -do- 61 | 6.90 27.2 140 134 | 052 051 133 1601 172 329 778 | -53 | -34 06 N:é%a'
B4 -do- 18 | 683 267 86 115 | 036 028 78 650 1.60 265 521 -53  -33 - N:C%a
B5 -do- 23 | 620 26.3 233 | 4750 | 0.34 | 055 | 105 | 19.08 | 1.81 @ 6.28 | 16.70 -48 -31 . f&“oa'
B6 -do- 18 | 691 263 159 115 | 0.84 055 146 1872 200 320 975 | -48  -30 0.4 N:C%a
B7 -do- 27 | 6.83 267 168 | 12.20 034 051 | 146 1663 258 | 3.89 1111 -52 -32 - N:C%a
B8 -do- 20 | 674 27 238 | 2160 077 | 084 | 133 | 1759 | 0.92 @ 549 | 1747 -47  -30 - N:C%a
B9 -do- 23 | 6.70  26.4 137 709 073 075 | 109 1325 047 | 296 727  -51 | -34 05 N:C%a
B10 -do- 61 | 6.81 267 221 636 252 0.83 230 1620 010 7.72 | 1492  -48  -31 . (;TCNOE
B11 -do- 61 | 6.89 261 144 438  1.01 076 121 854 223 | 390 1158 -52  -35 - (Lac'\éa
B12 -do- 24 | 685 26 298 | 2905 | 490 & 086 | 172 | 1523 @ 2.82 | 807 | 2678 -40  -26 03 C:(':'\g?'
B13 -do- 23 | 6.82 265 156 215 008 070 & 137 1428 106 329 | 11.05 -42 -31 - N;C%a
B14 -do- 34 | 691 263 205 289 004 076 203 1735 147 698 1429 -40 | -28 - N:é%a'
B15 -do- 30 | 7.00 27 620 113 | 0.06 065 47 808 098 156 240 -52  -36 - N:C%a
B16 -do- 29 | 6.85 282 176 128 | 010 080 156 1445 121 510 1392 -48 32 - Cl_‘;"éNoa'
B17 -do- 23 | 6.90 262 167 497 027 076 | 262 1331 290 457 1397  -41 | -28 - C:é'\g?'
B18 -do- 23 | 6.80 262 168 103 039 | 075 | 172 | 17.09 | 1.38 @ 420 @ 10.78 | -4.6 @ -31 - N:C%a
B19 -do- 20 | 6.64 26.8 202 | 2816 | 1053 | 29.01 | 137 | 17.21 | 435 @ 523 | 2352 -52  -34 - C:’CNOa
B20 | Riverwater 0 7.62 | 303 510 161 | 1.01 | 032 35 251 309 115 320 93 66 - fc'\éa
B21 | Minewater | 260 | 810 37.1 | 1250 @ 9.86 24.01 0.66 62 | 2528 167 518 | 2236  -48 -28 06 (;TCNOE
B22 -do- 260 826 | 37.2 1251 | 8.64 2334  0.49 55 | 2447 3.06 | 430 | 1435 -48 28 - N:C%a
B23 -do- 260 822  37.1 1250 @ 474 | 26.87 0.80 62 | 2433 277 204 1522 -47 29 - N:C%a
B24 -do- 260 825 37.0 1253 | 545 | 27.70 @ 0.75 8 | 2515 303 | 1.03 2012 -46 | -28 05 N;C%a
B25 -do- 260 800 37.1 1251 | 544 | 2716 0.86 82 2398 488 504 1887  -46 | -28 - N:é%a'
B26 -do- 260 800 37.0 1252 | 487 | 2389 0.69 49 2562 467 080 1389 -44 | -27 0.7 N:C%a
B27 -do- 260 826 37.0 1353 | 193 | 156 @ 0.77 74 | 2391 625 677 2230 -50 -32 - Cl_‘;"é'\loa'
B28 -do- 390 812 380 1233 | 204 | 29.80 0.93 88  21.88 1158 1191 4137 -48 | -30 0.1 C:é'\g?'

