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This study investigates the geochemical and mineralogical
characteristics of Takht Coal Spoils in Minoodasht, Iran. For this
purpose, six representative spoil samples were collected. The
geochemistry of the samples were studied using XRF and ICP-OES
analyses, microscopic studies, XRD, and SEM-EDX spectra. To
examine the potential of Acid Mine Drainage (AMD) by the spoil
samples, different static tests including pH and EC measurement of
saturated paste, Acid-Base Accounting tests (ABA), and Net Acid
Generation (NAG) / Net Acid Potential (NAP) test were applied. Based
on the geochemical data, the studied samples are not enriched with Fe,
Mn, Ni, Zn, low enriched with Cu and Cd, moderately enriched with
Mo, significantly enriched with Sb and Pb, and strongly enriched with
As. Quartz, muscovite, clinochlore and kaolinite are the major mineral
phases in the studied samples. Static tests indicate that most of the
samples are characterized by saturated paste pH<5.5, pH NAG<4.5,
negative net neutralization potential (NNP), and positive NAPP values.
NNP and NAG values as well as the position of the samples on the
geochemical diagrams show that the formation of acid drainage is likely
through the oxidation of spoils discarded around the mine. Regarding
the environmental hazards imposed by acid mine drainage, the proper
management of the spoils in the studied area deems necessary.
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EXTENDED ABSTRACT

Introduction

Coal is one of the most important fossil fuels that has
been used by humans since ancient times due to its
unique properties. However, coal extraction typically
results in environmental problems such as land
destruction, mine collapse, mine explosions, land
subsidence, surface and groundwater pollution, soil
and air pollution, and the production of Acid Mine
Drainage (AMD). AMD is produced through the
oxidation of metal sulfides (especially pyrite) present
in waste rock dumps, processing wastes,
underground mine tunnels, and open-pit mines.
Oxygen, moisture, and ferric iron resulting from the
oxidation of iron-bearing sulfides (especially pyrite)
are the most important factors in sulfide oxidation
(Munksgaard et al., 2012). AMD is one of the most
important environmental problems in mining
industry and one of the main causes of water
pollution (Mohanty et al.,, 2018; Rezaie and
Anderson, 2020), which reduces the pH and
enhances the electrical conductivity (EC) of water
and increases the concentration of potentially toxic
elements  (especially copper, zinc, arsenic,
manganese, cobalt, nickel, lead, cadmium, barium,
and mercury) in the surrounding areas (Pan et al.,
2021; Kavehei et al., 2021). Moreover, the
detrimental effects of AMD persist for decades and
even centuries after mine closure. Coal spoils are
among the most important sources of AMD
production, because they usually contain high
amounts of sulfidic minerals (e.g., pyrite,
chalcopyrite, and arsenopyrite). Considering the
negative impacts of AMD on the whole ecosystem,
especially in coal mines where very large amounts of
spoils are produced during extraction of coal, the
prediction of AMD formation is of great importance
that is useful in proper managing of spoil’s disposal
and taking actions for preventing the formation of
AMD (Kavehei et al., 2021). The aim of this study is
investigating the geochemistry, mineralogy, and
potential of AMD production by the coal spoils of
Takht Coal Mine, located in Minoodasht County,
Golestan Province, Iran. Coal extraction produces a
large amount of waste materials, which are disposed
around the mine tunnels. Since coal spoils is one of
the most important sources for AMD production,
examining their potential for acid generation is of
great importance. Moreover, the geochemistry and

mineralogy of the studied spoils were investigated by
XRF and ICP analyses, microscopic studies, XRD,
and SEM-EDX spectra of the representative samples.

Materials and methods

Five representative samples were taken from the
waste rock (spoil) dumps disposed near the
extraction tunnels, and one representative sample
was taken from the spoils discarded around Takht
Coal Mine. To obtain a representative sample at each
station, at least 30 sub-samples were collected and
mixed together. The weight of each sub-sample was
approximately 3 kg. To identify the minerals present
in the samples, polished sections were prepared and
studied, and X-ray diffraction (XRD) and SEM-EDX
analyses were implemented. The geochemical
compositions of the studied samples were studied by
X-ray fluorescence (XRF) (for major oxides and
sulfur) and ICP-OES (for major and trace elements)
analyses. To predict the potential of AMD
production by the studied samples, the most common
statistic tests were conducted using standard
methods: 1) measuring pH and electrical
conductivity (EC) of saturation pastes of the
samples; 2) the modified Acid-Base Accounting
(ABA) tests; and 3) Net Acid Generation (NAG) and
Net Acid Potential (NAP) tests.

