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Gold mining activities have raised seriously concern on environment and health in the local
communities, particularly in the northeastern Thailand. Although, gold mines in Thailand have been
operated longer than decade, potentials of acid mine drainage (AMD) generation and toxic element
releasing have not been investigated in detail. Various mining wastes may contain hazardous elements
such as arsenic, lead, zinc, cadmium and cyanide. These elements may be released under AMD
environment. Therefore, AMD is a severe environmental impact which often occurs in metal sulfide mines
including gold mine. Mine wastes (i.e. tailings and waste rocks) from the study area in the northeastern
Thailand are collected and investigated. Mineralogical and geochemical characteristics of these mine
wastes were carried out using microscope, XRD, Raman, FTIR, EPMA, XRF and ICP-MS. The tailing samples
can be divided into upper gray tailings and lower ocher tailings. The upper gray tailings mainly contain
sulfide minerals (pyrrhotite, pyrite + chalcopyrite) and silicate minerals; consequently, they are defined as
potential acid forming (PAF). On the other hand, the lower ocher tailings mainly contain goethite, quartz,
chlorite, muscovite, calcite and hematite with minor pyrrhotite which they are classified as non-acid
forming (NAF). However, the lower ocher tailings contain high contents of As (238-2870 mg kg), Cu (750~
2608 mg kg) and Pb (10-1506 mg kg™). Regarding to the waste rocks, they are characterized by sandstone,
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the massive sulfide and skarn-sulfide rocks mainly consist of pyrrhotite, pyrite, arsenopyrite and
chalcopyrite that are actual source of AMD. Moreover, the gossan rocks are composed of As (334-810 mg
kg™, Cu (500-7500 mg kg) and Zn (45-350 mg kg"), which they can be used as a natural adsorbent (under
controlled oxidizing condition and pH > 2) with high potential for remediation of As and Cu contamination
within the surrounding areas. In conclusions, the upper tailings and the massive sulfide/skarn-sulfide rocks
have potential of AMD generation whereas the lower tailings and gossan waste rock contain high contents
of toxic elements. These toxic elements are unstable under acid drainage and they may be released into
the environment. Therefore, the tailing storage is recommended to be covered to prevent the oxidizing
processes of the upper tailings. For the waste rock dumping sites, particularly sulfide and transition dumps
containing massive sulfide and skarn-sulfide rocks, they should also be cover by layer of compacted clay

after the mine closure.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Recently, environmental impacts from mining activities have been concerned
seriously by local community, NGO, governmental agencies and private sectors. Various
mining wastes may have been generated; some of them may contain hazardous
components such as arsenic, lead, zinc, copper, mercury, cadmium and cyanide. These
components can be released when acid drainage is generated. Subsequently, they
may affect ecosystem and human health (Jackson and Parbhakar-Fox, 2016; Simate
and Ndlovu, 2014). Acid drainage or acid mine drainage (AMD) is a serious
environmental impact which is often occurred from sulfide-bearing wastes when they
have exposed to the atmosphere (Lottermoser, 2010; Parbhakar-Fox and Lottermoser,
2015; Sutthirat, 2011). During mine operation, enormous mine wastes are generated

and dumped around mine site.

Thung Kham Gold mine located in Loei province, northeastern Thailand as
shown Figure 1.1 was selected for this study. Regarding to gold deposit, gold occurs
mainly in skarn, massive sulfide and gossan rocks which form as small veins in
sedimentary host rocks (Rodmanee, 2000). Thus, the enormous waste rocks and
tailings, potentially contain sulfide minerals, have been presented within the mine site
(Figure 1.2a). They may generate acid mine drainage (AMD) and release hazardous
components. These situations were previously reported by many researchers (Akcil
and Koldas, 2006; Carbone et al., 2013; Jackson and Parbhakar-Fox, 2016; Lengke et
al., 2010; Lindsay et al,, 2009; Lindsay et al., 2015; Lottermoser, 2010; Lottermoser,
2011; Simate and Ndlovu, 2014; Valente et al., 2013; Valente and Leal Gomes, 2009).
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Figure 1.1 Map of Thailand showing location of the study area, Thung Kham Gold mine

in Loei Province, Northeastern Thailand (marked by red star).

Waste rocks are transported from the open pit and then dumped at the
dumping sites (Figure 1.2¢) while the tailings are flowed through the pipes to the tailing
storage (Figure 1.2b).

Many protesters including NGO have complained that groundwater and
surface water have been contaminated by arsenic and some other heavy metals which
might leak out from the tailing storage or waste rock dumps. Therefore, the study of
mine wastes is important because it can predict and monitor such mentioned

environmental impacts. However, this aspect is quite new research theme in Thailand.



This report combines three manuscripts which have been published in standard
international journals. These manuscripts had been carried out during this PhD study
which emphasized on the solid mine wastes, both tailings and waste rocks. These
waste materials were dumped in the Thung Kham gold mine. Because ores consist of
massive sulfide and gossan rocks; therefore, these tailings and waste rocks potentially
contain high sulfide minerals and toxic elements. Consequently, mineralogical and
geochemical characteristics of these tailings and waste rocks should be investigated.

AUl the results from this study are then reported in Chapter 2 to Chapter 4.

Characteristics of tailings are reported in Chapter 2, entitled “Mineralogy and
geochemistry of tailings from a gold mine in northeastern Thailand”. Subsequently,
investigation of waste rocks is present in Chapter 3 on the topic “Mineralogical and
geochemical characterization of waste-rocks from a gold mine in northeastern
Thailand: Application for environmental impact protection”. The topic in Chapter 3 has
been revised and should be accepted by Environmental Science and Pollution
Research to be published soon. Finally, the detailed experiment of gossan waste rocks
is shown in Chapter 4, namely “Mineralogical and chemical characteristics of gossan

waste rocks from a gold mine in northeastern Thailand”.

1.2 Objectives
The main objectives of the thesis research are:

1. To investigate petrography and whole-rock geochemistry of waste rocks in

relation to AMD generation and metal releasing; and

2. To characterize mineral composition, mineral chemistry and bulk
geochemistry of mine tailings in relation to AMD potential and metal source

of contamination.



b

Figure 1.2 (a) Locations of tailing storage, northern storage, waste rock dumping sites,
plant and open pit of the Thung Kham mine (the Google Earth satellite image was
taken on the 9" February 2016); photographs (b) and (c) of the tailing storage and

waste rock dumps, respectively (these photographs were taken on the 1% May 2012).

1.3 Scope of Work

This research is focused on mineralogical compositions and geochemical
characteristics of main mine wastes including waste rocks and tailings from the Thung
Kham Gold mine in Northeastern Thailand. Potentials of acid mine drainage (AMD) of

tailings are also examined.



1.4 Expected Outcomes

Results of this study may lead to risk reduction plans of the study gold mine.
Mine closure and waste management should be well operated using information
gained from the study. Eventually, environmental impacts, particularly generation of

AMD and releasing of toxic elements, will never take place in this area.

1.5 Theoretical Background and Relevant Research
1.5.1 Mine waste

Mine wastes are either solid or liquid or gaseous phases produced by mining,
mineral processing and metallurgical extraction. They are eventually dumped and left
around the mining site after removing valuable metals from an ore and refining the
extractable metals into a purer form; in general, they are unwanted materials without
current economic value (Hudson-Edwards et al., 2011). Common solid mining wastes

can be grouped as (1) waste rocks and (2) tailings in most cases.

(1) Waste rocks are removed from the mining sites, especially by quarrying and
excavation. Various types of waste rocks found in different ore deposits should have
different compositions that would be characterized using both mineralogical and
geochemical compositions (Sutthirat, 2011). Acid generation of some waste rocks,
which usually contain sulfide minerals, may take place depending on the
environmental conditions, particularly oxidation of sulfides (Changul et al., 2009a;
Nugraha et al., 2009; Parbhakar-Fox et al., 2013; Parbhakar-Fox et al., 2014; Smuda et
al., 2007; Sracek et al., 2006).

(2) Tailings are mixture of milled rock and chemical fluids that may contain
cyanide (CN) in the case of gold mine (Jambor et al., 2009; Khodadad et al., 2008).
These materials remain from mineral processing and metal extraction (Hudson-
Edwards et al., 2011). They are similar to slurry that is a mixture of fine grained sediment
and water, which they have been stored in a tailing storage facility. During the mineral
processing, ores and their host rocks have to be ground and milled prior to mineral
separation. Chemical additives may also be added during the process. Some of them

may still remain in the tailings while most of these chemicals are usually recovered



and reused in the process. Moreover, some chemical additives (e.g., cyanide) are
decomposed by the natural process within a short period; however, many of them
may be bound strongly and long-lasting within the tailings. In addition, some tailings
may also contain concentrations of non-economic minerals such as silicates, oxides,
hydroxides, carbonates and sulfides that have never been collected throughout the
dressing process (Sutthirat, 2011).

Many researchers studied about characteristics of mine waste related to acid

mine drainage (AMD) generation and toxic elements releasing as summarized below.

Marescotti et al. (2008) suggested that the main source of the pollutant is
represented by sulfide-bearing fragments contained in tailings and waste rocks from
the Libiola Fe-Cu sulfide mine, Italy. They found that the tailing was dominated by
secondary Fe-oxides and Fe-oxyhydroxides, known as stable mineral, which
completely replaced primary sulfide clasts, so these tailings are practically inert
material. On the other hand, the sulfide-bearing waste rocks still have a strong

potential to produce long term AMD.

The study of low sulfide tailings from Hitura sulfide mine in Finland was
reported by Heikkinen and Raisénen (2008). These mine tailings were composed largely
of serpentine, talc, mica and amphibole with minor carbonate and accessories of
sulfide minerals, such as pyrrhotite, pentlandite and chalcopyrite. This study shows
that the Hitura tailings are either as ‘non-potentially AMD generating’, when the silicate
buffer is taken into account, or as ‘likely AMD producing’, if only the carbonate buffer
is considered. Because the carbonate buffer can be dissolved in the shallow tailings
while sulfide minerals still remain; therefore, AMD generation and heavy metal
releasing may likely happen in the future. As a result, the low sulfide tailings should

be immediately covered after mine close to prevent sulfide oxidation.

Changul et al. (2009b) investigated mine tailing at Akara Gold mine in Thailand.
They stated that chemical and mineral compositions of mine tailing are needed to
investigate before leaching experiments of heavy metals from the tailing. The results
of this study found that tailings mainly consist of primary minerals such as quartz,
calcite and feldspar. All of these tailings are classified as ‘non-acid formation’ (NAF)
and their total heavy metal concentrations fall within the Thailand Soil Quality

Standards. Moreover, Changul et al. (2009a) also studied the potential AMD generating



from waste rocks at Akara Gold mine. They found that the silicified lapilli tuff and

sheared tuff have potential to generate acidity.

1.5.2 Sulfidic mine waste

Coal and metal (e.g. Cu, Au, Pb, Zn, Ni, U and Fe) mines have high potential to
environmental impact because they are mainly composed of sulfide minerals,
especially iron-sulfide such as pyrite, pyrrhotite, arsenopyrite and chalcopyrite. These
sulfide minerals are stable under reducing condition (Lottermoser, 2010). They are
possibly oxidized, when they are exposed to the atmosphere, and may generate acid
aquatic drainage (H"). The oxidation reaction of the common sulfide minerals is

summarized below.
1.5.2.1 Pyrite (FeS,)

Pyrite is the most abundant sulfide minerals. It has been found in
various geological environments. However, it is commonly associated with coal and
metal ore deposits. Pyrite can be directly oxidized by oxygen and water to produce
dissolved ferrous iron (Fe?*) (Eq. 1.1) (Evangelou and Zhang, 1995). Ferrous iron (Fe?)
is subsequently oxidized to ferric iron (Fe®") (see Eq. 1.2). The Fe®"is recognized as a
more potent oxidant than oxygen even. In fact, below pH value of about 3, the
oxidation of pyrite by Fe®" is about 10-100 times faster than by O, (Simate and Ndlovu,
2014). It can oxidize pyrite and further decreases pH (Simate and Ndlovu, 2014) (Eq.

1.3).

FeS, +7/20, + H,0 — Fe{l,) + 2505 4q) + 2H (1.1)
Fely,) +1/40, + HYyy — Fels,y +1/2H,0 (1.2)
FeS, + 14Fef;,) + 8H,0 — 15Fef) ) + 2505 4, + 16HY,, (1.3)

Solubility of ferric iron is usually low at neutral pH. Therefore, if the pH
increases to higher than 3, the precipitations of hydroxides (Fe(OH)s), as a replacement
for ferrihydrite [5Fe,03 - 9H,O] (Moncur et al., 2009), and oxy-hydroxides (FeOOH) can

be occurred as shown in equations (1.4) and (1.5), respectively (Lottermoser, 2010).



Fels,) + 3H,0 — Fe(OH);3 (5 + 3H{, (1.4)
Fels,) + 2H,0 — FeOOH + 3H{,,, (1.5)

1.5.2.2 Pyrrhotite (Fe(;.,S)

Pyrrhotite is the second most abundant sulfide minerals occurred in the
Earth crust (Belzile et al., 2004). When pyrrhotite is oxidized, pH may be reduced to >
4 (Belzile et al., 2004); consequently, ferrous and sulfuric acid will be generated (Eq.
1.6). Ferrous ion is oxidized to ferric ion (see Eq. 1.2) becoming an oxidant to react with

pyrrhotite (Eq. 1.7).

Fe-xS + (2 —f)oz(aq) +xH,0 - (1 - x)Fe(aq) + 2805 aq) +2xHGq — (16)

In addition, relative resistance of the sulfide minerals, based on
microscope investigation of several sulfide tailings, was suggested by Moncur et al.
(2009) (Table 1.1). Therefore, the oxidation reduction of pyrrhotite is the quickest

process compared to the other sulfides.

Pyrrhotite is iron deficient mineral, because the missing Fe’* in the
pyrrhotite structure is replaced by the Fe** (Chirita and Rimstidt, 2014; Moncur et al.,
2009; Murphy and Strongin, 2009), so the chemical formula of pyrrhotite can be written
as Fe(1 3x) ?ZIX)S (Chirita and Rimstidt, 2014). Therefore, Fe>* might be released
under acidic solution (Eg. 1.8), which it is used for oxidizing pyrrhotite (Eq. 1.7).

Fe(}_sxFe(snS + 2H™ > H,S + (1 — 3x)Fe?* + (2x)Fe3* (1.8)

1.5.2.3 Chalcopyrite (CuFeS)

Chalcopyrites exposed to the atmosphere are oxidized by O, (Eq. 1.9)
(Anawar, 2015; Simate and Ndlovu, 2014); their oxidation can be induced by oxygen

and water (Eqg. 1.10) (Parbhakar-Fox and Lottermoser, 2015). Moreover, ferric (Fe®")



produced from ferrous (Fe?") can also oxidize chalcopyrite (Eq. 1.11) (Anawar, 2015).
Complete chalcopyrite oxidation will generate Fe-oxyhydroxide and Fe-hydroxide from

hydrolysis of ferric (Egs. 1.4 and 1.5).

CuFeS,() + 40, — Cufj,) + Feli,y + 2503 4q) (1.9)
CuFeSy(s) + 17/20, + 5H,0 — 2Cuf,) + 2Fe(OH)s (5) + 2503 (aq) + 4H{aq)(1.10)

CuFeS,s) + 16Felf,, + 8H,0 — Culf,) + 17Fell,) + 2503, + 16HG,, (1.11)

1.5.2.4 Arsenopyrite (FeAsS)

The oxidation of arsenopyrite by atmospheric O, is present in equation
1.12 (Lindsay et al., 2015). Arsenopyrite may generate scorodite [Fe*"As°O4-2H,0] (Eq.
1.13) (Lottermoser, 2010). Scorodite, in turn, can dissolve and generate Fe3*(OH)%
along with H,As®*0; (Eq. 1.14) (Anawar, 2015). Otherwise, complete oxidative
reduction of arsenopyrite can produce iron-hydroxide, arsenate (As>*) and sulfuric acid
(Eq. 1.15) (Parbhakar-Fox and Lottermoser, 2015). Ferrous ion (Fe**) oxidizes to ferric
ion (Fe®*) (Eq. 1.2). Under pH > 3, Fe-hydroxide can precipitate by hydrolysis of ferric
ion (Egs. 1.4 and 1.5) (Lottermoser, 2010).