60 and &°H compositions of collected water samples are shown in
Table 2.

Results
Hydrochemistry

Electrical Conductance (EC) is an indication of the dissolved
mineral of groundwater. Groundwater
Conductance (EC) appeared to increase from shallower groundwater
sample towards the deeper coal mine. The EC values of the observed
groundwater samples ranged between 86 uS/cmand 620 uS/cm with an
average value of 230 pS/cm and the coal mine water average EC value
was 1268 pS/m ranging from 1233 uS/m to 1553 pS/m. The average

content Electrical

EC value of the coal mine water samples was much higher (more than
5 times) than the groundwater average EC value. Groundwater pH
is a fundamental property that describes the acidity and alkalinity of
groundwater and largely controls the amount of chemical form of
many organic and inorganic substances dissolved in groundwater.
Groundwater pH is related to CO, and HCO,-. Carbon dioxide
dissolves slightly in water to form carbonic acid (H,CO,), according
to the following reaction: CO, + H,0 > H,CO, and thus gives raise to
acidic pH values (<7). The pH of groundwater increases as carbonic
acid (i.e., CO2) is removed from groundwater according to reactions:
H,CO, > H+ + HCO, followed by HCO, + H+ » H,0 + CO,. The
groundwater pH values ranged from 6.2-7.0 with an average value of
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Figure 3: Major ion composition of groundwater, coal mine water and river

water samples plotted on a Piper diagram.

6.75. However, coal mine water average pH value was alkaline (8.15)
ranging from 8.0-8.26. Groundwater temperature is considered to
be one of the most easily measurable, natural tracers of groundwater
flow [31]. The observed groundwater average temperature was 26.6
°C ranging from 26-28.2°C, while the coal mine water temperature
varied from 37-38°C with an average value of 37.3 °C.

In collected groundwater samples, the average concentrations
of Na*, K*, Ca’* and Mg** were 14.86 mg/L (ranged from 6.50-23.01
mg/L), 2.58 mg/L (ranged from 0.10-9.81 mg/L), 14.45 mg/L (ranged
from 2.40-30.06 mg/L) and 5.22 mg/L (ranged from 1.56-10.73
mg/L), respectively. Meanwhile, the average CI, SO,*, HCO,” and
NO,” concentrations of groundwater sample were 12.78 mg/L
(ranged from 1.03-12.78 mg/L), 3.70 mg/L (ranged from 0.04-25.14
mg/L), 591 mg/L (ranged from 0.28-41.64 mg/L) and 148 mg/L
(ranged from 47-262 mg/L), respectively. The mine inflow water Na*,
K*, Ca?* and Mg?** concentrations ranged from 21.84-65.61 (average
36.21 mg/L), 1.67-11.56 (average 5.11 mg/L), 13.89-41.37 (average
22.37 mg/L) and 0.79-11.91 mg/L (average 4.97 mg/L), respectively.
In addition, mine water average Cl, SO 42‘, HCO,- and NO,
concentrations were 5.47 mg/L (ranged from 1.93-9.86 mg/L), 21.56
mg/L (ranged from 1.56-29.79 mg/L), 0.73 mg/L (ranged from 0.49-
0.92 mg/L) and 70 mg/L (ranged from 49-88 mg/L), respectively. The
trend of major cation concentrations in groundwater and mine water
were Na'>Ca*>Mg**>K" and Na"™>Ca?*>K'>M?*, respectively. The
groundwater was of HCO,™ dominant followed by NO3-, SO,*" and
Cl, whereas the mine water was also HCO, dominant followed by
5042’, Cl-and NO,".