Results and Discussion

The results showed that the spoils of Takht Coal
Mine is not enriched with Fe, Mn, Ni, and Zr,
significantly enriched with Sh, Pb, Mo, and
extremely enriched with As. The high enrichment of
toxic elements (i.e., As, Sh, and Pb) in the studied
samples is likely due to the presence of pyrite and
chalcopyrite in the samples, as confirmed by the
mineralogical studies in which pyrite presents as
framboidal aggregates and semi-idiomorphic
particles. Moreover, the high concentration of
potentially toxic elements in the studied samples
must be considered a potential risk which may result
in serious environmental impacts on the surrounding
areas. The statistic tests showed that the pH values of
samples 1, 2, 3, and 4 in the net Acid Generation
(NAG) test are <4.5. On the other hand, these
samples have a positive Net Acid Production
Potential (NAPP) and a negative Net Neutralization
Potential (NNP). On the other hand, in samples 5 and
6, NAG pH is greater than 4.5, and the pH value of
the saturation paste is approximately neutral. The
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two samples have the lowest sulfur among all
samples. Moreover, XRD spectra showed that
muscovite and quartz are present in theses samples,
which can prevent acid production or neutralize the
produced acid. The results of the static tests showed
that samples 5 and 6 have a negative NNP and a
positive NAPP. Therefore, the possibility of acid
production in the waste materials is uncertain.

Conclusion

Considering the high concentrations of potentially
toxic elements in the spoil samples of Takht Coal
Mine, in the event of acid mine drainage formation,
the surface and groundwater resources and soil of the
studied area will be seriously affected. To reduce the

environmental impacts of Takht Coal Mine’s spoils,
taking proper measures is very relevant. Some
possible measures include adding lime to the waste
materials to neutralize the spoils, adding soil to the
waste material, providing drainage channels under
the waste dump bed to transfer produced acid into
ponds containing lime materials, depositing waste
material away from surface water paths, and
separating pyrite from the waste material can be
taken into account.
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(Lawrence and Wang, 1996) .5" . AJ 5
b el (1 Jsdr) 55 0 93T 1zl NP 0 53T plawit 51 iy
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:(Lawrence and Wang, 1996) 4T . s

0O dsles

V(ml)x0.049x1000
w(g)

ANC (Kg H2504t_1) =

S Odas albl sladi 5o 53 (Banerjee, 2013) 55 zlejT bl oslial 5 ) go ¢S5 5u IS sl a2l 5 e Jgu

Table 1. The volume and normality of applied hydrochloric acid based on the Fizz test (Banerjee, 2013) in spoil samples

of the Takht Mine

Volume (ml) Normality Fizz test result

20
40

40
80

0.2
0.2

0.5
0.5

No
Slight

Moderate
Strong

OT 51 gl gd) 358 JalS” 285 B o313 0SS 1, OT e
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B 0315 03l OT Sl o o 0 il s J hows 435 ¢ ke
s gad oyd S ol 53553 5 o BUT (glos o311 & 4 gl
b Gilloe ol S5 5okt L 4 gl g a0 5 L 4y L
Sl pVaPH B U2 5ol 20 e dul dle
odboslizal ol oS s sdn ST il b 4B Y (S
23 oAbl dsl (il 2l Ja ¥l STV 4 PH O 61
IS5 5 Srale3T 3l eslinal b (i3T5 0358 (SIS (L5 dl> s

3T o st dslea 5HINP) (g5l i fuiilsy 358 o0

VA &SI 3l 035 s aism 0,8 /0 ala3T ol (s
Aol o lad Ao 5 A Sz S e Vi s o e
ok &S Sl bl dBalol OT 4 das 53 Y0 &S, IS
Jstr) (558 5 dow gt Camd (ot 4 5 S la3T st 005 0
s (Hajizadeh Namaghi and Li, 2016) s 55 .. e ()
03 e3ll 5y 50 5L andle 5 g Al adla 5 g 0o bl ol
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NP (Kg CaCOst™) = [(N x V (ml) of HCI) — (N x V/
(ml) of NaOH)]x 50/ W(g)

o= LAV Ok b aal el bl Nodaly ol 5o

(08 ) w505 0554 2 W 5 Gl s ) 65500

Slp a8 oS Sl S s Cpmads ol s O

T S el Y il 05 5
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V dslre

NNP (Kg CaCOst?) = NP (Kg CaCOst™) — AP (Kg
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A dslas

