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11.1 Introduction

Acid mine drainage (AMD) is a commonly occurring environmental problem asso-
ciated with coal mining, and it can even last for decades after the mining has been
ceased. AMD is characterized by low pH, high SO4>~ and metal concentrations,
particularly Fe. It is caused by the oxidation of sulfide minerals present in coal when
they come in contact with atmospheric oxygen and water. AMD is one of the major
sources of water pollution that affect the lotic system in numerous interactive ways
resulting in serious ecological disasters [1].

Assessment of acid drainage potential is important in the management of large
scale disturbances of surface or subsurface materials, especially if they contain signif-
icant amounts of sulfide minerals [2, 3]. This assessment is usually carried out through
ABA study. This is the most common method for predicting the post mining water
quality, and has become a widely adopted technique for overburden characteriza-
tion [4, 5]. It involves the determination of acid production potential (APP) and
neutralization potential (NP) of the overburden materials.

The role of carbonates and silicates in consuming acid generated during oxidation
of sulfides viz. pyrite, pyrrhotite and arsenopyrite in determining the water chemistry
resulted due to mining activities is well established and reviewed [6]. Carbonate
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minerals, mainly, calcite and dolomite are very crucial in determining the post-
mining water quality and neutralize AMD and helps in inhibition of pyrite oxidation
[7]. Static tests have been conducted for determining the NP of several carbonates-,
aluminosilicate-minerals and with different rock types [8, 9]. The calcite and dolomite
have maximum acid neutralizing capacity. Silicate minerals—pyroxene, amphibole,
feldspars, micas, chlorite and clay—have relatively much lower NP, however, olivine,
serpentine and wollastonite show significantly elevated NP value than the former
silicate minerals. Siderite (FeCQO3), though itis a carbonate mineral, has zero NP value
[10]. Hence, the type and occurrences of minerals at the mines help to understand
the potential environmental impact due to mine discharges.

Release of metals through leaching of overburden and coal subsequent to oxidation
of sulfide minerals is a potential source for contaminating water [11, 12], sediment
[13] and soil [14] around both active and abandoned coal mines. Leaching of trace
elements is one of major pathways for entering into the ecosystem [15]. The concen-
trations of various elements in both overburden and coal, and their leaching behavior
are critical to understand the impact by AMD. Laboratory-scale batch leaching tech-
niques have been widely used, and provide information on leaching potential of
elements on either shorter or longer time duration in order to determine the potential
impacts of mine overburden at the disposal site [16].

The occurrence of AMD at Makum coalfield of India was earlier reported and
well studied [17, 18]. Beside, a significant amount of work has been carried out on
the petrography [19], leaching behavior [20], metal distribution [21] and variation
of sulfur in coal seams of Makum coalfield [22, 23]. However, mineralogy of over-
burden, ABA study of both overburden and coal, and metal leaching potential from
overburden have received less attention. Therefore, an attempt has been made to
study the ABA of overburden and coal from the Makum coalfield along with their
metal leaching potential.

11.2 Geological Setting

Makum coalfield in Tinsukia district of Assam is the largest Tertiary coal deposit in
India (Fig. 11.1) and covers about 100 km?. It consists of three open cast coal mines,
Tikak, Tirap and Ledo and two underground collieries such as Baragolai and Tipong.
A total reserve of 453 million tonnes of coal has been estimated by the Geological
Survey of India (unpublished, 2019).

Makum coalfield consists of five workable coal seams. Two seams having thick-
ness of 18 m and 6 m are very prominent in the study area. Other seams are highly
irregular and sporadic in nature. Coal seams belong to the Tikak Parbat Formation of
Oligocene age. It comprises of sandstone, siltstone, mudstone, carbonaceous shale
and coal seams. The coal is classified as semi-bituminous in rank with low ash, high
sulphur (2-6%) and volatile matter content with very high caking properties [24].
Three forms of Sulphur—sulphate, pyrite and organic sulphur were observed in the
Assam coal and about 70-80% of total sulphur remains in organic form [22]. Chandra
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Fig. 11.1 Location of the study area and different collieries

et al. [25] and Rajarathnam et al. [23] indicated the formation of Makum coalfield
under marine influence.