Piper plot

Piper diagrams [32] are widely used to present and classify major
ions for groundwater types and summarize the main contrasts in
hydrochemical composition between different water sources [33].
The hydrochemical water types of groundwater, coal mine water
and river water are conducted by a Piper triangular diagram (Figure
3) and water types are shown in Table 2. Ca-Na-HCO, type was
observed in river water (B20) and six groundwater samples Table
2. But low mineralized Ca-Mg-HCO, type water was found only
in three groundwater samples (B2, B12 and B17), whereas slightly

mineralized Na-Ca-HCO, type water was found in rest of the
groundwater samples. For coal mine water, Na-Ca-HCO, type water
was observed in five samples (B22, B23, B24, B25 and B26), Ca-Na-
HCO, type in two samples (B21 and B27) and low mineralized Ca-
Mg-HCO, type water only in one sample (B28).

Oxygen, hydrogen and tritium isotopes

The collected groundwater sample 6180 and §2H compositions
ranged from -5.4to -3.4%o (average —4.7%o) and -36 to —21%o (average
-31%o), respectively. Meanwhile, the §'*0 and §°H compositions of
collected coal mine water samples ranged from -5.0%o to —4.4%o
(average —4.7%o) and -32 to —-27%o (average —28.9%o), respectively.
Surprisingly, the average 8O (-4.7%o) composition of coal mine
water was similar to the groundwater average 6'*O value (-4.7%o).
But the river water §'*0 (-9.3%o) and §*H (-66%o) compositions were
much lighter than the average groundwater and mine water §'*O and
&°H compositions.

Tritium (*H) is a natural radioactive isotope of hydrogen which is
formed naturally by the dissociation of nitrogen following interaction
with cosmic rays. It is also formed as a byproduct of thermonuclear
testing and has a halflife of 12.26 years. The widespread testing ‘above
ground’ of thermonuclear devices between 1952 and 1962 drastically
increased the amount of tritium in the atmosphere swamping natural
background levels. The intermittent testing of such devices has also
led to the introduction of periodic pulses or peaks of tritium to the
atmosphere. Over land areas the removal of atmospheric tritium
is principally via precipitation, which is extremely variable and
dependent on the various climatic, land distance and orographic
influences affecting precipitation. It is therefore apparent that tritium
concentrations reaching the earth’s surface can be exceedingly variable
in both time and space. Consequently, tritium levels in groundwater
via both direct and indirect recharge can also be extremely variable
[34]. Tritium content of analysed groundwater and coal mine water
ranged from 0.1 to 4.5 TU.

Discussion

The composition of mineral salts affects the Electrical Conductivity
(EC) of groundwater and EC values of groundwater increase along
flow paths with increasing groundwater residence time, whether
groundwater is not affected by sea water intrusion [18]. The high EC
values (more than 5 times) for the coal mine water collected from the
dewatering chambers indicate a good hydraulic connectivity between
the most severely fractured coal seam bearing Gondwana sandstone
and the overlying Dupi Tila aquifers. It also signifies that the fractured
Gondwana sandstone permeability greatly increases downward and
drains directly into the coal mine. Thus the long migration path of
the infiltrating groundwater facilitates dissolution of mineral salts
along the fractured Gondwana sandstone which may cause higher EC
values and these results comply with the conclusion made by Kibria
et al. [2]. The acidic to neutral groundwater pH values imply an open
system unconfined aquifer all over the study area with high soil CO,
giving rise to low pH. The alkaline pH values (>8.0) for coal mine
water suggest decline in partial pressure of CO, (pCO,) levels within
the Gondwana aquifers and indicates lack of oxygen in the deeper
Gondwana aquifers which could contribute to a more alkaline pH
[35] for the inflowing coal mine water.
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Circulating groundwater will acquire geothermal heating along
its flow path [36] and subsurface temperature acts as a tracer for
detecting the groundwater movement [37]. In present study the coal
mine water average temperature (37.3 °C) is much higher (more than
10.7 °C) than the groundwater average temperature (26.7 °C). This
implies that groundwater having low temperature within the Dupi
Tila aquifers percolates into the deeper Gondwana aquifers attaining
high temperatures within the coal seams which cause high heat flow
in the coal mine [38].