4FeAsS(s) + 110, + 6H,00y = 4Fef ) + 4H3As03 (aq) + 4503 o) (1.12)
FeAsS(S) + 7/202(g) + 3H20(1) — FeAsO, - 2H,0) + SOian) + ZHz-aq) (1.13)
FeAsO, - 2H;0(5) — Fe(OH)3(,q) + HzAs05 ) (1.14)

FeAsS(s) +7/20() + 6H,0q) — Fe(OH)s(s) + 502 oq) + H2AS050q) + 3HGg)  (1.15)

In addition, the complete oxidations of the sulfide minerals (pyrite/marcasite,
pyrrhotite, chalcopyrite, arsenopyrite, sphalerite and galena) are summarized in Table
1.2 that was modified from Lindsay et al. (2015), Lottermoser (2010) and Parbhakar-
Fox and Lottermoser (2015).
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Table 1.1 Relative resistance of sulfide minerals in oxidized waste materials [modified
after Moncur et al. (2009) and Lindsay et al. (2015)].

Mineral Formula Resistance
Pyrrhotite FeuxS Low
Galena PbS

Sphalerite (ZnasFel)s

Bornite CusFeSq

Pentlandite (Fe,Ni)Ss

Arsenopyrite FeAsS

Marcasite FeS,

Pyrite FeS,

Chalcopyrite CuFeS,

Molybdenite MoS, H;:gh

1.5.3 Acid mine drainage (AMD) or acid rock drainage (ARD)

Acid mine drainage (AMD) or acid rock drainage (ARD) may take place when
sulfide minerals have exposed to the air as explained above. Under pH lower than 5.5,
many elements including metals (e.g., Fe, Cu, Pb, Zn, Cd, Co, Cr, Ni, Hg), metalloids
(e.g., As and Sb) and other elements (e.g., A, Mn, Si, Ca, Na, K, Mg, Ba, F) can be
dissolved from both sulfide and silicate minerals, and released into groundwater and
surface water (Lottermoser, 2010). In general, coal mine, metal mine, open pit, ore
stockpiles, tailing storages, as well as waste rock dumps are potential sources of AMD,

if they contain the sulfide minerals.
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Table 1.2 Simplified acid producing reactions in the complete oxidation of the sulfide

minerals
Mineral Chemical reaction References
Pyrite/ FESZ(S) +15/4 Oz(g) + 7/2H20(1) (1), (3)
marcasite - Fe(OH)3() + ZSOZ‘Raq) + 4H(+aq) ’
FepoS(s) + 2.1750,(, + 2.35H,0
Pyrrhotite 09°® 2@ 2 2 + 2)
g OQFQ(OH)3(S) + 504 (aq) + ZH(aq)
_ 2CuFeSy() + 17/20,( + 5H,0q) - 2Cu?l,) + 2Fe(0H)5 ) +
Chalcopyrite ” + (3)
4S50y (aq) + 4H(aq)
FeAsS(s) +7/20g + 3H,0¢y — FeAsO, - 2H,0() + S0% (4, +
_ 2HGg ©)
Arsenopyrite .
or FeAsS) +7/203( + 6H;0(y — Fe(OH)3(s) + SO0% aq) + (3)
H,AsO; + 3H{,q
<ohalerit (Zl’l, Fe)S(S) + 302(g) + HZO(I) (2)
alerite _
P - Znfy) + Fe(OH)3) + SO3 g + 2HG o
(Fe-rich) D
Or ZnSs) + 20, = Zngly + SO05 g (3)
Galena PbS(s) + 20,¢ — Pb{iy + SOi g (3)

(1) Lindsay et al. (2015); (2) Lottermoser (2010); (3) Parbhakar-Fox and Lottermoser (2015)

Most of the solid mine wastes, particular sulfide-bearing mine wastes, exposing
to the atmosphere, may undertake weathering reactions and biological process (by
microorganisms) and subsequently generate acid mine drainage (AMD) (Holmstrom et
al,, 2001; Janzen et al., 2000; Lindsay et al., 2015; Moncur et al., 2009; Moncur et al,,
2015; Murciego et al., 2011; Smuda et al.,, 2007; Valente and Leal Gomes, 2009). The
crucial microorganisms consist of Acidithiobacillus ferrooxidans (to oxidize Fe?* S°
metal sulfides and sulfur compounds), Acidithiobacillus thiooxidans (to oxidize 5% and
sulfides to sulfuric acid) and Leptospirillum ferrooxidans (to oxidize Fe”). These

microorganisms are catalyst for AMD generation (Parbhakar-Fox and Lottermoser, 2015).

Acid mine drainage can affect indirectly to plants and human health. For
instance, when AMD flow through drown stream, the soil pH becomes decrease. The
important elements (i.e., N, P, K) are tied up in the soil and not available to plants.
Moreover, the essential plant nutrients (i.e., Ca and Mg) may be absent or deficient in
low pH soils. In addition, toxic elements including Al, Fe and Mn are also released from

soil particles, thus increasing their toxicity (Simate and Ndlovu, 2014).
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1.5.4 Toxic elements

Metal, metalloid, heavy metal and toxic element may have some similarity and
unclear terminology. Metals are elements that have potential to lose one or more
electrons and property of ductility and malleability. They are usually thermal and
electrical conductors. On the other hand, metalloids (e.g., As, Sb, Bi, Se and Te) are
defined as elements that have ability to gain one or more electrons with lower ability
to heat and electrical conductivities. Heavy metals are those metals with atomic
density greater than 6 g/cm® (e.g., Fe, Cu, Pb, Zn, Sn, Ni, Co, Mo, W, Hg, Cd, In, TU)
(Lottermoser, 2010; Thornton, 1995). Therefore, using the term of toxic elements in
this study is more meaningful than heavy metals because it is defined as potential
toxic elements, including heavy metals and metalloids that may threaten the

ecosystem and human health, eventually.

Under acid drainage condition, the sulfide minerals can be dissolved and some
toxic elements substituted in mineral structure can be released to the drainage. List
of minor and trace elements associate with the sulfide minerals is present in Table 1.3.
However, these toxic elements are usually from other sources. The major sources of
the pollutants or toxic elements (e.g., As, Cd, Cr, Cu, Hg, Mn, Ni, Pb and Zn) with

permissible level and their effects on human health are present in Table 1.4.
1.5.5 Secondary minerals

Secondary minerals are originated from weathering processes of sulfide
minerals (see Table 1.2) that may have occurred before, during or after mine operation
(Lottermoser, 2010). They comprise a large group of mineral found in mine wastes. In
general, these minerals are fine particles with high capacity for toxic metal adsorption
(Jamieson, 2011).

The crucial secondary minerals related to mining processes are goethite
(FeOOH), hematite (Fe,0s3), magnetite (Fes;Qq), ferrihydrite (Fe(OH)s), schwertmannite
(Fe16016(SOq),-nH,0) and jarosite groups ((K,Na,H30)Fes(SO4),(OH)). Moreover, hydrous
ferric oxide (HFO) can also be produced by sulfide oxidation. HFO is a non-crystalline
or amorphous iron oxide. Goethite, hematite and magnetite are extremely stable;
moreover, they are often the end member of transformations of other iron oxides

(Cornell and Schwertmann, 2003).



13

Table 1.3 Chemical formula of sulfide minerals and minor and trace element

substitution.
Mineral Chemical . L
Minor and trace element substitution References
name formula
. Ag, Au, Bi, Co, Cu, Mn, Ni, Pb, Se, Sb, Te,

Arsenopyrite  FeAsS (1), @)
W, Zn, Zr

Chalcopyrite CuFeS; Ag, As, Bi, Cd, Co, Cr, In, Mn, Mo, Ni, Pb, ‘)
Sb, Se, Sn, Ti, V, Zn

Galena PbS Ag, As, Bi, Cd, Cu, Fe, Hg, Mn, Ni, Sb, Se, (3)
Sn, T, Zn

Marcasite FeS, As, Hg, Se, Sn, Ti, T{, Pb, V (3)

Pyrite FeS, Ag, As, Au, Bi, Cd, Co, Ga, Ge, Hg, In, Mo, 3)
Ni, Pb, Sb, Se, Sn, Ti, T{, V

Pyrrhotite Fei,S Ag, As, Co, Cr, Cu, Mo, Ni, Pb, Se, Sn, V, Zn (3)

Sphalerite nS Ag, As, Ba, Cu, Cd, Co, Cr, Fe, Ga, Ge, Hg, 3)

In, Mn, Mo, Ni, Sb, Se, Sn, T, V

(1) Cook et al. (2013); (2) Liu et al. (2014); (3) Lottermoser (2010)
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Table 1.4 Effect of pollutants on human health and permissible level modified from

Singh et al. (2011); Kasprzak et al. (2003); Das et al. (2008).

Permissible
Pollutants  Major sources Effect on human health
level (mg/L)
Arsenic Pesticides, fungicides, Bronchitis, dermatitis, poisoning, 0.02
metal smelters carcinogen
Cadmium Welding, electroplating, Renal dysfunction, lung disease, lung
pesticide fertilizer, Cd and cancer, bone defects, increased blood
Ni batteries, nuclear fission  pressure, kidney damage, bronchitis, 0.06
plant bone marrow cancer, gastrointestinal
disorder
Chromium Mines, mineral sources Damage to the nervous system,
fatigue, irritability 0.05
Copper Mining, pesticides Anemia, liver and kidney damage,
production, chemical stomach and intestinal irritation 0.10
industry, metal piping
Lead Paint, pesticide, smoking, Mental  retardation  in  children,
automobile emission, developmental delay, fatal infant
mining, bumning of coal encephalopathy, congenital paralysis,
sensor neural deafness, liver, kidney, and 0.10
gastrointestinal damage, acute or chronic
damage to the nervous system,
epilepticus
Manganese  Welding, fuel addition, Inhalation or contact causes damage
ferromanganese to nervous central system 0.26
production
Mercury pesticide, batteries, paper Damage to the nervous system,
industry protoplasm poisoning, spontaneous
abortion, minor physiological changes, 0.01
tremors, gingivitis, acrodynia
characterized by pink hands and feet
Nickel *Mining, refining, alloy *Carcinogen, lung fibrosis,
production, electroplating,  cardiovascular and kidney diseases **0.0002
and welding
Zinc Refineries, bass Damage to nervous membrane
manufacture, metal 15.00

plating, plumbing

*Kasprzak et al. (2003); **Das et al. (2008)
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1.5.6 The study area

The study area is the second largest gold mine in Thailand named as Thung
Kham Gold Mine. It is located in Wang Saphung District, Loei Province in the
northeastern Thailand. This gold mine has been operated since 2006 (2549 BE) with an
estimated mine life of at least 20 years. This gold mine has been suspected by many
surrounding villagers, NGO, and also local community as cause of toxic element
contamination in soil, surface water and groundwater longer than 8 years. Since 2008,
the residents of six villages nearby this gold mine — Na Nong Bong, Phu Tab Fah, Huay
Puk, Gog Sa Thon, Gang Hin and Fak Huay — became a protest group, named as Khon
Rak Ban Kerd (KRBK), against and allege the Thung Kham Gold Mine for the damage
and pollution (Transbordernews, 2014). Finally, this gold mine was officially closed in
2016 by the Thai Government. There are many websites that reported problems and
incidents of this gold mine: http://transbordernews.in.th/home/?p=4609,
http://geographical.co.uk/people/development/item/1178-gold-diggers,
http://isaanrecord.com/2014/05/20/gold-mine-protesters-hurt-by-armed-mob-and-
shady-deals-3/, and http://www.nationmultimedia.com/news/national/aec/30279464.

Geologically, the study area is mainly occupied by the Upper-Permian
sedimentary rocks of the Pha Dua Formation, Saraburi Group. This formation consists
of gray to dark gray siltstone, shale and sandstone (Figure 1.3). This formation was
intruded by Triassic granodiorite which is a main source of hydrothermal fluid for
metamorphism /metasomatism. Moreover, limestone lenses have been found in this
area; they show coarse-grained crystals due to recrystallization involved directly by
intrusion. Gold mainly occurred in skarns, massive sulfide ores and gossan rocks. Gold
mineralization is skarn type deposit (Crow and Zaw, 2011; Rodmanee, 2000). Skarns are
coarse-grained metamorphic rocks consisting of Ca-Fe-Mg-Mn-Al silicate minerals which
were formed by replacement of carbonate-bearing rocks during contact
metamorphism and metasomatism. Massive sulfide rock consists of pyrrhotite,
chacopyrite, arsenopyrite and pyrite. Gossan, consisting of limonite (FeO(OH)-nH,0),
hematite (Fe,03) and magnetite (Fes0,), was weathered from massive sulfide rocks. It
is yellow, yellow-brown, red-brown and dark brown, and shows porous to dense matrix
with rock fragmental texture. Generally, skarn was formed along the contact zone
between granodiorites and host sedimentary rocks. The skarn in the Thung Kham mine

is fine-grained to coarse-grained rock with green and brown color (Rodmanee, 2000).


http://geographical.co.uk/people/development/item/1178-gold-diggers
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Abstract

Mineralogical and geochemical characteristics of tailings from a g¢old mine in
northeastern Thailand were investigated in relation to acid mine drainage (AMD) and
the release potentials of toxic elements. The tailings can be divided into upper tailings
and lower tailings. The upper tailings usually contain pyrrhotite, pyrite, chalcopyrite,
calcite, quartz, andradite and diopside. The lower tailings mainly contain goethite,
quartz, chlorite, muscovite, calcite and hematite pyrrhotite. These assemblages clearly
relate to the original types of gold deposit prior to mining and mineral processing. The
upper tailings are defined as potential acid forming (PAF), whereas the lower tailings
are classified as non-acid forming (NAF). Regarding heavy metals, apart from high Mn
level, the other heavy metals appear to have low concentrations in the upper tailings.
On the other hand, the lower tailings contain high contents of As, Cu and Pb, which
appear to be higher than the National Total Threshold Limit Concentrations. Goethite,
the main mineral assemblage in the lower tailings, reveals characteristic of arsenic
adsorbent. As a result, the tailing pond is recommended to be covered to prevent the
oxidizing processes of the upper tailings; otherwise, AMD generation may take place
soon after the mine closure. Land reclamation and monitoring plans must be planned
very well and carried out with great care since arsenic contamination has been

reported in stream water close to the tailing dam.

Keywords: acid mine drainage, AMD, g¢old mine, heavy metal, toxic element, tailing
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2.1 Introduction

Mining activities can produce enormous quantities of waste materials,
especially tailings which are the residues from the mineral processing and metal
extraction (Changul et al., 2009b; Hudson-Edwards et al., 2011; Lindsay et al., 2015;
Lottermoser, 2010; Parbhakar-Fox and Lottermoser, 2015; Sutthirat, 2011). Ore bearing-
rocks are milled prior to mineral processing. Chemical additives are added during the
extraction process; consequently, some of these chemicals may remain in the tailings.
Moreover, the mine tailings usually contain gangue minerals, such as silicates, oxides,

hydroxides, carbonates and sulfides (Hudson-Edwards et al., 2011; Lottermoser, 2010).

The most significant sulfide minerals in ore deposits are pyrite (FeS,), pyrrhotite
(FeuxS), chalcopyrite (CuFeS,), arsenopyrite (FeAsS), sphalerite (ZnS) and galena (PbS)
which may remain in the mine tailings (Lapakko, 2002; Parbhakar-Fox and Lottermoser,
2015; Stumm and Morgan, 1981, 1996). The sulfide-bearing tailings have usually been
oxidized during weathering prior to AMD generation with release of toxic metals and
metalloids such as As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb and Zn (Anawar, 2015; Hudson-
Edwards et al., 2011; Lottermoser, 2011; Simate and Ndlovu, 2014).