11.3 Materials and Methods

Seventeen overburden samples of sandstone, shale and siltstone; 13 coal samples
were collected from different collieries of the Makum coalfield (Fig. 11.1). The solid
samples were powdered and passed through 60 mesh for ABA test. The static ABA
test was carried out by determining the NP and APP of both coal and overburden.
The difference between NP and APP is termed as net neutralization potential (NNP)
and the ratio of NP to APP is known as neutralization potential ratio (NPR). The
NP, APP and NNP have been expressed in CaCO3 equivalent tons/1000 tons (parts
per thousand, ppt). The paste pH, which is a quick measure of acid generation or
acid neutralization capacity of materials, was measured based on Price et al. [26]
and less than 4.0 was considered potentially acid generating [27]. The paste pH was
determined by placing 10 g samples in 50 ml beakers. Ultrapure water was added
to the sample at 1:1 solid/solution ratio. The slurry was mixed for 5 s and pH was
determined after 10 min by the pH electrode.

The NP of overburden and coal was determined following the standard Sobek
method [27]. Fizz test was performed, prior to the Sobek method to determine the
requisite amount and strength of HCI needed to be added for dissolving the carbon-
ates. Fizz ratings are shown in Table 11.1. The NP was determined by adding HCI
to 2 g of samples, and heated at nearly 90 to 95 °C without boiling until no bubble
can be visible. After digestion, distilled water was used to bring the volume in the
beaker to 100 ml. The beaker was heated for a minute and then cooled. The digested
samples were titrated to pH 7 by using NaOH having normality same as that of the
HC1 used during the digestion step.

The SobPer method was also employed for comparison because of inability of
the Sobek method to allow sufficient time for oxidation of Fe** [10]. In the SobPer
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Table 11.1 Description of Fizz rating [10, 27]

Fizz rating | Description Amount of | Strength of
HCl (ml) |HCI (M)
0-None No reaction 20 0.1
1-Slight Minimal reaction; a few bubbles per second to many fine | 40 0.1
bubbles
2-Moderate | Active bubbling with only a small amount of splashing |40 0.5
3-Strong Very active bubbling that includes substantial splashing | 80 0.5

method, all steps of the Sobek method are to be followed. After titration to pH 7.0, a
further digestion using H,O, was required for complete oxidation of Fe?* as siderite
is very common in the overburden and coal. 0.5 ml of 30% H,0O, was added to the
suspension of the Sobek method and slightly boiled for 1 min. Then the solution
was allowed to stand at room temperature before retitration to pH 7.0. When there
was decrease in pH or the solution turned dark or green after second titration, a
further H,O, treatment was required. Total amount of NaOH consumed during all
the titrations was used in determination of NP. However, NP measured from the
SobPer method was used in all the calculations. APP was calculated by multiplying
31.25 with wt% of pyritic sulphur. This is based on the assumption that sulphide
sulphur is acid generating; and sulphate and organic sulphur are nonacid generating
[28].

Overburden and coal samples were sieved through 230 mesh for the detailed
mineralogical study carried out by X-ray powder diffraction (XRD) using CuKa and
CoKaua targets. The sulphide-sulphur content of coal and overburden was measured
using ASTM D 2492 and [29] methods respectively. The samples were powdered
and sieved (<54 pwm) for chemical analysis. Major oxides and trace elements such
as Cr, Cu, Mn, Ni, Pb and Zn in overburden were determined using Philips PW
2400 Wavelength Dispersive X-ray fluorescence spectrometer (WDXRF) with Rh
target using press pellets. Major oxides of coal were determined from ashed coal
(850 °C) samples using WDXRF. Major elemental concentrations were determined
from fused beads of ashed coal while total S analysis was done on pressed pellets of
whole coal prepared with wax as the binding material. The concentrations of Cr, Cu,
Ni, Mn, Pb and Zn in coal were determined by AAS (Perkin Elmer Aanalyst 300)
from the digested whole coal using a mixture of HNOj3, H,O, and HF.

Leaching of overburden and coal was carried out at liquid to solid ratio of 20:1
following USEPA (1994) in order to access the potential release of metals under
natural weathering. The mixture of powdered overburden with deionized water (pH
maintained at 4.2 by adding sulphuric and nitric acids) was gently shaken in an
incubator shaker prior to measuring the pH in unfiltered splits collected after 1, 2, 4,
6 and 9 day intervals. Subsequently, the filtrates were analysed for determining the
concentrations of the selected metals employing an AAS.
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Fig. 11.2 XRD patterns of D: Dolomite, Q:Quartz, K:Kaolinite
some overburden materials Plg:Plagioclase,S:Siderite,C:Calcite
G:Gypsum,M:Malenterite P:Pyrite
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11.4 Results and Discussion