NAPP (Kg H2SO4t™?) = MPA (Kg H2SO4t™) — ANC
(Kg H2504t'1)
40 5l s NNP Yt bbb o o5 8 s s L

Yo 5 %S NNP 5 ol ) 5 Jla] pobs odias Ol
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(Mason and Moore, 1982) (gls,l5 4w gy Lo s2e S 5
Sb P AS olie codeT Cons 4 gl 4 4 5 b s e OLS
(S8 glaw gy o gis polas 4 i Zn 3 CU MO«
laalbl 5 Kl Sas g s w0l Sas b
sems s Vsl o S olie 51 0T g el 51 56
(N 2 0 SIS 035 ) (Shed) g ¢ S g Sl SIS
Sl (L oy dle) SIS 5 (Sl S (o Sl

.(Lottermoser, 2010)

SiO; (v#/1) > Al,O3(V1/4) > Fe03 (8/4) > K20 (¥/v)
>MgO (1/8) > TiO2 (V) > CaO (+/4) > S (/) > P,0s
(+/¥) > Na2O (+/1)

Gl S5 5 o S 1S Lk Ll SIS, ST Al sle
358 Mo odaT Comns 4y gl bl Ly L)l ) 3 o)
(V @505 53) Ao y3 /A G (F @503 53) Ao yn +/Y o o 5o
bl bl j3 1) S wle Chle F Jydo . Cul S

v Odme albl (slaw sei 53 (Ao s ) 35 8 5 ool oS Ll Y Jou
Table 2. The concentration of major oxides and sulfur (%) in the spoil samples of the Thakt Mine

Sample SiO: TiO2 AlOs Fe:03 MgO CaO Na:O KO0 POs S L.OlI
1 492 12 154 8.1 2.3 0.9 0.1 55 01 08 159

2 281 09 8.7 5.1 1.0 0.9 0.1 29 02 07 489

3 265 10 114 4.7 1.0 0.9 0.1 37 04 03 476

4 426 10 148 5.6 1.9 0.7 0.1 43 03 05 270

5 39.0 0.9 9.5 4.4 1.0 0.8 0.1 27 01 04 392

6 306 09 113 7.3 1.8 1.4 0.1 34 02 02 411
Min 265 0.9 8.7 4.4 1.0 0.7 0.1 27 01 02 159
Max 492 12 154 8.1 2.3 1.4 0.1 55 04 08 489
Average 36 1.0 119 5.9 15 0.9 0.1 37 02 04 366

Table 3. The concentration of major and trace elements in the spoil samples of Takht Mine in comparison with the average
concentration of elements in the Earth's crust (values in mg/kg)

Sample Fe Mn Ni Zn Sb Pb Mo Cu Cd As

1 28326 486 77 78 11 17 36 59 02 274

2 28616 290 80 122 11 33 40 102 02 188

3 28579 347 80 109 09 16 22 64 03 133

4 22954 402 50 53 10 424 67 235 02 213

5 38728 687 72 92 10 15 22 59 02 101

6 36552 624 70 105 1.0 21 06 63 02 128
Average 30361 4726 715 931 10 876 32 97 02 17.2
Clarck (Mason and 50000 950 75 70 02 15 15 55 02 15

Moore, 1982)
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Table 4. Enrichment factor of potentially toxic elements in spoil samples of the Takht Mine

Sample Zn Sb Pb Ni Mo Mn Fe Cu Cd As
1 02 6.7 15 11 41 05 06 12 16 315
2 02 47 2.0 08 32 02 04 15 12 154
3 01 5.0 1.2 11 22 03 05 11 15 135
4 06 72 457 09 93 06 06 59 16 2938
5 01 52 1.1 09 21 05 07 10 10 9.8
6 02 46 14 08 05 05 06 10 12 116
Average 02 56 8.8 09 36 04 06 20 13 186
ewld S 9 b sy wy y s 0 kins0lii +/0 51 S NAG/NAPP i iomon

dol}u g L § ol esls jaseis el G g sla SIS
5 Jeld (o alSSl (5 Sy S b Ji o
(g S50 Sadgad 55 (D U A-Y Jﬁ.‘u) @‘Qﬁﬁﬂlf
5 JSband D5 e 5 Gl el D)o 4
Calisen (gla JSCo 5 Sy D)5 03100 3 58 o0 otalin [
ot S 5B Sl LS| s sy 2y 5 0T
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T Sl ol 5 (6 s ST g e 55 5 atdils (g 2dus
Loadls gy sl sl Jolod (gt goal b Slaa oy ils (o 221 31