For example, pyrite oxidation reactions are given in Equations (2.1)—(2.5). The
first equation (Eq. 2.1) occurs when the surface of pyrite is exposed to the atmosphere.
Under excess oxygen, Fe(ll) will be subsequently oxidized to Fe(lll) (Eq. 2.2). Under acid
condition (pH < 4.5), ferric iron can remain in solution and become the dominant
oxidant (Eq. 2.3) (Singer and Stumm, 1970). Hydrolysis of Fe(lll) will occur at pH value
greater than 5, and generates precipitation of Fe(lll) hydroxide (Fe(OH)s;) and Fe(lll) oxy-
hydroxides (FeOOH) as shown in Equations (2.4) and (2.5) (Evangelou and Zhang, 1995;
Lottermoser, 2010; Parbhakar-Fox and Lottermoser, 2015).

FeS, +7/20, +H,0 - Fe(jy) + 2505 4q) + 2H( g (2.1)
Fe{lp) +1/40, + HE,,y — Felly +1/2H,0 (2.2)
FeS, + 14Fe;,) + 8H,0 — 15Fe{; ) + 2505 44 + 16HY, (2.3)

Fefl,) +3H,0 — Fe(OH);5) + 3H{y (2.4)

Fef},) + 2H,0 — FeOOH(s) + 3H{, (2.5)
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The oxidation of pyrrhotite presented in Equations (2.6) was suggested by
Nicholson and Scharer (1993). Similarly, chalcopyrite is oxidized by O, and water (Eq.
2.7) (Parbhakar-Fox and Lottermoser, 2015). In both minerals iron is further oxidized by
Fe(lll) (Egs. 2.8 and 2.9), (Janzen et al., 2000; Lindsay et al., 2015), which probably occur

from ferrous oxidization (Eq. 2.2).

Feq-nS+ (2 =)0, +xH,0 — (1 —x)Fefyy) + S0i (g +2xHY,  (26)
2CuFeS, +17/20, + 5H,0 - 2Cu(aq) + 2Fe(OH); (s +4SO4(aq) +4HG,) @7)
Fe(1-S+ (8 — ZX)Fe(aq) + 4H,0 - (9 — SX)Fe(aq) +S0;”™ + 8H(aq) (2.8)
CuFeS, + 16Fe{; ) +8H,0 — Cufy,y + 17Fef ) + 2505 44 + 16HE, (2.9)

Under the condition of pH > 5 secondary minerals precipitate and thus remain
within the mine tailings, e.g., hydrous oxides of Fe, Mn and Al; goethite [Ol-FeOOH];
lepidocrocite [Y-FeOOH]; jarosite [KFes(SOq)(OH)sl; schwertmannite [FegOg(OH)sSOql;
ferrinydrite [Fes0s.4H,0]; hematite; clay minerals; gypsum and ochreous precipitates
(Hudson-Edwards et al., 2011; Lindsay et al., 2015; Lottermoser, 2010). These secondary
minerals can adsorb and co-precipitate with metal and metalloid elements (i.e., As,
Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb and Zn); consequently, mobility of these elements

should be retarded in the general environment (Carbone et al., 2013).

Characterization of the mine tailings is very crucial for predicting and monitoring
the environmental impacts as well as remediation plans. This work is a new research
theme for the mining management in Thailand despite the fact that contamination
with heavy metals and toxic elements (particularly As) in the groundwater and surface
water from mining activities have been documented in this country (Choprapawon and
Rodcline, 1997; Williams et al., 1997). Moreover, in Thailand, the tailings produced from
the biggest gold mine (Akara Gold mine) were investigated by Changul et al. (2009b).
They found that these tailings were classified as NAF potential but contained Mn (2082
mg/kg) that exceeded the Thailand Soil Quality Standards for Habitat and Agriculture
(1800 mg/kg).

This study area is a gold mine located within the northeastern Thailand (Figure
2.1a). The environmental impacts from the gold mine and its processing plant are of

concern, and have led to several protests (http://geographical.co.uk/people/
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development/item/1178-gold-diggers; http://isaanrecord.com/2014/05/20/gold-mine-
protesters-hurt-by-armed-mob-and-shady-deals-3/).

Due to the nature of this gold deposit, enormous tailings may contain sulfide
minerals and possibly cause AMD generation and release of toxic elements. Therefore,
the aim of this research is to examine the mineralogical and geochemical
characteristics of these mine tailings. Subsequently, managing and mine closure plans
focused on the mine tailings are suggested. The information of study may be used for
decision-making of the governmental and environmental agencies for land reclamation

and conflict reduction.

2.1.1 Site description and potential environmental impacts

The gold mine of this study, located in northeastern Thailand (Figure 2.1a), is
known as the “Phu Thab Fah gold deposit,” which contains quite low gold grade (Crow
and Zaw, 2011; Rodmanee, 2000) compared to the other commercial world gold
deposits. The mine excavation started in 2006 with a planned mining operation for 20
years. Geologically, it is hosted by sedimentary sequences of the Permian Pha Dua
Formation, which consist mainly of sandstone, siltstone, shale and limestone. These

host rocks were intruded by Triassic granodiorite (Rodmanee, 2000).


http://geographical.co.uk/people/development/item/1178-gold-diggers
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Figure 2.1 (a) (insert) The study area location in northeastern Thailand and (main panel)
the local map showing the location of the mine (main pit), tailing pond, old pits and
waste rock dumps (WRD). SP1-SP4 are the sites of the four drill cores. (b) Cross section
of the main pit showing the locations of the different ore types modified after Khon
Kaen University Report (2009). (c) Cross section showing the outline of tailing pond and
locations of the four drill cores (SP1-SP4).
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Gold deposits of the area (Figure 2.1b) occurred at significant levels in skarn,
massive sulfide rock and gossan with the economically cutoff grade of 0.5 g/t and a
maximum concentration of about 6.7 ¢/t gold. Primary ore zones including skarn and
massive sulfide have been altered to hydroxide gossan zone usually having ocher
color. This natural process may take a very long period of time, perhaps thousands of
years. This oxidized ore zone typically occurred close to the surface, which is then
mined initially (see Figure 2.1b); consequently, its tailings were dumped at the bottom
of the tailing pond formed as lower tailings (Figure 2.1c). Subsequently, the primary
ore zone (skarn and massive sulfide) set in the deeper part (Figure 2.1b) was then
processed and its tailings were dumped on top of the lower tailings (Figure 2.1c); so
then they are called upper tailings, as they are generated from the primary ore zone.
The tailing pond was designed at 1,983,300 cm?, which can facilitate a maximum
volume of 1,071,598 cm? of tailings over the mining operation (ERIC, 2012). However,
the tailing pond is surrounded by floodplain and close to a small hill (Phu Lek, another
gold deposit) in the south (see Figure 2.1a). Rice paddy fields and rubber plantations

are the main agricultural activities in the area.

In October 2012, the tailing pond collapsed partly close to the northern pond
(see Figure 2.2). Leakage of the tailing pond flowed directly into the northern pond
(Figure 2.2). After this accident, the water in the northern pond were collected and
analyzed for specific toxic elements (e.g., As, Cd, Cu, Pb, Mn and Hg) and also cyanide
(CN7) (Department of Primary Industries and Mines’s Report, 2012). They subsequently
reported 0.0059-0.0076 mg/L As, <0.003 mg/L Cd, 0.011-0.033 mg/L Cu, <0.005 mg/L
Pb, 1.20-1.25 mg/L Mn, <0.0005 mg/L Hg, and 0.006-0.055 mg/L CN™ in the water
samples, which were lower than the Thailand Industrial effluent standard (1996)

(http://www.pcd.go.th/info_serv/en reg std water04.html).
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Figure 2.2 Satellite image of the study area (source: Google Earth on February 9, 2016)
showing the location of collapsed tailing pond in October 2012.

2.1.2 Ore dressing and tailing generation

Gold occurs, although already enriched compared to common rocks, in
relatively low concentrations in the mine deposit. Ore dressing, involving both physical
and chemical processes, is typically engaged at gold mines in order to concentrate
gold prior to final processing. After rock crushing, the ore-bearing rocks go through
semi-autogenous grinding and ball milling. Grinded ore (53-106 um) is then processed
using a flotation process with a hydrocyclone. The two-step flotation is designed to
separate copper sulfide (CuS) and iron sulfide (FeS) from gold-bearing ore. The gold-
bearing ore, concentrated in gold and silver, is then fed into the carbon-in-pulp process
along with lime (Ca(OH),) and sodium cyanide (NaCN) solution (200-400 ppm) at pH
10. Activated carbon is used to adsorb the gold and silver from the resulting slurry
mixture. The gold dissolution is described by the Elsener’s equation, shown in Equation
(2.10):

4Au + 8NaCN + 2H,0 + 0, — 4Na[Au(CN),] + 4NaOH (2.10)



25

Gold and silver adsorbed onto the activated carbon (called loaded carbon) are
then eluted using NaOH and NaCN solution, and the eluate is then processed by
electro-winning. The gold sludge is refined, smelted and made into dore (55-80% pure
gold) bars. Tailings and slurry from the mixed wastewater and solid waste that remain
from all the processes are discharged into the tailing pond. However, prior to
transportation to the tailing pond, the tailings are treated to reduce the cyanide and
heavy metal levels using the INCO Process (SO,/Air Process). This reduces the total
cyanide in the tailings and wastewater to less than 20 ppm. This INCO process was
developed by INCO Limited in the 1980’s (see Botz (1999)).

2.2 Methods and materials
2.2.1 Sampling and geochemical analyses

In May 2012, four core samples (SP1-SP4) were collected from the tailing pond
(Figure 2.1¢). Core drilling was performed to a depth of 17 m and samples were taken
at every 1-m depth. Core sampling tubes were sealed immediately with plastic film
and placed in a plastic ziplock bag. In the laboratory, all samples were dried in an
oven at 105 °C for 30 min to remove moisture to avoid oxidization (Wolfe et al., 2007).
The samples were then hand crushed and sieved through a 0.09-mm mesh prior to

their characterization.

Polished sections were prepared in epoxy resin prior to investigation of
mineralogical characteristics. Reflected-lisht microscope and a Bruker X-ray
Diffractometer (XRD) based at the Department of Geology, Chulalongkorn University,
Bangkok, Thailand, were initially used for mineral identification. Mineral identification
under microscope was carried out, based on mineral texture, shape, color and optical
characteristics following the procedure as instructed in Optical Mineralogy (Kerr, 1959)
and Ore Mineral Atlas (Marshall et al., 2004). Moreover, mineral chemistry was analyzed
using a JEOL JXA-8800R Electron Probe Micro-Analyzer (EPMA) at ICREMER, Akita
University, Japan. Quantitative chemical analyses were carried out at an accelerating
voltage of 20 kV with a beam current of about 20 nA for sulfide and oxide minerals.
Counting times were typically 30 s on peak and total background. Natural minerals

were used as standards. For quality assurance and quality control (QA/QQ), three spot
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analyses were proceeded and interposed by an analysis of standard reference.
Detection limits were estimated at about 330 ppm As, 320 ppm Cu, 1030 ppm Co, 270
ppm Fe, 220 ppm Mn, 300 ppm Ni, and 60 ppm S.

Thirty-one samples were tested for geochemical analyses. Major/minor oxides
(SiO,, TiO,, FeOr, MnO, MgO, Cal, Na,O, KO and P,0s) were determined by a Bruker
S4 X-ray Fluorescence (XRF) spectrometer at the Department of Geology,
Chulalongkorn University. Calibration curves were prepared from the reference rock
standards supplied by the U.S. Geological Survey (USGS) and the Geological Survey of
Japan (GSJ). The loss on ignition was measured from the weight differences between

the dried powder and after ignition at 1000 °C for 3 h in a TMF-200 electric furnace.

The solutions of samples and reference standards (i.e., BHVO-2, SGR-1, GSP-2,
Sco-1, SDO-1, DTS-2, MAG-1, JKL-1, JSd-1, JA-2 and LG-2) were prepared by the total
digestion method using mixed acid of HF-HClO4-HNOs5, manually heated on a hot plate,
as suggested by Satoh et al. (1999). These solutions were subsequently analyzed for
trace elements (Ag, As, Au, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb and Zn) by Thermo-CapQ
Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) at the Scientific and
Technological Research Equipment Centre, Chulalongkorn University. Calibration
curves were prepared using reference standards supplied by USGS and GSJ. The

detection limits of all elements range from 0.002 to 0.05 meg/ks.

2.2.2 Acid forming potential analyses

Acid forming potential (AFP) of tailings was also estimated using acid base
accounting (ABA) and net acid generation (NAG) tests. The ABA method is the most
common static test method (Ferguson and Erickson, 1988) that reports the net acid-
producing potential (NAPP), whereas the NAG test was evaluated from the final pH of
the samples after the oxidation process between H,O, and iron sulfide minerals
(Changul et al.,, 2009b; Miller et al.,, 1997). From the ABA results, the samples were
classified as being either potential acid formation (PAF) or non-acid formation (NAF).
The NAPP was calculated by subtracting the acid neutralizing capacity (ANC) from the
maximum potential acidity (MPA) using Equation (2.11):
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NAPP (kg H,S0,/t) = MPA (kg H,S0,/t) — ANC (kg H,S0, /%) (2.11)

The MPA, reported as kg H,SOq/t (Where t = tonnage), was calculated from the total
%S multiplied by 30.6 to reflect the reaction stoichiometry for the complete-oxidation
of sulfide minerals. This assumes that all sulfur is present as reactive pyrite following
stoichiometry for pyrite oxidation (Eq. 2.12). For instance, one tonnage of rock which

contains 1 wt.% pyrite may generate 30.6 kg of H,SOy.

The total sulfur contents of these tailing samples were measured using a Leco
Sulfur analyzer at Mae Moh Mine laboratory of the Electricity Generating Authority of
Thailand, Lampang, Thailand. The ANC was performed using the Sobek method (Sobek
et al,, 1978), which determines the amount of neutralizing materials, such as CaCOs
and other carbonates, and then was recalculated from the amount of HCl required to
neutralize the sample after evaluating the residual HCl level by titration with NaOH.
The volume of acid consumed represents the ANC of the sample. The calculation was
performed using Equation (2.13) and reported in kg H,SO4/t (Sobek et al., 1978). The
volume and concentration of HCl added to each sample was based on the results of

the fizzing level, as reported previously (Sobek et al., 1978).

ANC (kg H,50,/t) = (A- B X=)x25XxE, (2.13)
where A and B are the volume of HCl and NaOH added, respectively; C and D are the

volume of HCl and NaOH in the blank, respectively; and E is the normality of the added
HCL.

The initial pH of the tailing samples was measured immediately after
adding 5 mL of 0.01 mol/L CaCl, to 5 ¢ of tailing samples, as suggested (Miller and
Kissel, 2010). The pH of the NAG (NAGpH) was directly measured after completion of

the oxidation of iron sulfide minerals with H,0,, as shown in Equation (2.14),

2FeS, + 15H,0, — 2Fe(OH); + 4H,S0, + 8H,0. (2.14)


http://dict.longdo.com/mobile.php?search=immediately
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To this end, 2.5 ¢ of tailing samples was added into 250 mL of 15% H,0, and
left in a fume hood for 24 h at room temperature. Samples were allowed to react for
a minimum of 2 h at 100 °C until the effervescence stopped and then cooled to room
temperature before measurement of the solution pH (Lawrence et al., 1988; Miller et
al., 1997).

2.3 Results

Tailings were physically characterized as having a gray color from top to 6-7 m
depth whereas, from 7- to 12-m depth, an ocher color can be observed (Figure 2.1c).
The color differences are related to the types of the initial ore zones. The average
grain size of the upper gray tailings ranged from 20 to 60 um, while the grain size of
the lower ocher tailings ranges from 30 to 200 um. The upper gray tailings (Figure 2.4a)
are the product from ore processing of the skarn and massive sulfide zones, which
occur in the deeper levels of the mined deposit (see Figure 2.1b). On the other hand,
the lower ocher tailings (Figure 2.4d) are the remains from the processing of gossan ore
which formed in the oxidation zone of the deposit (ERIC 2012). Consequently, these
tailings were subdivided into two types including lower ocher tailings (Type 1) and
upper gray tailings (Type 2). Mineralogical characteristics of both tailing types and their

original ore zones are reported below.

2.3.1 Mineral Assemblage

The main gangue minerals were identified by XRD yielding characteristic peaks
of calcite, quartz, pyrrhotite and andradite with minor amounts of pyrite and diopside
in the upper gray tailings, whereas the lower ocher tailings mainly consist of quartz,
muscovite, chlorite, goethite and minor pyrrhotite. The XRD patterns are shown in

Figures 2.3a and b.