11.4.1 Mineralogy

The XRD patterns of overburden materials from the Makum coalfield are shown in
Fig. 11.2. Quartz is the dominant mineral in overburden followed by kaolinite and
siderite in most of the samples. However, in some overburden, dolomite is the most
dominant mineral. Plagioclase has moderate occurrence. Pyrite, calcite, gypsum,
melanterite and muscovite occur as minor quantity in most of the samples though
in some samples pyrite was present in moderate quantity. Dolomite is abundant in
overburden from the Baragolai and Ledo collieries. At Baragolai, Tirap and Ledo
collieries, some overburden materials show prominent small peak at 7.6 A which
is assigned to gypsum. The overburden material at Tirap colliery shows sharp and
prominent peaks of melanterite at 5.49, 4.92, 3.78, 2.27 A. The detail mineralogy
of overburden samples are given in Table 11.2. From the mineralogical study it is
observed that pyrite is associated with the laminated carbonaceous shale, whereas
dolomite is the dominant mineral in siltstone and non-laminated carbonaceous shale.
The splintery shale, sandstones and sandy shale are found to contain trace amount
of carbonates.

11.4.2 Acid Base Accounting

Various results of ABA test are given in Table 11.3. It is observed that the NP
measured by the SobPer method is always lower than that of the Sobek method. A
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similar trend was noticed by several researchers [3, 10, 30], and attributed to the
insufficient time for oxidation of Fe** to Fe** in the Sobek method. Since most of
the samples of overburden and coal contain siderite, Sobek method has resulted in
the overestimation of NP, but SobPer method is found to give more accurate NP due
to complete oxidation achieved by addition of H,O,.

It is observed that the NP value in the overburden ranges from —67.92 to 580 ppt;
APP between 0.09 and 41.25 ppt, NNP between —109.1 and 579.9 ppt and NNR
between —1.65 and 6444 in the overburden. Further, very high NP of overburden
is associated with Baragolai and Ledo collieries while it is intermediate at Tipong,
and low at both the Tikak and Tirap. Very high NP values can be attributed to the
presence of relatively higher amounts of dolomite and trace amount of calcite which
is corroborated with high concentration of CaO and MgO which is up to 20.7 and
9.3% respectively. At Baragolai, it is observed that acidity generated by the oxidation
of pyrite (8%) is neutralized by the presence of dolomite (48%). The negative NP
at Tikak and Tirap is due to the oxidation of pyrite that is present up to 25% of the
total mineral content while trace amounts of dolomite and calcite along with high
amounts of quartz and kaolinite are found to be insufficient to neutralize the acid
produced. The presence of pyrite is also associated with high concentration of SO3; up
to 5.8%. Melanterite which is a common efflorescent salt and often the first mineral
to be deposited from aqueous solution at sites of pyrite oxidation has been observed
in overburden from Tirap.

The NP value for coal varies from —162.7 to 8.62 ppt. The lowest NP is associated
with Tipong and the highest is found at Ledo colliery. The APP ranges between 10.93
and 45.31 ppt with maximum at Tipong. The NNP is negative for all the coal and
ranges from —3.57 to —208 ppt while NPR varies from —3.59 to 0.70. The relatively
higher APP is possibly due to the abundance of reactive framboidal and very finely
disseminated pyrite [17, 23]. All the coal samples contain more than 0.3 wt.% of
pyritic-sulphur which is considered to be the threshold for generating AMD [26].
The pyritic-sulphur concentration in coal is above the threshold and ranges from 0.35
to 1.45 wt.% where as in overburden it lies between 0.003 and 1.32 wt.%. Therefore,
the post-mining discharge quality is largely depends on the concentration of pyrite
in both coal and overburden, and their neutralization potential.

A strong positive correlation between APP and S is observed which indicates that
the APP is related to the pyrite content and high concentrations of S (Fig. 11.3a).
On the other hand, high NP is associated with large amounts of dolomite besides
traces of calcite in overburden. It is further established that high NP is due to high
concentrations of Ca and Mg as strong positive correlation between Ca and NP
(Fig. 11.3b), and Ca and Mg have been observed (Fig. 11.3d). No strong correlation
between AP and Fe is found (Fig. 11.3c). It is possibly due to the fact that Fe is not
only present as pyrite but also as siderite, which does not contribute to AP.