S JSis KaS UST o 03 g e S & 51 S o510

S EE T 55 ) Gaolll ) sl b5 55
RGBSV N VW I S U du}\o;ﬁvfj & 505 53 (G s
oAl Al S ilesT @ awd el Al iy 2slesT
Le 055en a8 51 GRle3T ol 5o a8 sl ol b

Beh o 25 Jsloe e 95580 0 eslizal

A dsles
50ab

NAP (KgCaC03t ™) = %
b pln D ST s it b bl paclaly ol s
S35 055 A2 C 5 A e oo A pdn s o

DOI: 10.22067/econg.2023.82856.1080

\al

¥ ooylad VO o 95 NP Y ((goladl u“”uw")


https://doi.org/10.22067/econg.2023.82856.1080

e 3T Odasn (53590 g 1 IE ] ) il laalbly s SIS 5 cachi

(.S’lJGJ ‘5»\5}9 E) ":Ug_séj‘“\:’.

Gy ¥ 53 55 g0 LGSV JS ) XRD s bl
e sSs ¢(Si02) 55,158 ol b i Ouas bl
5 (ALSI,05(OH)s) i 45LS (KAI(AlSisOr0))
(S 55k 4.l ((MgsAl)(Si2Al)s010(OH)10) S 5uls”
Gl 5 55 Al 5 e (a5 53) SIS cla SIS
5 eAial atdls 23 Sy m LS| 315 ol 5 slacn
L0y O b SIS gl ST s (S5

Lottermoser, ) c—ul ol jor bl S o W5 L 5 O535,4un

sl agl SIS e Cld SIS e 6l (2010

Sy (AU sl aly Sl Yz

o;.x_;g-l_?u.alfoT o3Il 48T s e J_L.’z&};a:j
P S350 sm S5 4 G sl p SaTy g s 0 05 S
(Jii& wlsliys U\:Ji.i) o Lgl.«sdg_i' J§:'° By
5l 3L 5 D13 ol el Sl | 5y ST
AL ST e LT o 555 gy e
)A&)T.ﬁbékﬂb&)}#‘ﬁé&}#}‘..&)&
1y el O3 A 5 3 5 o5 42 Sl s SB SIS
lw s g e o Il s g g 1, 5 b 0 2] 53
STl s b SISl S glie tals el dbud

(Lottermoser, 2010) > 4 .

o e By 43,‘.;)1;‘)@@;4)190\.@Jomwgduaﬂ)“ﬁ-)ﬁduqﬁw&ji_.gﬁtpdéuﬂ_;uﬂ}_.psxd&_&
PRI (PO G b IS 2PHVCIS Y (G- FOUFCIPNE OIS IPHVC PR P )

Fig. 2. The microphotographs of polished sections of pyrites in spoil samples of the Takht Mine. A: semi-idiomorphic
pyrite in sample 2, B: framboidal pyrite in sample 1, C: semi-idiomorphic pyrite in sample 6, and D: semi-idiomorphic

pyrite in sample 5.
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Fig. 3. The X-ray diffraction images of 6 representative spoil samples of the Takht Mine
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Fig. 4. The SEM images of minerals present in Takht Mine spoils. A: Quartz in sample No. 6, B: Muscovite and dolomite
in sample No. 5, C: Siderite in sample No. 4, D: Plagioclase, muscovite, and quartz in sample No. 1, E: Pyrite in sample
No. 5, and F: Pyrite and clinochlore in sample No. 2. Abbreviations after Whitney and Evans (2010) (Qtz: quartz, Mus:
muscovite, Dol: dolomite, Sd: siderite, PI: plagioclase, Clc: clinochlore, Py: pyrite).
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Fig. 5. The EDX spectra of the Takht Mine spoils
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Table 5. pH and electrical conductivity (EC) of saturated paste extracts of spoil samples of the Takht Mine

Sample pH EC (us/cm)
1 4.9 1623
2 5.2 1786
3 4.8 1736
4 5.1 1618
5 5.4 1713
6 5.2 1592
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Table 6. The results of MPA, ANC, and NAPP evaluations in spoil samples of the Takht Mine

Sample NAPP , ANC , MPA .
(Kg H2SO4t™)  (Kg H2SO4t?)  (Kg H2SO4th)