Photomicrographs taken from polished sections under reflected light show
different assemblages between the upper gray tailings and the lower ocher tailing.
Sulfides in the gray tailings consist mainly of pyrrhotite and pyrite (Figures 2.4b and ¢,
which usually form separate grains. However, intergrowth pyrrhotite—chalcopyrite grain

is sometimes observed (Figure 2.4b). Concerning the lower ocher tailings, goethite is
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the most dominant iron ore phase (Figure 2.4e). In addition, sulfide minerals are also
found in the lower ocher tailings; however, these sulfides are partially oxidized and
altered from the original grains. Figure 2.4f shows typical metal-bearing grains and their
textures observed in the lower ocher tailings, including intergrowth grain between
pyrrhotite, pyrite and covellite (top left); concentric texture of Fe-oxyhydroxide (top
right); oxidized pyrite (bottom right); and colloform goethite (bottom left).

200+ (a) Upper tailing
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160:: C
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80::
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40
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] (b) Lower tailing
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Figure 2.3 Representative XRD patterns of (a) the upper tailings and (b) the lower
tailings. Mineral abbreviations are Q:quartz, Di:diopside, Po:pyrrhotite, Ad:andradite,
C:calcite, Py:pyrite, Ms:muscovite, Cl:chlorite and Gth:goethite.



Figure 2.4 Core specimens of (a) upper tailing and (d) lower tailing; photomicrographs

of polished-sections under plane-polarized reflected light showing (b) and (c)
pyrrhotite (Po), chalcopyrite (Ccp), pyrite (Py) and others in the upper tailing; (e) mainly
goethite (Gth) and some quartz (Qz) and pyrrhotite (Po) in the lower tailing and (f)
cracked grain intergrowth between pyrrhotite (Po), pyrite (Py) and covellite (Cv) (top
left), concentric Fe-oxyhydroxide (top right), colloform goethite (Gth) (bottom left) and
oxidized pyrite regular grain (bottom right).

2.3.2 Mineral Chemistry

EPMA analyses of sulfide minerals found in both tailings are present in Table
2.1. Pyrite and pyrrhotite (two different forms of iron sulfide minerals) in the upper
tailings and the lower tailings do not show any significant variation in their chemical
composition. Some trace elements such as Co (< 0.16 wt.%) and Cu (< 0.04-0.54 wt.%)
are noticeable. Chalcopyrite (copper iron sulfide mineral) found in the upper tailings

contains minor amounts of Co (<0.1 wt.%).

Goethite (Fe-oxyhydroxide mineral), the main iron-bearing assemblage in the
lower tailings, is mainly composed of Fe (av. 78.90 wt.%) with trace amounts of Cu
(<1.5 wt.%), As (<1.2 wt.%), and S (0.02-0.14 wt.%), and negligible Co and Mn (Table
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2.2), which are similarly reported elsewhere (Asta et al., 2009; Carbone et al., 2012).
Based on these mineral chemistries, Fe appears to be the main metal in mineral

assemblages of both tailing groups.

Table 2.1 Representative EPMA analyses of sulfide minerals from the upper and lower

tailings.
, Elements (wt.%)

Samples Minerals :
Fe S As Co Cu Mn Ni
, 4586 5211 nd. nd. 004 nd 0.04

Pyrite
46.49 5179 nd. nd. 0.04 n.d. n.d.
4576 5291 nd. nd. n.d. n.d. n.d.
5988 3932 nd. 011 012 nd n.d.

Upper .
il Pyrrhotite 59.86 39.11 nd. 008 0.05 n.d. n.d.

ailin

. 59.75 3904 nd. 016 nd. 004 0.04
36.46 3950 nd. 0.08 2382 0.04 n.d.
Chalcopyrite 36.32 3898 nd. 006 2382 nd. n.d.
36.13 40.17 nd. 0.06 2308 nd. n.d.
46.01 5209 nd. 010 030 0.05 n.d.
Pyrite 46.13 5199 nd. 010 054 0.02 n.d.
Lower 4557 5245 nd. 008 nd. 004 n.d.
tailing 60.71 3834 nd. 0.13 0.15 n.d. n.d.

Pyrrhotite 60.33 3832 nd. 010 022 nd n.d.
60.28 3787 nd. nd n.d. n.d. n.d.

n.d.: non-detected



Table 2.2 Representative EPMA analyses of goethite from the lower tailings.
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Elements
(wt%) Si Ti Al Fe(l)  Mn Mg Ca Na S As Co Cr Cu Ni
Goethite 167 nd. 033 8223 nd nd 059 022 011 091 008 nd. 140 nd.
fLrom 444 nd. 218 7744 002 008 090 011 007 008 008 003 058 nd.
t;;gs 609 012 016 7740 002 nd. 047 011 003 019 005 003 007 nd.
244 003 114 7710 nd. 002 039 008 011 005 008 nd. 068 nd.
181 nd. 011 8470 004 nd. 019 012 010 007 007 nd. 006 nd.
413 012 035 7629 007 001 027 023 005 017 006 nd. 015 nd.
203 009 039 7494 013 nd. 074 018 004 097 006 nd 029 nd.
303 006 143 8265 004 nd 023 021 006 018 002 nd 027 nd.
156 003 007 8163 nd. nd 016 005 009 006 006 nd. 017 nd.
135 nd. 039 7858 001 nd. 038 0.13 007 077 007 nd. nd. nd
201 nd. 342 6852 007 016 057 006 006 015 004 nd. 034 nd.
126 002 002 8032 nd. nd 011 010 006 011 003 nd. 017 nd.
188 nd. 007 8521 007 nd 024 009 007 032 007 nd 004 nd.
163 nd. 013 7804 001 001 010 009 0.14 014 007 nd 081 nd.
128 nd. 005 8952 001 nd 014 012 010 004 006 004 nd. nd.
272 nd. 073 7699 004 003 015 013 009 015 005 nd. 040 nd.
383 008 1.13 7477 nd. nd. 043 008 004 049 007 nd. 032 nd.
336 nd. 414 7734 031 017 054 030 005 0.10 008 nd. 040 nd.
091 004 007 7899 003 nd 029 006 006 034 006 nd 006 nd.
229 nd. 110 8202 012 nd. 029 020 008 041 008 nd 033 nd.
504 nd. 206 6928 022 024 044 037 002 022 008 nd 017 nd.
116 0.1 005 8029 001 002 027 005 010 005 007 nd. 010 nd.
142 002 009 79.92 001 nd. 016 010 010 010 004 nd. 009 nd.
151 002 087 7948 010 nd. 072 011 005 111 007 nd. 032 nd.
Av. 245 006 085 7890 007 008 037 014 007 030 006 003 033 -
Sd. 137 004 111 461 008 009 022 008 003 032 002 001 032 -

n.d.: non-detected
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2.3.3 Bulk geochemistry
2.3.3.1 Major oxides

The bulk geochemical compositions of representative tailings are
determined by XRF analysis and summarized in Table 2.3. These geochemical data are
also plotted in Figure 2.5 in comparison with the SiO, contents that range between 21
and 43 wt.% from both tailing groups with averages of 29 + 4.8 wt.% in upper tailings
and 34 + 53 wt.% in lower tailings. In general, the upper tailings yield about 10-21
wt.% Ca0, 2-3 wt.% MgO, 0.1-0.3 wt.% MnO and 0.3-0.9 wt.% Na,O, which are higher
than those of the lower tailings (<10 wt.% CaO, <1.5 wt.% MgO, <0.15 wt.% MnO and
<0.5 wt.% Na,0). On the other hand, the upper tailings contain about 0.2-0.4 wt.%
TiO,, 0.3-1.4 wt.% K,O and 3.5-10 wt.% Al,Os, which are lower than those of the lower
tailings (20.4 wt.% TiO,, 0.8-2 wt.% K,O and 5-19 wt.% Al,Os). The P,0Os contents of
both tailing groups are very low and negligible. Only the FeOxqta contents are found in
a large scattered pattern, ranging from about 16 to 40 wt.% (av. 28 + 7.9 wt.%) in the
lower tailings and from 15 to 21 wt.% (av. 18 + 1.9 wt.%) in the upper tailings.

2.3.3.2 Trace elements

The Ag, As, Au, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb and Zn concentrations of
representative tailing samples are shown in Table 2.4. The variation plots between As,
Mn, Co, Cu, Pb and Ni, as potential toxic elements, against SiO, are present in Figure

2.6. Some characteristics of both tailing groups can be distinguished below.

Trace elements in the upper tailings range between 0.5-0.8, 39-268,
0.2-0.4, 23-40, 222-425, 226-1111, 2-12, 1421-3524, 15-29, 4-19 and 53-158 meg/kg
for Ag, As, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb and Zn, respectively. Moreover, 2-15 ug/kg Au

still remains in these tailings.

The lower tailings consist of 0.5-3.9, 238-2870, 0.2-1.3, 9-42, 82-282,
750-2608, 1-11, 120-1508, 11-34, 10-1506 and 48-470 mg/ke for Ag, As, Cd, Co, Cr,
Cu, Hg, Mn, Ni, Pb and Zn, respectively, whereas 2-27 ug/kg Au is also observed in

these tailings.
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Table 2.3 Bulk geochemical analyses (wt.% oxides) of the gold mine tailings, as

determined by XRF analysis and loss on ignition (LOI) contents.

Type Sample Composition (wt.%)
No.?2 Sio,  TiO;  ALOs FeOt MnO  MgO CaO NaO KO P05  LOI
SP1-1 3011 023 593 1682 023 312 2099 052 054 012 200
SP1-3 2848 026 648 1934 020 253 1577 058 064 012 393
SP1-5 3220 030 7.01  19.04 0.16 308 1431 076 097 009 277
SP1-6  30.08 027 667 2042 017 279 1472 068 080 009  3.31
SP2-1 2098 0.16 354 1763 022 198 2131 030 025 006 437
SP2-3 2771 022 545 1628 022 252 2017 048 051 012 359
SP2-5 2949 023 582 19.64 0.21 276 1503 064 063 009 376
iii:s SP2-7 3101 026 652 1499 028 234 2031 057 048 014 313
SP3-1 2432 018 428 1733 021 225 2099 041 038 008 483
SP3-3 2857 022 557 1585 022 275 2038 053 057 011 376
SP3-4 3644 036 869 1544 016 260 1388 079 115 013 357
SP3-7 2491 021 456 2116 016 240 1596 048 051 007 502
SP4-1 2313 020 411 1700 022 210 2038 034 037 008 437
SP4-3 3979 040 1011 1568 013 279 1006 092 143 013 392
SP4-5 2970 030 673 1637 023 222 1931 052 059 013 450
SP1-7 3583 091 1782 1865 0.12 1.08 434 031 111 009 832
SP1-10 3374 056 664 3329 003 046 181 030 136 015 881
SP1-13 2992 080 1308 3552 008 036 166 020 094 015 10.29
SP1-17 3225 068 1279 2769 0.13 1.00 492 036 122 009 912
SP2-9 3219 050 976 2156 0.12 136 944 050 126 014 923
SP2-11 4144 078 1678 2342 015 054 124 024 201 013 832
SP2-13 2822 073 11.04 3653 009 037 198 020 079 015 1091
Lower SP2-17 3380 0.70 1406 2712 015 085 499 031 142 008  9.63
tallings  sp3g 3918 074 1436 1571 0.11 081 420 030 117 008 657
SP3-9 4131 082 1824 1948 010 052 102 020 212 012 825
SP3-13 3053 071 998 3683 006 036 133 020 118 017 9.64
SP3-17 3172 065 1154 3129 012 073 427 030 1.09 008  9.99
SP4-7 4282 086 1921 1819 009 056 082 022 221 011 864
SPa-9 3081 057 538 3781 002 025 106 017 082 016 887
SP4-14 3398 071 1374 2540 012 090 500 027 139 008  9.40
SPa-17 2287 043 616 3933 007 046 502 021 081 009 10.74

°SPX-Y; where X is the core number (1-4 see Figure 2.1) and Y is the depth in meters below the

surface (1-17)
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Table 2.4 Trace element concentrations in the gold mine tailings, as determined by

ICP-MS analysis

Type Sample Composition (mg/kg)
No.? Ag As AP Cd Co G Cu Hg Mn Ni Pb Zn
SP1-1 0.5 214 9.6 0.19 229 264 290 1.9 2730 20.7 5.9 158
SP1-3 0.5 222 7.0 0.18 331 315 334 124 2441 20.8 4.9 81
SP1-5 0.5 160 3.0 021 299 309 726 3.2 1825 149 139 65
SP1-6 0.8 151 6.7 0.25 30.2 300 824 4.7 2009 16.6 19.3 69
SP2-1 0.5 133 5.0 021 326 222 241 6.2 2824 24.5 4.2 82
SP2-3 0.5 195 9.2 041 3293 425 515 2.0 2889 29.3 5.2 115
Upper SP2-5 0.8 39 151 017 349 329 1111 2.9 2573 18.0 8.5 73
. SP2-7 0.6 117 9.8 0.25 337 267 272 1.1 3524 26.7 15.6 98
tailings SP3-1 0.5 126 3.1 039 312 283 226 1.7 2636 28.4 4.6 133
SP3-3 0.5 50 23 0.21 342 405 414 1.7 2580 26.3 4.6 107
SP3-4 0.5 268 26 025 333 373 266 3.1 1888 24.4 6.1 53
SP3-7 0.5 75 49 0.19 328 261 605 2.7 2016 15.7 9.2 65
SP4-1 0.8 88 24 0.18 296 261 271 1.5 2833 27.2 5.7 122
SP4-3 0.5 67 2.6 036 1 | BN I 275 3.5 1421 271.2 6.0 70
SP4-5 0.5 69 27 022 262 257 528 2.8 2800 20.1 14.1 75
SP1-7 0.5 1670 2.7 0.53 347 282 846 10.9 1030 26.9 109 358
SP1-10 1.1 301 141 0.17 145 133 2585 7.1 206 12.6 114 66
SP1-13 1.0 278 4.2 025 111 174 1600 4.1 703 19.4 9.7 61
SP1-17 0.7 1244 7.2 0.25 20.1 223 1630 2.9 1017 22.0 18.3 55
SP2-9 1.1 291 267 129 316 197 1878 5.0 1099 2713 289 80
SP2-11 1.9 681 6.8 U ABNARA2: 25229 928 2.7 1226 34.4 654 384
SP2-13 1.2 662 53 0.29 137 178 1893 9.8 724 21.1 26.4 51
Lower SP2-17 0.7 1312 3.7 0.27 225 138 1594 33 1508 30.0 13.7 81
tailings SP3-8 0.7 878 113 040 309 281 876 1.0 1062 247  66.4 470
SP3-9 3.9 1232 75 1.16 274 224 750 2.3 860 24.8 1506 300
SP3-13 0.6 238 3.8 0.21 3.1 |y 1'55= p 122 7.5 448 16.5 10.4 68
SP3-17 0.6 2677 26 032 189 130 1537 35 1067 225 130 55
SP4-7 0.7 2870 1.5 0.26 115 82 1716 4.0 595 11.2 10.1 61
SP4-9 0.7 1405 3.0 0.24 8.6 236 2608 6.2 120 129 147 48
SP4-14 0.7 1100 2.7 023 162 143 1647 2.3 1097 20.9 16.1 59
SP4-17 2.7 1018 39 094 236 233 834 2.4 741 257 1098 267
TTLC 500 500 - 100 8000 500 2500 20 - 2000 1000 5000

°SPX-Y; where X is the core number (1-4 see Figure 2.1) and Y is the depth in meters below the

surface (1-17)
"Lg/kg

“TTLC: National Total Threshold Limit Concentration
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In comparison, the upper tailings have lower As, Cu and Pb levels and

higher Mn and Co levels than those of the lower tailings, but the Ni contents in the

upper tailings are not different from the lower tailings (Figure 2.6).
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Figure 2.6 Plots of the SiO, level against the potential selected toxic elements, As, Mn,
Co, Cu, Pb and Ni, for the samples in Table 2.4.
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2.3.4 Acid forming potential (AFP)

The results of the ABA test, as the forms of net neutralization potential (NAPP
= MPA - ANC) and ANC/MPA ratio, and NAG test are presented in Table 2.5. Moreover,
the initial pH and total sulfur are also reported. The upper tailings have higher total
sulfur contents (4-9%) than the lower tailings (< 3%). Thus, the MPA range and average
of the upper tailings (127-274; 194.0 + 44.6 kg H,SO4/t) are higher than those of the
lower tailings (5-83; 25.3 + 23.7 kg H,SO4/1). In addition, the ANC values of the upper
tailings (73-183; 115.7 + 28.4 kg H,SO4/t) are higher than those of the lower tailings (2—-
84; 44.7 + 28.5 kg H,SO4/t). Consequently, the NAPP in the upper tailings (-18 to 166;
77.3 + 56.9 kg H,SOq4/t) is higher than those in the lower tailings (=60 to 42; -19.4 8+
34.4 kg H,SOq/t). Moreover, the average ANC/MPA ratio in the lower tailings (3.55 +
3.14) is higher than that in the upper tailings (0.63 + 0.22). The average initial pH values
across all samples are broadly similar between the upper and lower tailings at 6.23 +
0.29 and 6.19 + 0.38, respectively. Finally, for the NAG test, the NAGpH values range
between 2.14 and 2.78 and 2.86 and 5.98 in the upper and lower tailings, respectively.
The classification of AFP under the ABA and NAG criteria for the mine tailings is shown
in Table 2.6.