Ithas been reported that the pH of mine discharges at Baragolai and Ledo collieries
are found to be mildly alkaline (Table 11.3). It is due to abundance of dolomite and
calcite. Mine discharges from the Tikak and Tirap coal mines are highly acidic which
is attributed to the more pyrite content in overburden. The pH of the mine discharge
from Tipong ranges from 2.3 to 4.2 [17].
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Fig. 11.3 Relationship between S and APP (A), NP and Ca (B), APP and Fe (C), and Mg and Ca
(D) in overburden and coal from Makum coalfield

The NNP and NPR are commonly used to assess the post-mining water quality
more accurately than both NP and APP [5]. The criteria for evaluating mine discharge
quality based on NNP and NPR are given in Table 11.4. Based on these, all the coal
measures are found to have potential for acid generating (Fig. 11.4). However, based
on NPR value, it is found that most of the overburdens can generate net alkalinity
except two samples, R-5 and R-9, showing negative NPR. The NNP of most of
overburden ranged between 0 and 12 ppt indicating their capacity for generating
either acidic or alkaline discharges; but in case of few samples it is much above
the threshold for generation of alkaline discharge. NNP result is also negative for
the same overburden samples which have acid generating capacity by using NPR.
However, the NPR shows a good relationship with paste pH. Therefore, the NPR can
be used as better predictor for the post mining discharge quality than NNP.
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Table 11.4 Ceriteria for the
characterization of post
mining water quality

Fig. 11.4 Relationship
between paste pH and NNP
(A); paste pH and NPR (B)

11.4.3 Metal Concentration and Leaching Study
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Among the heavy metals in overburden, it is found that Mn has the highest concentra-
tion range, 158-1623 mg/kg, followed by Cr (105-433 mg/kg), Ni (41-309 mg/kg),
Zn (5.8-199 mg/kg), Cu (4.5-66 mg/kg) and Pb (13-38 mg/kg). Most of these metals
are above their respective crustal abundances and Ni showed the highest enrichment
followed by Cr (Fig. 11.5). Similarly, in coal Cr ranges from 0.2 to 26.6 mg/kg, Cu
3.1-48.5 mg/kg, Mn 7.8-115.9 mg/kg, Ni 2.5-211 mg/kg, Pb 14.6-36.9 mg/kg and
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Zn 11.3-99.4 mg/kg. In contrast to that of overburden, except Pb, all other heavy
metals are below their respective crustal abundances in coal.

Time-dependent leaching of metals from overburden and coal was carried out
as described earlier. The change in pH and concentrations of metals leached with
time are given in Table 11.5. During the leaching of sandstone and siderite-bearing
shale, the initial pH of leachate is found to be acidic; however, the pH increases
with time and becomes alkaline after 6 days (Fig. 11.6). It is due to dissolution of
carbonates present in trace amounts and consumption of H* by silicates. Shale with
higher dolomite content has produced alkaline leachate. After the day 1 the leachate
pH has been found to be 7.6 and increased to 8.1 at the end of 9 days. Presence
of higher amount of dolomite in overburden has consumed the initial acidity and
leachate becomes alkaline. Coal and overburden, those are rich with pyrite, have
generated acidic leachate throughout the experiments. The leachate pH has been
found in the range of 2.1-2.5 and 1.6-2.9 for coal and pyritic-shale respectively. The
leachate from pyrite-rich overburden and coal remains acidic due to the oxidation of
pyrite that is responsible to produce acidity (Fig. 11.6).

The concentrations of Mn, Ni and Pb in the leachate has been observed to be
higher than their respective water quality guideline values as per the Bureau of India
Standards (BIS) (Table 11.6), while concentrations of Cr, Cu and Zn are within
their respective limits in leachate from both overburden and coal. Some overburden
releases Cr above its permissible limit. Similar to the result obtained from leaching
experiments, it has been commonly observed that Mn, Ni and Pb exceed their permis-
sible limits in different coal mine drainages from USA and other countries [17, 32—
34]. Equeenuddin et al. [17] reported the high concentration of Mn, Ni and Pb in the
mine discharges and ground water in the Makum coalfield region.

The leachate generated from the coal and pyrite-rich overburden contains abnor-
mally high metal concentrations with respect to that of the other overburdens. It is
attributed to the oxidation of pyrite that causes very low pH (<3). Thus, metals are
highly mobilized under strongly acidic environment as solubility of metals increases
with decrease in pH [35]. The concentration of Mn in the leachate obtained from
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Table 11.5 pH and concentration of metals (mg/L) in leachate at different time intervals using