Piper diagram shows that most of the samples are clustered at the
central diamond (group-II) (Figure 3). The Piper diagram illustrates
that the groundwater is dominantly of Na-Ca-HCO, and Ca-Na-
HCO, type water, which are the initial source of water recharging into
the aquifer systems. The Na-Ca-HCO, type groundwater observed
in the study area shows slightly increase of Na* concentration with
respect to Ca’* and Mg*'. The increase in Na* exchange for Ca** and
Mg?** suggest softening process, which may indicate rapid recharge
and/or much more water-rock interactions along the flow paths.
The coal mine water samples are also rich in Na-Ca-HCO, and
Ca-Na-HCO, type water and this phenomenon indicates possible
connectivity between overlying Dupi Tila and underlying Gondwana
aquifers causing rapid recharge into the Gondwana aquifers without
changing chemical characteristics of recharging water. Besides, Ca-
Mg-HCO, type low mineralized water observed in both groundwater
and coal mine water also indicates connectivity between the shallow
and deeper coal seam bearing Gondwana aquifers.

The deeper the groundwater moves, the more enriched it
becomes in Na as more dissolution and cation-exchange takes place
[39]. In present study, the Na concentration of groundwater samples
ranged from 6.50-23.01 mg/L with an average of 14.86 mg/L. The
low Na concentration in collected groundwater suggest a relatively
short residence time (greater transmissivity) from the Dupi Tila
aquifer. The coal mine water Na concentration ranged from 21.88-
65.62 mg/L with an average of 36.21 mg/L. The relatively high Na
concentration of coal mine water indicates that this water is derived
from groundwater moving slowly through the shallow Dupi Tila
aquifer and reacts with Na-rich minerals through dissolution. Finally,
a preferred conduit and enhance comminution of rock fragments
along the fractured Gondwana rocks promote Na dissolution giving
rise to high Na concentrations in coal mine water.

The average Ca®* and Mg?* concentrations of groundwater
samples were 14.45 mg/L and 5.22 mg/L, respectively. Meanwhile,
coal mine water average Ca’>* and Mg** concentrations were 22.38
mg/L and 4.98 mg/L, respectively. It is obvious that coal mine
water average Ca concentration is nearly 1.6 times higher than that
of groundwater average Ca®* concentration. But the average Mg*
concentration of coal mine water is to some extent lower than that
of groundwater average Mg concentration. It indicates that surface
water draining towards and into the coal mine does not undergo
sufficient base exchange reactions and thus Ca** and Mg** are not
enough adsorbed onto clays within the sediments in exchange
for Na* [40]. Thus the interstitial release of Na from the overlying
Gondwana sediments occurs as water flows down through the
fractured Gondwana sediments with insignificant cation exchange as
a function of relatively short distance that the water has travelled [41]
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Figure 4: Bivariate plot of Ca versus HCO,.

as well as short residence time. It is evident that the resultant water
that ends up on the coal seam horizon is slightly enriched in Ca** and
less enriched in Mg?, and it indicates calcite dissolution along the
flow path rather than dolomite dissolution.

In groundwater, the cations Ca** and Mg* often come from
carbonate minerals such as calcite and dolomite. Most of the major
cations released in groundwater from carbonate minerals dissolution
enhanced by respired CO, from oxic and anoxic organic matter
degradation [42]. Reactions that specifically produce CO, through
oxidation of organic matter are generalized by:

CH,0 (organicmatter) + O,» H,0 + CO, (1)

This reaction is then followed by

CaMg(CO,), + CO, + H,0 > Mg** + 2HCO, +CaCO, (2)
CaCO, +CO, + H,0 > Ca’* + 2HCO, (3)

resulting in the high Ca**, Mg** and HCO,~ concentrations found
in groundwater. There is also CO, in rain water which can facilitate
carbonate mineral dissolution [43]. So that there would be straight
positive correlation between Ca** and HCO,, and Mg** and HCO,.
A bi-variant plot (Figure 4) of Ca** versus HCO,™ shows strong
positive correlation (r*=0.60) for groundwater, whereas Mg?** versus
HCO," shows weak correlation (r°=0.15) for mine water (Figure 5).
This indicates that groundwater in Dupi Tila aquifer moves slowly
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Figure 5: Bivariate plot of Mg versus HCO,.
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downward through the Gondwana aquifer with minor dissolution of
calcite and latter have a low Ca* concentration due to relatively short
residence times within the aquifer systems.