According to Table 2.6, three categories of AFP can be classified, based on the
NAPP values (suggested by Hutchison and Ellison (1992)), as 1) PAF, 2) NAF and 3)
uncertainly classified (UC). Positive NAPP (> 20) is classified as PAF, whereas negative
NAPP (<-20) is defined as NAF and a NAPP range between -20 and +20 is defined as
UC (Hutchison and Ellison, 1992). The ANC/MPA ratio can also indicate AFP, where a
ratio of < 2.5 is defined as PAF and a ratio of = 2.5 is defined as NAF (Miller et al., 2006).
The criteria of the NAG test suggested by EGI (2005) cited in Changul et al. (2009a) are
that NAGpH < 4.5 would be considered acid forming or PAF and a range of NAGpH >
4.5 would be considered non-acid forming or NAF. Sample SP3-3 from the upper
tailings and Samples SP2-10 and SP3-13 from the lower tailings yielded inconsistency
between the ABA and NAG tests. By taking two from three criteria, the Samples SP3-3
and SP2-10 could be PAF, whereas the sample SP3-13 should be classified as NAF.
Moreover, samples SP1-17 and SP4-9 appear to be UC. Consequently, the summary of
AFP categories of each sample are shown on the last column of Table 2.6 where all
of the upper tailings fall within PAF; on the other hand, the lower tailings are mostly
grouped as NAF and a few samples are UC (SP1-17 and SP4-9).
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2.4 Discussion
2.4.1 Characteristics of Mine Tailings

Although many minerals in the bulk tailing samples are identified by XRD, the
main metal gangues can be identified as pyrrhotite in the upper tailings and goethite
in the lower tailings. Apart from quartz, which is found in both tailings, the other
gangues in both types of tailings are compatible to the original deposits including
skarn/massive sulfide in the deeper deposits and gossan in the shallower deposits (see
Figure 2.1b). For instance, in the upper tailings, andradite, calcite and diopside occur
typically in skarn assemblage, whereas pyrrhotite + pyrite/chalcopyrite is the main iron
sulfide of the massive sulfide. On the other hand, goethite (the main iron ore), quartz
associated with chlorite, muscovite and a few sulfide minerals are found in the lower
tailings which these minerals are typically found as main components of the gossan
deposit (Romero et al., 2006; Valente et al.,, 2013; Velasco et al,, 2013). Although
goethite is also the by-product of AMD as in Equations (2.4) and (2.5), this is not the
case in the study tailing pond. However, the huge amount of sulfide minerals remained
in the upper tailings may be more oxidized and altered to goethite with AMD
generation as supported by Garcia et al. (2005). Therefore, goethite in the lower must
be from original source instead of further oxidizing process, which should not take

place stronger in the deeper part.
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Table 2.5 Analyses of acid forming potential (AFP) of the gold mine tailings in

northeastern Thailand

Sample  Initial  Total S MPA ANC NAPP
Type ANC/MPA NAGpH
No.? pH (%S) (kg HoSOg/t) (kg HoSOw/t) (kg H2SOa/t)
SP1-3 6.72 7.12 217.87 95.76 122.11 0.44 2.55
SP1-5 6.13 5.30 162.18 99.54 62.64 0.61 2.78
SP1-6 6.38 6.33 193.70 104.58 89.11 0.54 2.73
SP2-3 6.17 6.00 183.60 146.25 37.35 0.80 2.54
SP2-5 6.12 7.82 239.29 73.08 166.21 0.31 2.54
Upper SP2-7 6.44 4.14 126.68 89.46 37.22 0.71 2.14
tailings ~ SP3-3 6.16 5.37 164.32 182.50 -18.18 1.11 2.58
SP3-6 5.61 8.95 273.87 115.00 158.87 0.42 2.74
SP3-7 5.95 8.01 245.11 126.25 118.86 0.52 2.27
SPa-1 6.23 5.30 162.18 121.25 40.93 0.75 2.38
SP4-3 6.34 6.68 204.41 113.75 90.66 0.56 2.60
SP4-5 6.54 4.66 142.60 120.97 21.63 0.85 2.56
Average 6.23 6.31 192.98 115.70 77.28 0.63 2.53
SD 0.29 1.46 44.62 28.37 56.86 0.22 0.19
SP1-7 6.22 1.21 37.03 10.90 26.12 0.29 5.85
SP1-9 5.79 1.43 43.76 1.77 41.99 0.04 2.86
SP1-17 5.94 1.55 47.43 51.66 -4.23 1.09 4.70
SP2-10 6.00 2.70 82.62 83.75 -1.13 1.01 3.35
SP2-13 6.86 0.25 7.65 66.78 -59.13 8.73 5.55
Lower SP2-17 6.42 0.40 12.24 68.75 -56.51 5.62 5.49
tailings ~ SP3-8 6.19 0.98 29.99 56.25 -26.26 1.88 5.46
SP3-13 6.22 0.21 6.43 25.70 -19.28 4.00 5.63
SP3-17 6.31 0.36 11.02 64.26 -53.25 5.83 5.92
SP4-7 6.82 0.17 5.20 34.02 -28.82 6.54 5.98
SP4-9 5.87 0.35 10.71 2.97 7.74 0.28 5.90
SP4-15 5.66 0.31 9.49 69.30 -59.82 7.31 5.32
Average 6.19 0.83 25.30 44.68 -19.38 3.55 5.17
SD 0.38 0.77 23.71 28.54 34.39 3.14 1.03

°SPX-Y; where X is the core number (1-4 see Figure 2.1) and Y is the depth in meters below the

surface (1-17).
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Table 2.6 Classification of acid forming potential (AFP) using various criteria for mine

tailings from the gold mine in Northeastern Thailand

Sample ABA NAG Test
Type Summary
No. NAPP  PHutchison ANC/MPA  “Miller NAGpH %Gl
SP1-3 12211 PAF 0.44 PAF 2.55 PAF PAF
SP1-5 62.64 PAF 0.61 PAF 2.78 PAF PAF
SP1-6 89.11 PAF 0.54 PAF 2.73 PAF PAF
SP2-3 37.35 PAF 0.80 PAF 2.54 PAF PAF
SP2-5 166.21 PAF 0.31 PAF 2.54 PAF PAF
Upper  SP2-7 37.22 PAF 0.71 PAF 2.14 PAF PAF
tailings  sp3-3 -18.18 uc 1.11 PAF 2.58 PAF PAF
SP3-6 158.87 PAF 0.42 PAF 2.74 PAF PAF
SP3-7 118.86 PAF 0.52 PAF 2.27 PAF PAF
SPa-1 40.93 PAF 0.75 PAF 2.38 PAF PAF
SP4-3 90.66 PAF 0.56 PAF 2.60 PAF PAF
SP4-5 21.63 PAF 0.85 PAF 2.56 PAF PAF
SP1-7 26.12 PAF 0.29 PAF 5.85 NAF PAF
SP1-9 41.99 PAF 0.04 PAF 2.86 PAF PAF
SP1-17 -4.23 uc 1.09 PAF 4.70 NAF uc
SP2-10 -1.13 uc 1.01 PAF 3.35 PAF PAF
SP2-13 -59.13 NAF 8.73 NAF 5.55 NAF NAF
Lower  SP2-17 -56.51 NAF 5.62 NAF 5.49 NAF NAF
tailings  sp3-g -26.26 NAF 1.88 PAF 5.46 NAF NAF
SP3-13 -19.28 ucC 4.00 NAF 563 NAF NAF
SP3-17 -53.25 NAF 5.83 NAF 5.92 NAF NAF
SP4-7 -28.82 NAF 6.54 NAF 5.98 NAF NAF
SP4-9 7.74 uc 0.28 PAF 5.90 NAF uc
SP4-15 -59.82 NAF 7.31 NAF 5.32 NAF NAF

SPX-Y; where X is the core number (1-4 see Figure 2.1) and Y is the depth in meters below the
surface (1-17).

® Hutchison and Ellison (1992)

“Miller et al. (2006)

¢ Environmental Geochemistry International PTY LTD (EGI) (2005)

Regarding bulk chemical composition, some major oxides are directly
associated with the mineral assemblages of both tailing groups. For instance, FeOx

contents are clearly related to pyrrhotite, pyrite and chalcopyrite in the upper tailings
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and goethite (Fe-oxyhydroxide) in the lower tailings. The high CaO content in the upper
tailings is compatible with calcite (CaCOs3) that is crucially found in the upper tailings.
Although the SiO, content shows an essentially equal value in both layers of tailings,
it is likely affected by the difference in the primary mineral assemblage. In the upper
tailings, the SiO, content constitutes several silicate minerals, such as andradite,
diopside and quartz; moreover, the SiO, content in the lower tailings is mainly
restricted to residual quartz that is a major composition of the initial gossan deposit
(Romero et al., 2006; Valente et al., 2013; Velasco et al., 2013).

Arsenic is found at high concentrations (238-2870 mg/kg, Table 2.4) in the bulk
composition of lower tailings, which seems to have related to goethite chemistry.
Mineral chemical analysis shows that the goethite composition contains arsenic
contents (0.04-1.11 wt.%, Table 2.2), which may have formed as either co-precipitation
or surface adsorption as suggested by Campbell and Nordstrom (2014) and
Lottermoser (2010). All sulfide minerals, pyrrhotite, pyrite and chalcopyrite, in the
upper tailings do not contain arsenic (see Table 2.1). However, their bulk composition
still contains relatively low arsenic content (39-268 mg/kg), which may relate
arsenopyrite that was found in the sulfide deposit (Rodmanee, 2000), the original
source of upper tailings. Since bulk compositions directly reflect the mineral
assemblage in the tailings, they can be used for risk assessment. Goethite is a possible
main source of arsenic under acid drainage. In addition, the As (238-2870 mg/kg), Cu
(750-2608 mg/kg) and Pb (10-1506 mg/kg) concentrations in the lower tailings are
higher than the Total Threshold Limit Concentration (TTLC) of hazardous waste
announced by the Ministry of Industry Thailand (2006) (i.e., <500 mg/kg As, <2500
mg/kg Cu, <1000 mg/kg Pb), therefore, the lower tailings must be declared as

hazardous waste.
2.4.2 AMD and Heavy Metal Contamination

According to mineral chemistry, the upper tailings contain sulfide gangues,
particularly pyrrhotite, pyrite and chalcopyrite, which can be further oxidized after
mine closure. This may take a shorter time period compared to the process that occurs
in the original ore deposit because particle sizes of the mine tailings are significantly
reduced to very fine grains during the processing, thus it is more reactive. Although the

upper tailings contain neutralizing minerals, such as calcite, their PAF properties were
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highly evaluated as reported earlier. Consequently, acid mine drainage (AMD) will occur
unless protection is well planned and implemented. Even though the lower tailings
appear to have low potential of AMD generation, they must be declared as hazardous
waste because they contain high contents of toxic elements, e.g., As, Cu and Pb and
have been covered by the AFP material (the upper tailings). Although the toxic
elements in upper tailings are lower than the TTLC, the testing on Soluble Threshold

Limit concentration of these tailings need to be further investigated.

During mining activity, this tailing pond was soaked by wastewater and also rain.
Since 2016, after excessive conflict including partial collapse of tailing dam (in 2012),
this mine has already been temporarily suspended, and may be permanently closed.
Consequently, this tailing pond has been evaporated and dried out (see Figure 2.2).
The upper tailings may be oxidized and led to AMD generation, which may in turn
infiltrate into the lower tailings and remobilize some toxic elements such as arsenic
(As) and copper (Cu) from goethite (Lottermoser, 2010; Nordstrom and Alpers, 1999;
Smedley and Kinniburgh, 2002). Therefore, leaching experiments under acid condition
(pH 2) of these tailings were studied by Boonsrang et al. (2013). Subsequently, they
reported that As, Cu, Mn and Pb can be leached from the lower tailings (0.007-0.570
mg/L As, 0.016-3.398 mg/L Cu, 0.594-23.333 mg/L Mn and 0.0001-2.251 mg/L Pb). In
comparison, the upper tailings release significantly lower amounts of these toxic
metals (0.001-0.004 mg/L As, 0.008-0.263 mg/L Cu, 0.582-1.692 mg/L Mn and 0.0001-
0.017 mg/L Pb). As shown in the leaching experiments (Boonsrang et al., 2013), the
lower tailings appear to be more mobilized under the acidic conditions compared to
the same condition for the upper tailings. Eventually, this may cause harmful heavy
metal contamination throughout the area. This process is considered to have the

highest risk impact.

Recently, this gold mine has been accused by some surrounding villagers as
the main contamination source of toxic elements (As, Cu, Cd, Hg, Mn and Pb) and
cyanide (CN7) (http://sea-globe.com/digging-for-gold-striking-resistance-thailand-gold-
mining-isaan-loei-cyanid/ and http://en.nationalhealth.or.th/node/186). Thus, four
groups of sample (i.e., soil, stream sediment, surface water and groundwater) were
collected and examined by Chotipong et al. (2014a). Subsequently, they suggested
that the backgrounds of As in this area (<14 mg/kg in soils and <24 mg/kg in stream
sediments) were quite high and definitely exceeding the Thailand Soil Quality Standard


http://sea-globe.com/digging-for-gold-striking-resistance-thailand-gold-mining-isaan-loei-cyanid/
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(TSQS; <3.9 mg/kg). They also reported the high Mn background in the soil and stream
sediment; however, Mn showed insignificant leaching from the tailing pond (Chotipong
et al,, 2014b). Although the TSQS has never been suggested for copper threshold limit,
they found the high copper concentrations (6-385 mg/kg) in soils and (7-278 mg/kg)
in stream sediments comparing to the natural soil (30 mg/kg) suggested by Bowen
(1979) cited in (Kim et al., 2005). Moreover, Cd, Hg, Pb and cyanide (CN”) in soils and

stream sediments yielded quite low concentrations (Chotipong et al., 2014a, b).

Chotipong et al. (2015) reported that As contents in the surface water samples
(both collections before and after mining operation) exceeded the Thailand Surface
Water Quality (TSWQ). These results corresponded to the high As contents in stream
sediments. In addition, Mn contents in surface water surrounding the mine were found
to be exceeding the TSWQ, whereas those within the mine were lower than the TSWQ.
Cyanide contents (0.2-2 mg/L) in the tailing pond water samples were higher than the
TSWQ (0.005 mg/L) but still lower than the tolerable level (20 ppm) suggested by
Environmental Impact Assessment (EIA) report (Khon Kaen University Report, 2009). Cu,
Cd, Hg and Pb contents in surface water samples were mostly lower than the TSWQ
(Chotipong et al., 2015). In addition, Chotipong et al. (2016) reported that Mn contents
in groundwater samples collected within the mine and its surrounding area were higher
than the Thailand Groundwater Quality Standard. Cyanide was also found in
groundwater sample from the monitoring well located at the southern tailing pond
(see Figure 2.1a), only. Finally, they concluded that the background contents of As, Cu
and Mn were naturally high and there is insignificant evidence of leaching from the
tailing pond. However, cyanide in the groundwater samples surrounded the tailing

pond should be monitored continuously with great care.