acidify deionized water at pH 4.2

Type Days 1 2 4 6 9
R1 (Siderite bearing shale) pH 4.60 4.70 6.90 7.00 7.80
Zn 0.15 0.10 0.06 0.03 0.03
Cu ND ND ND ND ND
Mn 1.45 1.76 1.76 1.37 1.37
Ni 0.39 0.19 0.12 0.03 0.03
Cr 0.08 0.08 0.07 0.06 0.06
Pb 0.19 0.13 0.11 0.18 0.24
Days 1 2 4 6 9
R5 (Pyrite bearing shale) pH 2.90 2.50 3.00 1.60 2.90
Zn 3.85 291 2.70 2.95 2.87
Cu 1.48 0.99 1.12 1.20 1.19
Mn 5.27 4.47 4.25 5.04 4.89
Ni 4.95 3.88 3.68 3.85 3.67
Cr 0.28 0.28 0.28 0.32 0.29
Pb 0.30 0.24 0.16 0.27 0.27
Days 1 2 4 6 9
R12 (Dolomite bearing shale) pH 7.60 7.40 8.00 8.80 8.10
Zn ND 0.05 0.04 0.02 0.01
Cu ND ND ND ND ND
Mn 0.32 0.30 0.32 0.23 0.21
Ni 0.09 0.09 0.06 0.15 0.02
Cr 0.05 0.06 0.05 0.04 0.04
Pb 0.15 0.15 0.08 0.19 0.21
Days 1 2 4 6 9
R16 (Sandstone) pH 4.40 4.90 6.50 6.80 7.30
Zn 0.02 0.01 0.01 0.01 0.01
Cu ND ND ND ND ND
Mn 0.14 0.18 0.15 0.13 0.12
Ni 0.12 0.13 0.11 0.11 0.13
Cr 0.03 0.04 0.04 0.03 0.03
Pb 0.09 0.07 0.06 0.12 0.14
Days 1 2 4 6 9
Coal pH 2.50 2.50 2.40 2.30 2.10
Zn 1.93 1.81 1.86 1.99 1.95
Cu 0.38 0.38 0.36 0.44 0.48
Mn 2.84 2.63 2.78 3.10 291

(continued)
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Table 11.5 (continued)

Type Days 1 2 4 6 9
Ni 13.95 13.39 13.65 14.45 13.76
Cr BDL BDL BDL BDL BDL
Pb 0.23 0.21 0.26 0.28 0.24
Fig. 11.6 Variation of 94
leachate pH with time for 1 A
different overburden and coal 84 =
] "'\.__,‘/‘ v
74 —
6] —m— Coal
1 —&— Pyritic shale
T 5 - —a— Dolomitic shale
= x 74 —w— Sideritic shale
4l —4— Sandstone
34 . o, .
] .L.é.%. 74
2 . -
1 T T T T T T T T 2 1
0 2 4 6 8 10
Day
Table 11.6 Desirable limits ..
- . Parameters Limits
of drinking water quality as
per Indian Standard (IS: pH 6.5-8.5
10500; BIS 2012) 7n 15
Cu 1.5
Mn 0.3
Ni 0.02
Cr 0.05
Pb 0.01

siderite dominated overburden is very high (up to 1.76 mg/L) as compared to other
non-pyritic ones (up to 0.32 mg/L). It is caused due to its possible association with
siderite. Occurrence of Mn in siderite bearing overburden has been earlier reported
and indicated siderite as the source for very high concentration of Mn in coal mine
drainage [36]. Similarly, abnormally high concentration of Ni (up to 14.5 mg/L) has
been found in the coal leachate compared to that of the overburden (up to 4.9 mg/
L). This might be due the occurrence of Ni in the exchangebale part of the coal
components as it is easily water soluble. Finkelman et al. [37] reported the associ-
ation of 55% of the Ni in an exchangeable form in coal. Equeenuddin et al. [17]
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reported abnormally high concentration of Ni (up to 11.13 mg/L) in Makum coal
mine drainages relative to that of other places. Therefore, it can be concluded that the
results of the leachate chemistry from the mine overburden and coal provides very
good information on mine dishcharges and the likely potential metal contamination
due to coal mine drainages.

11.5 Conclusion

This study aims to identify the mineralogy of overburden and coal in order to evaluate
the acid mine drainage potential vis-4-vis metal leaching characteristics for under-
standing the impact of mining activities in water, soil and sediment in the Makum
coalfield. Dolomite is found to be abundant in the overburden and the most important
mineral contributing towards the maximum NP. The coal measures from all collieries
are highly acid producing. Siltstones and massive carbonaceous shale are observed
to have higher neutralization potential whereas laminated carbonaceous shale are
found to be enriched in pyrite and have maximum APP. The results of ABA test is
nearly consistent with the direct mine discharge and NPR is found to predict the mine
discharge water quality more accurately that that of NNP. Leaching study indicates
that the concentration of Mn, Ni and Pb is above their respective allowable limits.
Thus, it is proposed that ABA study along with the leaching test of overburden and
coal is highly essential to assess the post-mining water quality and its environmental
impact.
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