The average SO, concentration of coal mine water is nearly
six times higher than the groundwater SO,* concentration. The
elevated concentration of SO, in mine water can be attributed to the
oxidation of sulphate minerals within the coal mine [44]. Meanwhile,
the elevated sulphate concentrations in coal mine water samples
indicate that the coal seam has a high acid-generating potential [41].
Nevertheless, the alkaline pH level of the coal mine water suggests
that the coal seam also has sufficient base potential to neutralise the
generated acid within the mine.

In Bengal delta aquifers, the sources of HCO,” would probably
include root respiration (soil zone CO,), microbial degradation of
organic matter and carbonate dissolution [45]. In present study,
the groundwater average bicarbonate concentration is more than
two times higher than that of the coal mine water bicarbonate
concentration having low pH (average <6.75). The relatively
high concentrations (average 148 mg/L) of HCO,™ in the shallow
unconfined Dupi Tila aquifer groundwater may be caused by CO,
dissolution of local meteoric water [46] and carbonate dissolution
rather than microbial degradation of organic matter. The soil zone
in the study area may contain elevated CO, pressure produced by
decay of organic matter and root respiration, which in turn combines
with rainwater to form bicarbonate following the reactions CO,
+H,0 > H,CO, and H,CO, > H+ + HCO, [47]. Bicarbonate may
also be derived from the dissolution of calcite (Figure 4) rather
than dolomite (Figure 5) following the equation (i). According to
Kinniburgh and Smedley [48], Dupi Tila aquifers were thoroughly
oxidized during its geological evolution causing a decrease in organic
matter concentration in the aquifers. In addition, Ueno [49] found
that bacteria may be consumed organic matters more easily from
younger Holocene sediments than that of older Pleistocene Dupi Tila
sediments. As per the above mentioned statements, it is obvious that
the presence of insignificant concentrations of organic matter in Dupi
Tila aquifer sediments may not be responsible for releasing higher
concentration of HCO,™ in groundwater released by the microbial
degradation of organic matter. The low HCO, concentrations of
coal mine water compared to groundwater, are attributed to a lack of
CO, present (confined aquifer), resulting slow loss of HCO,™ [50] and
this explains lower HCO,~ concentration in mine water. It indicates
that mine waters are recharged by the overlying shallower Dupi Tila
aquifer.

In general, chloride is a conservative component, and evaporation
and mixing are considered as the main factors controlling its
concentration in groundwater. Solubility of Na* compounds is
high, so Na* remains dissolved in water in a very wide range of
concentration [51]. Most of the groundwater and coal mine water
samples also plot above the 1:1 equiline (Figure 6). Plot of Na versus
Cl shows an excess of Na to Cl, particularly for all coal mine water
samples and also for most of the groundwater samples. The excess
of sodium both in groundwater and coal mine water suggests that
Na* originates from weathering of silicate minerals from the aquifer
system due to rapid inflow of groundwater into deeper Gondwana
aquifer facilitated by the mining activities.
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Figure 6: Bivariate plot of Na versus ClI.
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Figure 7: Molar ratio bivariate plot of Na-normalized Ca and Mg.