Although these tailings are recently low impact to the environment; however,
they will be a large potential source of AMD and also toxic elements (e.g., As, Cu, Mn

and Pb), especially arsenic unless protection plan is designed and implemented well.

2.5 Conclusions and recommendations

Based on physical appearances, the tailings from this gold mine can be divided

into two groups: the upper gray and lower ocher tailings. The upper gray tailings are
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composed of pyrrhotite, pyrite, chalcopyrite, andradite, diopside, calcite and quartz
reflecting the initial ore material that consists of massive sulfide and skarn. The lower

ocher tailings are mainly composed of quartz and goethite from the gossan ore deposit.

The characteristics of minerals can be related to their AFP. The upper gray
tailings are, however, defined as PAF despite the fact that they contain calcite as a
basic material. The lower ocher tailings are classified as NAF (non-acid forming) because
they have a low content of total sulfide. Therefore, in the study site, the upper gray
tailings may generate AMD. Although, the lower ocher tailings appear to be low
potential source of AMD; they contain some toxic metals, particularly As, Cu and Pb
at higher levels than the recommended contents of the TTLC and consequently
classified as “hazardous waste”. The leaching test undertaken for these tailings yielded
low soluble metal contents. This indicates low potential of metal transportation into

the environment.

The tailing pond should be immediately covered soon after the mine closure
to prevent oxidizing process and erosion. Since the upper tailings mainly consist of
pyrrhotite and other sulfides, the dried tailing pond should be covered by the multi-
layer structure as suggested by Lottermoser (2010). This tailing pond should be covered
by compacted clay (at least 50 cm thick) to prevent water/oxygen reaction, and the
compacted clay layer should be covered by a gravel layer (30 cm thick) to facilitate
the drainage during rainy season. The top soil layer (1-2 m) must be covered before
plantation. In addition, an AMD treatment system should be designed for prevention,
where alkaline materials, such as limestone, hydrated lime, soda ash, caustic soda,
ammonia, calcium peroxide, kiln dust and fly ash (Akcil and Koldas, 2006), can also be
applied, initially at bottom layer (30 cm). Moreover, as the result of groundwater, Mn
and cyanide was found in groundwater well located at the southern tailing pond (see
Figure 2.1a); therefore, groundwater wells surrounding the tailing pond should be

monitored continuously with great care.
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Abstract

Waste rocks from gold mining in northeastern Thailand are classified as sandstone,
siltstone, gossan, skarn, skarn-sulfide, massive sulfide, diorite and limestone/marble.
Among these rocks, skarn-sulfide and massive sulfide rocks have the potential to
generate acid mine drainage (AMD) because they contain significant amounts of sulfide
minerals, i.e., pyrrhotite, pyrite, arsenopyrite and chalcopyrite. Moreover, both sulfide
rocks present high contents of As and Cu, which are caused by the occurrence of
arsenopyrite and chalcopyrite, respectively. Another main concern is gossan contents,
which are composed of goethite, hydrous ferric oxide (HFO), quartz, gypsum and
oxidized pyroxene. X-ray maps using Electron Probe Micro-Analysis (EPMA) indicate
distribution of some toxic elements in Fe-oxyhydroxide minerals in the gossan waste
rock. Arsenic (up to 1.37 wt.%) and copper (up to 0.60 wt.%) are found in goethite,
HFO and along the oxidized rim of pyroxene. Therefore, the gossan rock appears to be
a source of As, Cu and Mn. As a result, massive sulfide, skarn-sulfide and gossan have
the potential to cause environmental impacts, particularly AMD and toxic element
contamination. Consequently, the massive sulfide and skarn-sulfide waste rocks should
be protected from oxygen and water to avoid an oxidizing environment, whereas the
gossan waste rocks should be protected from the formation of AMD to prevent heavy

metal contamination.

Keywords: AMD, gold mine, heavy metal, waste rock, gossan
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3.1 Introduction

As natural gold deposits have a very low concentration in host rocks, enormous
waste rocks have been produced and disposed of in surface dumps during mine
operation. Consequently, these waste rocks are directly exposed to the atmosphere
and may in turn cause a negative environmental impact (Changul et al., 2009a; Cidu
et al,, 2012; Da Pelo et al., 2009; Marescotti et al.,, 2009; Sutthirat and Changul, 2012).
To demonstrate this, common waste rocks and their mineral assemblages from some
crucial mining sites located in Spain, Peru, Canada, Australia and the USA (Alvarez-
Valero et al,, 2008; Ashley et al., 2004; Hunt et al,, 2016; Koski et al., 2008; Smuda et
al., 2007; Sracek et al., 2004; Sracek et al., 2006; Velasco et al., 2013) are summarized
in Table 3.1. Sulfide minerals, e.g., pyrite, pyrrhotite, chalcopyrite, arsenopyrite,
sphalerite and galena, appear to be crucial primary minerals, whereas goethite,
hematite and Fe-oxyhydroxide are often found as secondary assemblages in these
waste rocks. The sulfides may contain toxic elements such as As, Cu, Co, Ni, Pb and
Zn that are formed within a crystal structure or occur as micro-inclusions (Lottermoser,
2010; Parbhakar-Fox et al., 2013). Although, they are stable under reducing conditions
beneath the earth’s surface, an oxidizing reaction may take place after they are
exposed by mine operations (Lindsay et al., 2015; Lottermoser, 2010; Parbhakar-Fox
and Lottermoser, 2015). In addition, secondary minerals, goethite and hematite, are
also enriched in toxic elements (e.g., As, Cu and Pb) which were discovered, for
example, in the Iberian Pyrite Belt in Southwest Spain (Romero et al., 2006; Valente et
al,, 2013; Velasco et al,, 2013). Therefore, sulfide-bearing waste rocks have high
potential to release toxic elements because of acid rock drainage formation and
subsequent element mobilization (Changul et al., 2009a; Lapakko, 2002; Marescotti et
al,, 2009; Nugraha et al., 2009; Smith et al,, 2013). Acid rock drainage (ARD), or acid
mine drainage (AMD), is the formation of acid caused by an oxidizing reaction of sulfide-
bearing waste materials (Hudson-Edwards et al., 2011; Lottermoser, 2010; Sutthirat,
2011).
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Table 3.1 Summary of mineral assemblages in waste rocks taken from some well-

known metal mines around the world.

Mineral assemblage

Mine/Country Ore deposit Waste rocks Reference
Primary Secondary
Iberian Pyrite Ag-Au-Cu Gossan/ Quartz, Goethite, Alvarez-Valero et al.
Belt (IPB), Massive sulfide  country halloysite, beudantite, (2008); Velasco et al.
Spain rocks kaolinite, hematite, (2013); Hunt et al.
(volcanics K-felsdpar, jarosite, (2016)
and shales) muscovite gypsum,
scorodite
Prince William Cu-Volcano- Massive Pyrrhotite, Goethite, Koski et al. (2008)
Sound, Alaska, genic massive sulfide pyrite, Fe-oxyhydroxide
United States sulfide chalcopyrite,  (amorphous),
sphalerite, marcasite,
galena, lepidocrocite,
arsenopyrite,  covellite
cobaltite
Cerro de Pasco,  Polymetallic Quartz- Quartz, Gypsum, Smuda et al. (2007)
Central Andes, Pb-Zn—(Ag-Bi-  pyrite/ hematite, jarosite,
Peru Cu) volcanic/ pyrite, Fe hydroxide,
dolomitic muscovite kaolinite,
rocks dolomite
Restigouche, Au-vein-type Sericite Pyrite, Gypsum, Sracek et al. (2004);
New Brunswick mineralization schist muscovite, jarosite, Sracek et al. (2006)
Mine Doyon, chlorite Fe-oxyhydroxide
Quebec
Canada
Webbs Consols  Polymetallic Granite/ Quartz, IUite, sericite, Ashley et al. (2004)
mine, New Pb-Zn-Ag altered- feldspars, chlorite,
South Wales, sulfide-rich granite biotite, scorodite,
Australia deposit arsenopyrite,  anglesite,
sphalerite, smectite,
galena, Fe-oxyhydroxide

chalcopyrite

The toxic elements can potentially have a severe impact on human health and
ecosystems (Simate and Ndlovu, 2014; Singh et al,, 2011; Yadav, 2010). Arsenic, in

particular, is a high toxic element with certain chemical forms (e.g., As>*) which is also

known as a carcinogen even at very low concentrations (Paktunc, 2013). The gold mine

under this study has been suspected to cause toxic element contamination in surface
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water and groundwater (http://geographical.co.uk/people/development/item/1178-
gold-diggers and http://isaanrecord.com/2014/05/20 /gold-mine-protesters-hurt-by-
armed-mob-and-shady-deals-3/). Many previous researchers have also reported the
distribution of toxic elements in surface water and groundwater surrounding this study
area (ERIC, 2012; Huagul, 2007; Khamthat, 2007; Nonthee, 2010; Tuisakda, 2008). For
instance, Fe, Cu and Mn in surface water and groundwater have been shown to exceed
the Thailand Surface Water Quality (TSWQ) and Thailand Groundwater Quality
Standard (TGQS). However, these contaminants can be released from either the mine
site or naturally exposed rocks in the area. There is still unclear evidence to indicate
the real cause of the contamination. Characterizations of waste materials are therefore
crucial in a study that aims at providing information for proper planning in prevention

and remediation.

The study area for this research is “Phu Thap Fah Gold Deposit” (Crow and
Zaw, 2011; Rodmanee, 2000) located in Wang Saphung district, Loei province in
northeastern Thailand (Figure 3.1a). Gold mining has been operating here since 2006,
with an estimated mine life of at least 25 years. The study area is located within a
tropical monsoon climate with an average temperature of 25 °C that can range from
about 10 °C to 40 °C. Average rainfall is about 1,300 mm/y (Thai Meteorological
Department, 2012). During mining, huge amounts of waste rock are left in the area.
Therefore, the main aims of this study are (1) to investigate petrography, mineral
chemistry and whole-rock geochemistry of various waste rocks for determination of
AMD generation and toxic element release and (2) to apply advanced geochemical
analyses to indicate location and distribution of crucial toxic elements in the main

mineral assemblages of particular waste rocks.
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) + A 2y + o+ A
+ . i+
+ ¥ 200 m
\‘ : ’_!_ ) = . __\ — = 8
= T~ + + N
old Pit = - AT iy 8
Its + |+ + Qa -2
5= X 3
{
o fAQ
=F é“\o
+ [+ o
aF =1
ar mé-z _E
Tailing Pond o
OXWD-1 Main Pit
+ [+
VR K- E o
R + ~. (=
+ + A 7 il —§
-~ & == 3l o
G —+ =
+
Y 3
<
@ [R\ PhuLek
781000 781500 782000 782500 783000 783500
Initial Stage Mineralization Stage

Legends

Quaternary Alluvial Sediment
|:| Siltstone and Sandstone) pha Dua
E' Limestone and Marble }

Triassic Granodiorite

Calc-Silicate/Recrystalline
Limestone/Marble
K22 Meta-sediment/Hornfel

/7] siiicified Rock
- Dicrite Dike
y Quartz Vein

Skarn/Massive Sulfide Ore

Gossan Ore

Transition Zone
P (Oxide+Sulfide)

Formation|

51

Figure 3.1 (a) The geological map of the study area showing the location of mining
sites, including OXWD-1, -2 (oxide waste dumps 1 and 2), SFWD (sulfide waste dump)
and TSWD (transition waste dump); (b) genesis model of the initial and following gold

mineralization stages (modified from Rodmanee (2000)); () cross section of the main

pit showing three different ore types (modified after Khon Kaen University Report

(2009)).
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3.2 Geology and mineralization

Geologically, the gold mine is occupied by Pha Dua Formation of the Permian
Saraburi Group, consisting mainly of thin-bedded shale, siltstone and sandstone with
minor limestone intruded by Triassic granodiorite (Figure 3.1a) (Chonglakmani, 1984;
Rodmanee, 2000). Figure 3.1b presents the genesis model of Phu Thap Fah gold
mineralization which was proposed by Rodmanee (2000). Two stages of gold
mineralization, including the initial stage and mineralization stage, were recognized.
The initial stage was started when the Pha Dua Formation was intruded by Triassic
granodiorite, leading to recrystallization of surrounding sedimentary rocks to meta-
sediment/hornfel and marble. Subsequently, hydrothermal solution was derived from
the granodiorite that caused an extensive metasomatism of skarn with a high content
of garnet and pyroxene. The mineralization stage was indicated by diorite dike intruded
into the early garnet-pyroxene skarn. The hydrothermal fluids derived from this late
stage were pervasive throughout, causing retrograde alteration in the primary skarn.
These hydrothermal fluids caused mineralization of massive sulfides (e.g., pyrrhotite,
pyrite, arsenopyrite and chalcopyrite) and formation of gold, bismuth and telluride

minerals (Rodmanee, 2000).

This gold deposit is significantly characterized by oxide (gossan) and sulfide
(skarn-sulfide/massive sulfide) ores minerals (Rodmanee, 2000). Figure 3.1c displays a
cross section of the main mining pit showing gossan cap (classified as oxide ore layers)
on the surface covering siltstone and sandstone. In general, gossan rocks located over
the main orebody were formed by erosion and oxidation of massive sulfide (Romero
et al,, 2006; Velasco et al,, 2013). This gossan usually presents mushroom-like
morphology contacting with the underlying massive sulfide orebody (Figure 3.1c)
similar to the gossan deposits in the Iberian Pyrite Belt (IPB), Southwest Spain (Velasco
et al., 2013). Sulfide ore (classified as “skarn-sulfide/massive sulfide ore”) is located at
depths of about 40 m to 200 m (Rodmanee, 2000) in which it yields the highest gold
grade at 3.54 g/t (in massive sulfide) and 7.97 ¢/t (in skarn-sulfide). In addition, the ore
zone between oxide and sulfide ores, typically combining both oxide and sulfide ores,

is classified as a transition ore zone (Figure 3.1¢).
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3.3 Materials and methods
3.3.1 Rock wastes and dumping sites

Based on different ore types (i.e., oxide ore, transition ore and sulfide ore),
waste rocks related to these ores are separated and disposed of on different dumping
sites (Khon Kaen University Report, 2009), including oxide waste dumps (OXWD-1 and
OXWD-2), transition waste dump (TSWD) and sulfide waste dump (SFWD) (see Figures
3.1a and 3.2). Estimated amounts and volumes of these waste dumps are summarized
in Table 3.2 (Khon Kaen University Report, 2009). Waste rock samples were collected
from all dump sites as shown in Figure 3.2. Moreover, some waste rock samples relating
to the sulfide ore were additionally collected from the main mining pit. Limestone,
marble, sandstone, siltstone, mudstone, gossan, diorite, granodiorite and massive
sulfide were found and collected from the oxide waste dumps (OXWD-1 and OXWD-
2). Siltstone, limestone/marble, diorite, skarn, massive sulfide and gossan were
collected from the TSWD. Massive sulfide and skarn-sulfide rocks with some siltstones
were sampled from the SFWD. More samples of siltstone, granodiorite, skarn, massive

sulfide, skarn-sulfide and limestone/marble were additionally collected from the main

pit.

3.3.2 Analytical methods

Representative rock samples were then cut and prepared for thin sectioning
and polished thin sectioning. Petrographic investigation was carried out using
transmitted light and reflected-light microscopes at the Geology Department, Faculty

of Science, Chulalongkorn University.

Table 3.2 Estimated amounts and volumes of all waste rock dumps from the main
pit. Total rock waste was estimated at 2,552,170 metric tons (Mt) and 997,280 cubic
meters (m?) (Khon Kaen University Report, 2009).

Oxide waste rocks Transition waste rocks Sulfide waste rocks
Amount Volume Amount Volume Amount Volume
(Mt) (m?) (Mt) (m?) (Mt) (m?)