1 21.9 2.4 24.4

2 19.9 14 21.4

3 8.1 0.9 9.1

4 12.8 2.4 15.3

5 10.2 1.9 12.2

6 4.6 1.4 6.1

Dlls o i digad opl Sl (YO) Y 0)la dlgad 4 Glate
&JQNPJ@@MW..a)\.sl.mj}.:.i&ﬁ).a\).s;jf
e (—M/D)Y OJ\AJ:' Q}Nmb};f L;JL“‘LS:"

das oo Ol (V J ) AP 5 NP alows 1okl s 4 o]
03150l (g lw i ol s L) NPIAP s o
L;‘LA:A-?.L::-;)J cg,_n»‘é_iﬂ)\;.‘SLam‘,N rbﬁ)) (J}_&@

Sl 5 ey i s |y Al A il La g

55 Odae bbb ABA Skl sl i3T5 Y Jver
Table 7. The results of ABA static tests of the Takht Mine spoils

Sample (kng’i\lCIIDOe,t‘l) (kgcgggst'l) (kgCaACPOst'l) Npap  ANC/MPA
1 455 705 25.0 1.8 0.1
2 555 773 2138 25 0.1
3 542 635 9.3 5.8 0.1
4 405 56.1 15.6 25 0.1
5 355 480 125 2.8 0.1
6 245 -30.4 6.2 3.9 0.1

PAF'HC 03y yd LAA.U?L; &J'l‘ J.‘...‘J u:.a.b 4.1 g:,._w| NAG>5
ole a kS a1 F (YL b 5 el o il oS )

SNAG pH<4.5 ciiyls <ta NAPP &S F5¥ oY ) o,
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Table 8. The results of the Net Acid Generation (NAG) test by the Takht Mine spoils

sample NAG pH Mgﬁ‘sre“y E;g ‘;'e“(”%el) (Kg ll\l';:\SGOﬂ'l) NAG/NAPP
1 3.6 0.1 75 147 0.7
2 3.0 0.1 235 46.0 23
3 3.2 0.1 125 245 3.2
4 33 0.1 12.0 235 18
5 5.6 0.1 3.0 5.8 0.6
6 48 0.1 33 6.4 13

NAP o i 6150 5 Y o)lad glaalbl 4 Jyu ol
b S (6 ey (65l 2 o b 1 god ol ez | o in
2 SLS S el I bliaS wyls baised L

el T

MNAG/NAPPg;.,_‘..;w,,;(u);md),\?@@,:g
Osa)0 = LNAG Ose3T Els (B sk sls s
a5 503 NNP s 8 51300 ABA & 5057 25,05 illes ABA
il ¢G5l S NPR(NP/AP) s 5-Y 5l a8

S5 Odas glaalbly b s (NAP) Lol sl S5 0505T s A J9ue
Table 9. The results of the Net Acid Potential (NAP) test by the Takht Mine spoils

Sample NAP pH VOIu(n,:ﬁ)Base Mglaasreity (kgcgégst'l)
1 33 224 0.1 224
2 2.8 26.3 0.1 26.3
3 35 215 0.1 215
4 2.9 22.2 0.1 22.2
5 3.7 23.6 0.1 23.6
6 34 21.7 0.1 21.7
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Fig. 6. Classification of the Takht Mine spoil samples based on (A) NNP and NAG pH, (B) NNP and, (C) NAPP and
NAG pH, NAF: (No Acid Formation) PAF: (Acid Formation) and UC: (Unknown or Suspect), (D) NPR and NAG pH
Ratio, (E) Total Sulfur value and ANC, (F) pH of saturated paste and NAG pH (Hajizadeh Namaghi and Li, 2016;
Sanliyuksel Yusel and Baba, 2016)
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1. Acid Mine Drainage, AMD

2. X-Ray Diffraction, XRD

3. Scanning Electron Microscopy, SEM
4. Energy Dispersive X-ray Spectroscopy, EDX
5. Field Emission Scanning Electron Microscopy (FESEM)
6. X-ray fluorescence, XRF

7. Enrichment Factor, EF
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9. Acid-Base Accounting, ABA

10. Maximum Potential Acidity, MPA
11. Acid Potential, AP
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13. Neutralization Potential, NP

14. Net Acid Producting Potential, NAPP
15. Net Neutralization Potential, NNP
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17. Net Acid Potential
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21. Neutralization Potential Ratio, NPR
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