Gaillardet et al. [51] stated that the Na-normalized ratios for
Ca? and Mg** might have been related to each other. Accordingly,
in the plot of the molar ratios of Ca/Na versus Mg/Na are shown in
a log-log space in (Figure 7). Recharging water infiltrating into the
Dupi Tila aquifer shows low Ca/Na and Mg/Na rations (Figure 7),
and the end member having lower Na normalized ratios is that of
water draining silicates. The molar Ca/Na ratio of average crustal
continental rocks is close to 0.6 [52], and due to the higher solubility
of Na relative to Ca, lower Ca/Na molar ratios are expected in
groundwater, which are related to weathering of silicates. In (Figure
7), the observed groundwater and coal mine water with low Ca/Na
molar ratios are being influenced by silicate weathering rather than
carbonate dissolution [18]. Meanwhile, Stallard and Edmond [53,54]
state that the molar ratio (Na* + K*)/Cl> 1 indicates silicate (feldspar
and mica) weathering. In present study, it is observed that most of
the groundwater (except sample B5 and B12) and all coal mine water
samples show molar ratios (Na* + K*)/Cl->1 (data not shown), which
indicates silicate weathering. From the above discussions, it is obvious
that rainfall infiltrates into the shallow Dupi Tila aquifers through the
ground and hydrogeochemical reactions take place for the formation
of Ca-Mg-HCO, type water. The development of roadways within the
coal mine creating voids facilitate rapid entrance of water into the
coal mine through the overlying Dupi Tila and Gondwana aquifers.
The initial Ca-Mg-HCO, type water tends to change into Na-Ca-
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HCO, type water due to preferentially silicate weathering, which
helps to add Na* within the solution in increase with the length of
the flow path and thus the coal mine water tends to be Na-Ca-HCO,
type water due to silicate weathering giving rise to excess Na* with
high pH.

The Local Meteoric Water Line (LMWL) proposed by Majumder
et al. [12] runs closely parallel to the GMWL (Figure 8). The entire
groundwater, mine water and river water data set plotted along
and/or close to the LMWL and GMWL, producing a regression line
defined by 6°H = 7.46180 + 4.4 (line not shown in Figure 8) with
a regression coefficient (R?) of 0.94 that suggests a meteoric origin
[55,56] with insignificant localized evaporation effect. The alignment
of isotopic composition close to the GMWL and LMWL demonstrates
a precipitation origin of groundwater in the studied area [57]. Except
sample B2, all the groundwater and mine water 8O values show
narrow range (-5.4%o to —4%o) along the LMWL (Figure 8), which
suggests that these waters have mixed sufficiently to homogenize
variations in the isotopic composition of recharge water. The average
8'80 value (-4.7%o) for the groundwater is similar to the mine water
average 8'8O value (-4.7%o), which indicates that the groundwater
percolates in to the underlying coal seam bearing Gondwana
aquifers without changing infiltrating groundwater §'°O values. The
groundwater sample B2 with slightly enriched 8O value (-3.4%o)
indicates minor evaporation effect prior to infiltration. The river
water B20 60O value (-9.3%o) is highly depleted and the extremely
negative value reveals the high content of glacier and snowmelt water,
which is typical for a high-altitude river. Meanwhile, the river water
80 value (=9.3%o) of the study area is similar to the §"*O value for
Tista river water [18], which also reflects that the substantial amounts
of monsoon rainfall in the Himalayan region as well as snow melt
water [58] may give rise to the depleted §'*O value for the river water.
The highly depleted isotopic signatures of the observed river water
reveals that the aquifers in the study area may not be recharged by the
river water and thus the groundwater has a local origin of recharge
(i.e., rainfalls).

Except groundwater sample B1, all the analysed water sample
*H content was less than 0.7 TU. The low tritium content of shallow
groundwater and coal mine water indicate relatively large travel times
in the overlying Madhupur clay zone (several years to tens of years)

which may control the recharge pattern of study area, resulting in the
loss of tritium by radioactive decay before reaching the aquifer. As a
consequence, the groundwater and mine water with a tritium value
<1 TU may be considered “old” water recharged prior to 1952 while
higher values that is the B1 well water would represent “new” water
being wholly or partially recharged since 1952 [59].