1,658,910 674,450 382,830 140,380 510,430 182,450
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Figure 3.2 Waste rock dumps: (a) and (b) dump sites of oxide waste rocks (OXWD-1
and OXWD-2); (c) sulfide waste dump (SFWD); (d) transition waste dump (TSWD)

Sixty one samples were selected representatively before crushing and milling.
Powdered rock samples were dried to remove moisture in an oven at 60 °C for 8 h to
prevent alterations of chemical and physical properties prior to further analyses (EPA,
2004). These powdered samples were pressed and analyzed for major/minor oxides
(i.e., SiO,, TiO,, Al,Os, FeOy, MgO, MnO, KO, Na,O and P,0s) using a X-ray fluorescence
spectrometer (XRF) (Bruker AXS S4 Pioneer) at the Geology Department, Faculty of
Science, Chulalongkorn University. Calibration curves for the XRF data were prepared
from rock standards provided by the US Geological Survey (USGS) and Geological
Survey of Japan (GSJ). Moreover, glass beads were prepared and analyzed using a

Bruker AXS S4 Pioneer XRF at the NAWI Graz Geocenter, University of Graz, Austria.

In addition, mineral compositions were identified using a Bruker D8 Advance X-
ray diffractometer (XRD) at the Geology Department, Faculty of Science, Chulalongkorn
University. Mineral chemistry of sulfide and Fe-oxyhydroxide minerals was analyzed by
a JEOL JXA-8200 electron probe micro analyzer (EPMA) at the Eugen-Stumpfl
microprobe facility, UZAG (Mining University Leoben, University of Graz, Graz University
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of Technology). A probe current of 20 nA and accelerating voltage of 20 kV and 25 kV
were applied for sulfide and oxide minerals, respectively. Counting times were typically
set at 30 seconds on peak and total background analyses. Natural minerals were used

as standards.

Thirty-nine selected samples were digested for trace element analyses (e.g., As,
Ag, Au, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb and Zn) using a Thermo-CapQ inductively coupled
plasma-mass spectrometry (ICP-MS) at the Scientific and Technological Research
Equipment Centre, Chulalongkorn University. The calibration curves were also
prepared using well-characterized international reference standards supplied by USGS
and GSJ. The relative standard deviations of these data were <5%. All samples and
standards were digested totally using a HF-HClO4-HNOs; mixed acid dissolution
procedure under the same conditions as previously reported by Satoh et al. (1999).

The detection limits of all elements ranged from 0.002 to 0.05 ppm.

3.4 Results
3.4.1 Petrographical and geochemical characteristics

According to petrographic description, various kinds of waste rock under this
study are identified; they are composed of fine-grained sandstone, siltstone, mudstone,
massive sulfide, skarn-sulfide, skarn, gossan, diorite and limestone/marble. Their
essential mineral assemblages observed under microscope and Fe-oxyhydroxide
phases, i.e., goethite and hydrous ferric oxide (HFO), identified by Raman and FTIR

patterns are reported in “3.7 Electronic Supplementary Material A”.

Major and minor chemical compositions (e.g., SiO,, TiO,, Al,O3, FeOy, MgO, MnO,
K,O, Na,O, P,Os and SOs) of the waste rocks are summarized in Table 3.6, whereas
their trace element analyses (e.g., As, Ag, Au, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb and Zn) are
reported in Table 3.7. To understand variation of chemical composition of all rock
types, the variation diagrams are plotted using FeOy against the other oxides as shown
in Figure 3.3. Moreover, some selective trace elements (i.e., As, Cd, Cr, Cu, Hg and Zn)

are also plotted versus FeO; as shown in Figure 3.4.

Limestone, sandstone/siltstone and diorite, collected from different dump sites

and from the main pit have relatively low FeO; contents with narrow ranges of
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individual main compositions (see Figure 3.3 and Table 3.6) which appear to have no
correlation between FeO; and other major oxides in these rock types. On the other
hand, skarn, skarn-sulfide, gossan and massive sulfide contain higher ranges of FeOy,
respectively, and their FeO; ranges seem to have continuously negative correlation
with SiO,, Al,O5, Ca0, MnO and MgO and positive correlation with SO5 (Figure 3.3) and
also Cu (Figure 3.4). Only one gossan sample taken from the TSWD (TK23) revealed the
highest FeO; contents (48.48 wt.%), Au (8.4 ppb) and Cu (7480 ppm) with quite low
SOs content (1.34 wt.%) (Tables 3.6 and 3.7), which seem unlikely to have good
correlation (Figures 3.3 and 3.4). Other gossan samples taken from the OXWD also show
positive correlation between FeO; and As, whereas skarn, skarn-sulfide and massive
sulfide mostly show negative correlation of both elements (Figure 3.4). The other

elements appear to have no correlation with FeO:.
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Figure 3.3 Plots of FeO; (wt.%) contents against SiO,, Al,Os, CaO, MnO, MgO and SOs

(wt.%) of sandstone/siltstone, diorite, gossan, skarn, skarn-sulfide and massive sulfide.
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Figure 3.4 Plots of FeO; (wt.%) versus As (arsenic), Cd (cadmium), Cr (chromium), Cu

(copper), Hg (mercury) and Zn (zinc) levels (ppm) of sandstone/siltstone, diorite,

gossan, skarn, skarn-sulfide and massive sulfide.

According to the results, the massive sulfide, skarn-sulfide, skarn and gossan

rocks have higher average FeO; content (29+11 wt.%), whereas the sandstone/siltstone,

diorite and limestone have lower average FeO: content (5+3 wt.%). The massive

sulfide, skarn-sulfide and gossan rocks appear to be potential sources of toxic elements

which may originate as major or minor compositions of pyrrhotite, pyrite, chalcopyrite,

arsenopyrite, or Fe-oxyhydroxide phases. Therefore, some of these phases were also

analyzed by EPMA for mineral chemistry analyses as reported in the next section.
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3.4.2 Mineral chemistry

Massive sulfide, skarn-sulfide and gossan rocks were selected, based on their
high contents of toxic elements, for mineral chemical analyses. Table 3.3 presents
chemical compositions (i.e., Fe, S, As, Cu, Co and Ni) of sulfide minerals such as
pyrrhotite, pyrite, chalcopyrite and arsenopyrite that are found in massive sulfide and
skarn-sulfide rocks. Moreover, chemical analyses of goethite and HFO of gossan are

also reported in Table 3.4.

The massive sulfide rocks are significantly composed of pyrrhotite and
chalcopyrite. Pyrrhotite is composed of 61+0.07 wt.% Fe, 39+0.35 wt.% S with minor
amounts of Co (0.03 wt.%). Chalcopyrite consists of 35+0.22 wt.% Cu, 31+0.28 wt.%
Fe and 35+0.05 wt.% S with negligible As (<0.08 wt.%).

The skarn-sulfide rocks consist of arsenopyrite, pyrrhotite, pyrite and
chalcopyrite. Arsenopyrite has average contents of 35+0.26 wt.% Fe, 46+0.28 wt.% As
and 19+0.31 wt.% S with minor contents of Co (0.05-0.28 wt.%) and Ni (0.05-0.12
wt.%). Pyrrhotite contains 60+0.51 wt.% Fe, 39+0.41 wt.% S with minor contents of
<0.08 wt.% Cu, 0.09-0.12 wt.% Co and <0.05 wt.% Ni. Pyrite has 47.02+0.04 wt.% Fe,
53+0.39 wt.% S with 0.07-0.08 wt.% Co. In addition, chalcopyrite is composed of
35+0.20 wt.% Cu, 31+0.14 wt.% Fe and 35+0.36 wt.% S with negligible contents of As
(<0.07 wt.%) and Co (0.03-0.05 wt.%).

X-ray mapping of gossan (Figure 3.5) clearly displays the distribution of different
mineral phases and their element contents. This method is a key technique to
understand variations of toxic elements in mineral phases. The distribution of toxic
elements in some crucial mineral can be recognized. Arsenic and manganese are found
obviously in HFO (@amorphous or poorly crystalline ferric oxide phase) (Figures 3.5a, b);
on the other hand, goethite shows clear distribution of Cu and Mn (Figure 3.5c). Two
phases of the Fe-oxyhydroxide are distinguished, based on Raman and FTIR patterns,
into goethite (crystalline phase) and HFO (see Figure 3.8 in Supplementary Material A).
HFO cannot be observed using Raman spectroscopy because it lacks a crystalline

structure.
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Figure 3.5 Back Scattered Electron (BSE) Images and X-ray maps of gossan samples’

levels of As, Cu, Fe and Mn in: (a) and (b) amorphous hydrous ferric oxides and (c)
goethite and gypsum. Abbreviations are HFO: hydrous ferric oxide, Ox-Px: oxidized-
pyroxene, Gth: goethite, and Gp: gypsum.

Although, Fe-oxyhydroxide may have originated through oxidation of iron
sulfide minerals, it can also be formed by weathering of iron silicate minerals; for
example, pyroxene (CaFeSi,O¢) (see equation (3.1) modified from Lottermoser (2010)
and Noack et al. (1993)).

CaFeSizo6(s) + Hz-aq) + SHZO(L) g Ca%;q) + Fe(OH)3(S) + 2H4SiO4(aq) (31)

(pyroxene)  (acid)  (water)  (Caion) (ferric hydroxide) (silicic acid)

The chemical analyses of goethite and HFO in gossan are shown in Table 3.4.
The goethite is composed of 83+4.28 wt.% FeQy, 7+2.58 wt.% SiO, and 0.07+0.08 wt.%
MnO with minor contents of As (0.16+0.01 wt.%) and Cu (0.26+0.25 wt.%). The HFO
consists of 71+5.30 wt.% FeOy, 14+3.76 wt.% SiO,, 4+2.69 wt.% AlL,O3, 0.12+0.06 wt.%
MnO with relatively high contents of As (0.76+0.38 wt.%) and Cu (0.41+0.13 wt.%).
Moreover, HFO that occurred around the pyroxene rim contains 65+3.41 wt.% FeOy,
18+4.02 wt.% SiO,, 4+0.66 wt.% Al,Os3, 0.3+0.11 wt.% MnO with high contents of As
(1.10+0.12 wt.%) and Cu (0.34+0.04 wt.%).
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3.5 Discussion

The waste rocks mainly fall within boulder size, usually ranging from about 20
to 100 cm in diameter. The boulder waste rocks usually produce significant pore spaces
in the dump sites. Consequently, water and oxygen can flow into the deeper parts and
react with most of the waste rocks (Lottermoser, 2010; Marescotti et al., 2009). Thus,
it seems likely that these waste rocks can still be oxidized even in the deeper part of

the dump sites.

Based on mineral assemblages, the massive sulfide and skarn-sulfide waste
rocks, mainly containing sulfide minerals, may generate AMD due to an oxidizing
reaction (Marescotti et al., 2009; Parbhakar-Fox et al., 2014; Parbhakar-Fox et al., 2011)
which has been confirmed by previous studies such as on acid-base accounting (ABA)
and weathering cell methods (Charuseiam, 2012; Charuseiam et al., 2013; Das et al,,
2008; ERIC, 2012). Consequently, the massive sulfide and skarn-sulfide waste rocks are
classified as potential acid forming (PAF). On the other hand, the gossan, skarn and
clastic rocks are classified as non-acid forming (NAF) (Charuseiam, 2012; Charuseiam et
al,, 2013; ERIC, 2012). Moreover, the present study indicates that the massive sulfide
rocks contain high SOs; content, which is compatible with total S ranging from 18.8%
to 34.5% (ERIC, 2012). Therefore, the massive sulfide rocks will be the main source of

AMD unless a prevention plan is well implemented.
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Table 3.3 Representative EPMA analyses (wt.%) of sulfide minerals in the massive

sulfide and skarn-sulfide waste rocks.

Rock type  Mineral Fe S As Cu Co Ni Total

Po 60.51 39.20 <0.03 <0.02 <0.01 <0.02 99.81

Po 60.65 39.71 <0.03 <0.02 <0.01 <0.02 100.41

Po 60.57 39.04 <0.03 <0.02 0.03 <0.02 99.68

Mas?ive Cep 30.92 35.18 <0.03 34.63 <0.01 <0.02 100.75
sulfide Cep 30.93  35.30 <0.03 3477 <001 <002 101.02
Cep 3045 3527 0.08 3440 <001 <0.02  100.23

Cep 30.43 35.24 <0.03 34.27 <0.01 <0.02 99.99

Apy 35.23 19.11 45.78 <0.02 0.18 <0.02 100.31

Apy 35.42 19.42 45.92 <0.02 0.17 <0.02 100.96

Apy 35.63 19.36 45.63  <0.02 0.12 <002  100.76

Apy 35.06 18.96 46.07  <0.02 0.17 0.12  100.40

Apy 35.54 19.74 45.42 <0.02 0.28 0.05 101.06

Apy 35.77 19.70 45.36 <0.02 0.05 <0.02 100.90

Po 60.01 38.40 <0.03  <0.02 0.12  <0.02 98.55
karm-sulfide Po 59.94  38.26 <0.03 0.08 0.10  <0.02 98.41
Po 59.97 38.83 <0.03 <0.02 0.10 <0.02 98.94

Po 60.14 39.31 <0.03 <0.02 0.09 <0.02 99.60

Py 46.99 52.29 <0.03 <0.02 0.07 <0.02 99.36

Py 47.04 5285 <0.03  <0.02 0.08 <0.02  100.01

Cep 3140 3455 <0.03 3543 0.05 <002 10145

Cep 31.22 34.66 <0.03 35.31 0.04 <0.02 101.24

Cep 31.17 34.55 0.07 34.90 0.04 <0.02 100.73

Cep 3115 34.15 <0.03  35.16 0.03 <0.02  100.49

Po: pyrrhotite; Py: pyrite; Ccp: chalcopyrite; Apy: arsenopyrite
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Table 3.4 Representative EPMA analyses (wt.%) of amorphous hydrous ferric oxides

(HFO) found in the gossan waste rocks.