Conclusion

The hydrochemical and isotopic data of collected groundwater,
mine water, and river water show distinct evidence of the origin of
Barapukuria coal mine inflow water. EC, pH, Temperature, solute
concentrations (Na*, Cl, Ca*, Mg*, SO, and HCO,"), stable
isotope ratios (hydrogen and oxygen), and *H concentrations were
used successfully to identify the origin of Barapukuria coal mine
inflow water. The long migration path of the infiltrating groundwater
facilitates dissolution of mineral salts along the fractured Gondwana
sandstone which may cause higher EC values and the coal mine
water high EC values indicate a good hydraulic connectivity between
the most fractured coal seam bearing Gondwana aquifer and the
overlying Dupi Tila aquifers. The acidic to neutral groundwater pH
values imply an open system unconfined aquifer all over the study
area. But the alkaline pH values for coal mine inflow water suggest
decline in partial pressure of CO, levels within the Gondwana aquifers
and indicates lack of oxygen in the deeper Gondwana aquifers which
could contribute to a more alkaline pH for the inflowing coal mine
water. Besides, the coal mine water higher temperature than that of
groundwater temperature implies that low temperature Dupi Tila
aquifer water percolates into the deeper Gondwana aquifers attaining
high temperatures within the coal seams which cause high heat flow
in the coal mine. Both groundwater and coal mine inflow water are
dominantly of Na-Ca-HCO, and Ca-Na-HCO, type water and this
phenomenon indicates potential connectivity between overlying
Dupi Tila and underlying coal seam bearing Gondwana aquifers
causing rapid inflow into the coal mine tunnel without changing
chemical characteristics of recharging water. Besides, low mineralized
Ca-Mg-HCO, type water observed in both groundwater and coal
mine inflow water also indicates infiltration of shallow groundwater
into the deeper coal seam bearing Gondwana aquifers, which helps to
increase inflow of mine water.

The relatively high Na concentration of coal mine water indicates
that the mine water is recharged from overlying shallow groundwater
aquifers moving slowly downward through the Gondwana aquifers
promoting dilution of Narich minerals. Meanwhile, slightly higher
Ca?* concentration of coal mine water indicates insufficient base
exchange reactions of surface water inflowing into the coal mine and
thus Ca** does not adsorbed enough onto clays within the sediments
in exchange for Na, and the insignificant cation exchange implies
relatively short travel path of recharging water as well as short residence
time. Strong positive correlation between Ca** and HCO," indicates
that the groundwater in Dupi Tila aquifer moves downward through
the Gondwana aquifer with minor dissolution of calcite giving rise
to low Ca* concentration due to relatively short residence times of
the inflowing mine water within the aquifer systems. Compared to
observed groundwater, relatively low HCO," concentrations of coal
mine water attributes lack of CO, present (confined aquifer) resulting
loss of HCO,™ and it indicates that the coal mine inflow waters are
mainly recharged by the overlying shallower Dupi Tila aquifer.

Submit your Manuseript | www.austinpublishinggroup.com

Austin J Hydrol 3(1): id1019 (2016) - Page - 09



Majumder RK

Austin Publishing Group

The clustering of groundwater, mine water and river water
samples close to the LMWL indicates a common origin for aforesaid
water samples, and provides compelling evidence that the observed
groundwater and mine water are derived from local rainfalls with
insignificant localized evaporation effect. Besides, the similarity
between the average §'O composition of groundwater and the mine
water indicates that the groundwater percolates in to the underlying
coal seam bearing Gondwana aquifers without changing infiltrating
groundwater §'°O compositions. The low tritium content of shallow
groundwater and coal mine water indicates relatively large travel
times in the overlying Madhupur clay zone. The groundwater and
mine water with a tritium value <1 TU could be considered as old
water recharged prior to 1952. Finally, it can be concluded that the
origin of Barapukuria coal mine inflow water is from the Dupi Tila
aquifer recharged by local rainfalls which have been recharged within
the aquifers prior to 1952.
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