Mineral Zz::re/ SiO, FeO:r  ALOs  Ca0 MgO MnO SO As Cu Co Ni Total
Goethite  Colloform 8.93 8548 057 023 <0.01 0.02  <0.01 0.15 0.09 <001 <0.01 9548
Goethite  Colloform 9.02 8588 065 020 <001 <0.01 2.14 0.15 0.07 <001 <0.01 9812
Goethite  Colloform 3.06 87.71 055 033 <0.01 0.02 2.06 0.17 0.07 <001 <0.01 9396
Goethite  Colloform 8.63 7843 094 010 <001 <0.01 1.82 <003 058 <001 <0.01 9050
Goethite  Colloform 6.13 7896 263 022 <001 0.16 209 <0.03 048 <001 <0.01 90.67
HFO Colloform 1447 64.42 532 055 <0.01 0.18  <0.01 1.12 033  <0.01 0.02 86.42
HFO Colloform 11.27  73.78 284 055 <0.01 0.15  <0.01 137 040 <001 <0.01 90.36
HFO Colloform 2247 5708 1210 044 0.06 0.11  <0.01 086 026 <001 <001 9338
HFO Colloform 1930  66.76 2.64  0.65 0.04 026  <0.01 1.05 0.28 0.05 <0.01 91.02
HFO Colloform 1537  72.60 261  0.60 0.05 0.20  <0.01 1.19 029 <0.01 0.02 9293
HFO Colloform 19.56  69.66 2.66  0.54 0.09 0.16  <0.01 088 025 <001 0.03 93.83
HFO Colloform 1334 7379 294 052 0.04 0.16  <0.01 111 027 <0.01 0.02 92.18
HFO Colloform 15.55  68.76 590 0.33 0.10 0.07  <0.01 063 053 <001 <001 9187
HFO Colloform 1235 7267 272 031 <001 0.06  <0.01 0.53 050 <001 <001 89.14
HFO Colloform 11.24 7595 213 045 <0.01 009 <0.01 085 043 <001 0.02 9116
HFO Colloform 9.82  74.36 1.80 036 <0.01 0.12  <0.01 0.66 038 <001 <001 8751
HFO Colloform 1130  75.48 173 0.28 0.06 005 <0.01 027 056 <001 <001 8973
HFO Colloform 1290  75.48 211 018 0.04 0.04  <0.01 0.19 049 <001 <001 9143
HFO Colloform 9.82 7623 142 0.19 0.04 0.08 <0.01 022 060 <001 <001 8859
HFO Colloform 1537 6831 430 0.38 0.11 0.07  <0.01 043 058 <001 <001 8955
HFO Px-Rim* 2559  59.15 532 059 0.27 0.24  <0.01 092 028 <001 0.02  92.38
HFO Px-Rim* 1555  67.48 443  0.46 0.17 041  <0.01 1.14 039 <001 <0.01 90.03
HFO Px-Rim* 16.60  66.03 378 083 0.21 021  <0.01 1.19 033 <001 <0.01 89.18
HFO Px-Rim* 1550  65.17 411 057 0.14 036  <0.01 1.09 033 <001 <0.01 87.27
HFO Px-Rim* 19.66  64.91 441 0.62 0.27 037  <0.01 1.03 034 <001 <0.01 9162
HFO Px-Rim* 1550  69.16 339  0.76 0.16 0.12  <0.01 1.24 034 <001 <0.01 90.67

*: Hydrous ferric oxide (HFO) formed along pyroxene rim (Px-Rim)

Concrete ponds were constructed to collect overflow from the rock dump sites
(Figure 3.2). Therefore, AMD infiltration into the runoff and groundwater could be
protected, accordingly. In 2012, surface water in a concrete SFWD pond had pH (6.13)
and Eh (-0.012 V); moreover, As concentration was reported at 0.0113 ppm (ERIC, 2012).
Based on an Eh-pH diagram for the Fe-As-S-O system (Figure 3.6) (Corkhill and
Vaughan, 2009; Craw et al., 2003), arsenite (As®>*) could be detected with the SFWD
pond possibly caused by oxidizing of arsenopyrite. In addition, the Eh/pH values of
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surface water in the TSWD and OXWD ponds were also reported at 0.234 V/6.49 and
0.251 V/6.51, respectively (ERIC, 2012), with water samples under such recorded
conditions instead being arsenate (As”*) (Figure 3.6). Since the arsenite (As>*) has higher
mobility and toxicity than arsenate (As>*) (Smedley and Kinniburgh, 2002), the SFWD

pond requires greater care.
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Figure 3.6 Eh—pH diagram for the Fe-As-S-O system (25 °C, 1 atm) and plots of surface
water collected from the ponds around the waste rock dumps (SFWD, TSWD and
OXWD, data from ERIC (2012). The dashed box indicates typical near-surface conditions
modified from Craw et al. (2003).

To categorize the class of hazardous waste, the Total Threshold Limit
Concentration (TTLC) standard announced by the Ministry of Industry Thailand (2006)
is applied to these rock wastes. Arsenic contents are recorded in siltstone (TK50: 1017
ppm), gossan (540-810 ppm) and massive sulfide/skarmn-sulfide rocks (M15: 18600 ppm
and M18: 2470 ppm) exceeding the TTLC standard (< 500 ppm As). Arsenic may be
absorbed by clay mineral in siltstone (Smedley and Kinniburgh, 2002) and by HFO in
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gossan (Murciego et al., 2011). On the other hand, arsenopyrite is a major initial source
of As in the massive sulfide/skarn-sulfide rocks as found in samples no. M15 and M18.
Moreover, Cu contents in gossan (7480 ppm) and massive sulfide (2500-8200 ppm) are
high contents, exceeding the TTLC standard (< 2500 ppm Cu). Therefore, the massive
sulfide/skarn-sulfide rocks and gossan must be declared as “hazardous waste”. Trace
element (i.e., Ag, As, Cd, Cu, Mn, Pb and Zn) analyses in waste rocks from the study
area in comparison with other mine sites are summarized in Table 3.5. Apart from Cu
and Mn, the other trace elements found in this study area are lower than other mining
sites as shown in the table. However, these waste rocks should be prevented from
oxidizing to reduce a risky impact to the ecosystem. It should be notified that
distribution of different trace elements (Table 3.5) are clearly related to specific ore

deposits and rock types (see also Table 3.1).

Contents of As, Cu and Zn found in most sandstone/siltstone waste rocks from
all dump sites appear to be higher than the average of background levels of sandstone,
for instance, 1-13 ppm As (Smedley and Kinniburgh, 2002), < 57 ppm Cu and 15-95
ppm Zn suggested by Turekian and Wedepohl (1961) and Rosler and Lange (1972).
Therefore, the sandstone/siltstone waste rocks are of environmental concern.
Although, these rock types have relatively low total As concentrations, they can be
easily leached under acidic condition (0.024-0.172 ppm As) reported by Klongsamran
et al. (2014).

The gossan samples have higher total concentrations and higher leachable
contents of As, Cu, Mn and Zn than the other waste rocks as reported by Klongsamran
et al. (2014). Hence, the gossan samples are unstable and risky to the environment,
particularly in AMD condition. Acidic effluents (pH < 2) can dissolve Fe-oxyhydroxides
from the gossan and release high amounts of toxic elements (Romero et al., 2006). On
the other hand, the massive sulfide and skarn waste rocks are quite stable even under

high acidic condition (Klongsamran et al., 2014).
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Table 3.5 Summary of trace elements (mg/kg and wt.%) in waste rocks from the study
area and other mine sites.

Trace elements (mg/kg)

Location Reference
Ag As Cd Cu Mn Pb Zn

Thailand

Phu Thap Fah The present

- Massive/skarn-sulfide 1.30 70.7 0.20 3809 633 570 452  study

- Gossan 1.40 424 028 2395 2337 6.75 204

Chatree gold mine 0.57 17.57 0.23 9591 1169 10.67  41.66  Sutthirat and
Changul (2012)

Spain

Iberian Pyrite Belt (IPB)

- Gossan 849 1331 014 1246 31 84l . Huntetal (2016)

- Country rock - 1250 - - - 2700 Alvarez-Valero
et al. (2008)

United States

Prince William Sound, 46.95 1594 35.73 10% 560 877 - Koski et al.

Alaska (2008)

Peru

Cerro de Pasco, - 2030 23 1100 2300  1.10%  0.87% Smudaetal

Central Andes (2007)

Australia

Webbs Consols mine 357 12.38% 254 1130 1292 6.29% 3.999% Ashleyetal
(2004)

Based on X-ray mapping, arsenic and copper are found in goethite and HFO
(Figure 3.5). Arsenic can be coprecipitate in goethite as arsenate (As>*) (Asta et al., 2009;
Basu and Schreiber, 2013; Carbone et al,, 2012), whereas Cu can substitute Fe>" in the
goethite structure (Carbone et al., 2012; Gerth, 1990) or be adsorbed on the goethite
surface (Peacock and Sherman, 2004). The hydrous ferric oxide (HFO) can adsorb very
high contents of As and Cu because of its poor crystalline structure (Cornell and
Schwertmann, 2003; Lottermoser, 2010; Majzlan et al., 2007), small particle size, large
surface area and high sorption capacity (Majzlan et al., 2007, Mohan and Pittman, 2007;
Wilkie and Hering, 1996). In addition, many previous researchers, e.g., Murciego et al.
(2011) and Rancourt et al. (2001), suggested that natural hydrous ferric oxide (HFO)
usually has high potential to absorb arsenic, so called As-HFO. Subsequently, the
observed high concentrations of these concerned elements can also be seen in the

whole-rock geochemical analyses of gossan samples (see Table 3.7).
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Nevertheless, the structure of HFO can be transformed to goethite by
reprecipitation (Cornell and Schwertmann, 2003). During these processes, unit cells of
iron oxide particle will be enlarged and led to reduction of adsorption sites;
consequently, As in the HFO becomes more easily leachable and tends to be released
(Majzlan et al., 2007). Therefore, gossan should also be considered as a source of As

contamination in the long term.

3.6 Conclusions and recommendations

According to mineralogical and geochemical characteristics, the massive sulfide
and skarn-sulfide rocks are possibly the main source of AMD. The massive sulfide,
skarn-sulfide and gossan rocks appear to be risky waste rocks. They are classified as
hazardous wastes which contain high contents of As, Cu, Mn and Zn; however, only
the gossan rocks have high leachable potential under AMD. X-ray mapping can be
applied to investigate the distribution of toxic elements found in waste rocks, particular
gossan in this case. These microanalyses may lead to understanding of the natural
relationship between toxic elements and their host minerals; then, prevention of toxic

contamination can be planned properly.

After the mine closure, at least four waste dump sites were left in this area (i.e.,
SFWD, TSWD and OXWD-1 and OXWD-2). The SFWD and TSWD sites should be of
concern for sulfide oxidation because they have massive sulfide and skarn-sulfide
rocks, which contain high contents of heavy metals. To prevent an oxidizing reaction
of the sulfide minerals, dry cover is suggested by Lottermoser (2010), using a store-
and-release cover method modified from Williams et al. (1997). Moreover, concrete
ponds were constructed to collect overflow rainfall from these dumps. Therefore, pH
of the water in the ponds should be routinely monitored. If AMD occurs, the
concentration of As, Cu, Mn and Zn in the surface water and groundwater must be

monitored more often.
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3.7 Electronic Supplementary Material A: Petrographic Description

All types of waste rock were investigated under polarizing microscope for
petrographic description which is reported herein. Sandstone mainly consists of quartz
(~60%) with minor contents of K-feldspar, biotite and rock fragment with an average
grain size of about 1 mm in diameter (Figure 3.7a). Siltstone is composed of 70% quartz
with fine particle size (< 0.05 mm in diameter) in association mainly with clay minerals.
The granodiorite consists of 40-50% quartz, 15-20% plagioclase, 5-10% K-feldspar,
10-15% hornblende and 5% biotite (Figure 3.7b). The skarn rock is mainly composed
of 50% pyroxene (diopside), 40% garnet (andradite) and 10% calcite (Figure 3.7¢); some
garnet grains are replaced by sulfide minerals (pyrrhotite or chalcopyrite). The skarn-
sulfide rock mainly consists of pyrrhotite (50%), chalcopyrite (20%), arsenopyrite (10%)
and euhedral pyroxene embedding in these sulfide minerals (Figure 3.7d), with minor
marcasite intergrowth with pyrite and pyrrhotite and tremolite inclusions. The massive
sulfide rock mainly consists of pyrrhotite (80%) and chalcopyrite (20%) (Figure 3.7¢).
The gossan samples are composed of 30-40% goethite proved by Raman and FTIR
patterns (Figure 3.8), and 40-50% quartz with minor pyrrhotite/chalcopyrite inclusions
(Figure 3.7f), moreover, gypsum and oxidized silicate minerals are also found in gossan
sample (Figure 3.7¢). In addition, the gossan is also consisted of oxidized pyroxene (Ox-
Px) and amorphous hydrous ferric oxide (HFO) confirmed by FTIR pattern (Figure 3.8b)
that was found along pyroxene rim and sometimes in vein (Figure 3.7h). The last rock
type, limestone, is mainly composed of calcite with size of about 0.2 to 1 mm in

diameter forming triple junction which is indicator of recrystallization.
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Figure 3.7 Photomicrographs under transmitted-light of (a) fine-grained sandstone, (b) diorite and
(c) garnet-pyroxene skarn rock. Photomicrographs under reflected-light of (d) skarn-sulfide, (e)
massive sulfide, (f) gossan showing colloform goethite and sulfide minerals, (g) gossan showing
goethite enclosing gypsum and (h) gossan presenting some garnets with relic pyroxene surrounded
by goethite or hydrous ferric oxide. Abbreviations are Qz: quartz, Bt: biotite, Rf: rock fragment, Kfs:
K-feldspar, Hbl: homnblende, Pl plagioclase, Px: pyroxene, Grt: garnet, Gth: goethite, Apy:
arsenopyrite, Po: pyrrhotite, Ccp: chalcopyrite, Gp:  gypsum, Ox-Silicate: oxidized-silicate mineral,
Ox-Px: oxidized-pyroxene and HFO: hydrous ferric oxide.
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Figure 3.8 Representative (a) Raman pattern of crystalline goethite and (b) FTIR
patterns of hydrous ferric oxide (HFO) (top) and goethite (bottom)
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3.8 Electronic Supplementary Material B: Whole-rock Geochemistry

The massive sulfide rocks have very high contents of FeO; (37-41 wt.%) and
SOs (35-46 wt.%); moreover, they also have high Cu content (2400 to 8200 ppm) but
low As content (< 2 ppm). Except the sample no. M15 (18600 ppm As) and TK61 (413
ppm As), they were collected from the main pit and the TSWD, respectively. The high

As contents in the last sample is clearly caused by occurrence of arsenopyrite.

The skarn-sulfide rocks have moderately high FeO, (25-35 wt.%), SOs (17-28
wt.%) and Cu (1300-2500 ppm) with low As contents (<4 ppm); except sample no.
M18 taken from the main pit contains 2474 ppm As because it is composed of

arsenopyrite (Figure 3.7d).

Skarn rocks show moderately high CaO content (14-39 wt.%) with 9-25 wt.%
FeOy, 3127-4775 ppm Mn, 2-470 ppm As and wide range of Cu (9-7400 ppm). The As
and Cu contents in these skarn samples clearly relate to their mineral compositions,

arsenopyrite and chalcopyrite in particular.

In addition, some toxic elements are found in sandstone/siltstone consisting of
6-1071 ppm As, 0.2-0.9 ppm Cd, 13-35 ppm Co, 53-86 ppm Cr, 11-241 ppm Cu, 2-12
ppm Hg, 96-560 ppm Mn, 19-40 ppm Ni, 1-19 ppm Pb and 32-380 ppm Zn.

Diorite is composed of 55-61 wt.% SiO,, 15-18 wt.% Al,Os, 2-25 ppm As, 0.2—
0.7 ppm Cd, 24-29 ppm Co, 17-90 ppm Cr, 0.4-13 ppm Hg, 560-890 ppm Mn, 9-30
ppm Ni, 5-20 ppm Pb and 61-300 ppm Zn.
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Table 3.6 Major and minor oxide contents (wt.%) of waste rocks from the studied gold

mine in northeastern Thailand, analyzed from glass beads and some pressed powders

using XRF.

Rock Sample Sample
type ocation o, S0  ALO; CaO FeO: KO MgO MnO NaO P05 TiO2 SOs  LOI
OXWD TK16 58.75 13.06 485 11.14 202 324 0.06 048 207 0.61 LD 283
OXWD TK19 63.62 1475 222 731 255 210 0.06 117 0.15 0.73 LD 421
TSWD  TK27 63.48 12.67 8.66 638 266 197 0.08 171 0.10 0.60 LD 1.18
Sandstone/TSWD  TK29 66.77 16.13 423 242 290 149 0.03 316 0.14 0.79 LD 1.15
siltstone  Main Pit M6 64.67 1514 10.13 420 051 178 0.02 087 0.10 0.71 LD 147
Main Pit M27 61.72 1487 589 498 299 266 0.10 315 0.11 0.60 LD 234
Main Pit M28 60.19 1680 633 6.74 262 233 0.04 147 0.14 0.66 LD 194
Main Pit M39 66.29 1564 386 336 195 200 0.02 3.04 0.14 0.74 LD 223
OXWD  TK8 56.81 1680 691 8.04 208 334 0.08 286 0.14 0.92 LD 1.82
OXWD  TK9 5896 1659 7.01 747 151 282 0.11 276 0.14 0.80 LD 155
OXWD  TK11 6094 1516 580 6.04 240 290 0.10 283 0.19 0.71 LD 253
Diorite TSWD  TK25 60.13 1503 577 6.07 260 3.06 0.10 277 0.18 0.70 LD 285
TSWD  TK26 60.05 1521 584 6.07 250 3.02 010 289 0.18 0.71 Lb 27
Main Pit M1 59.20 1531 6.69 6.62 218 325 0.11 232 017 0.72 LD 270
Main Pit M2 59.72 1541 590 644 242 329 0.10 256 0.17 0.72 LD 256
Main Pit M25 55.07 1775 6.21 862 129 411 0.11 187 022 0.87 LD 287
OXWD  TKé* 0.59 LD 5420 132 LD 265 LD 031 LD LD LD -
Limestone OXWD  TK7* 186 086 53.70 045 LD 214 LD LD LD LD LD -
TSWD  TK53* 1.40 0.68 56.40 042 LD 170 LD LD LD LD LD -
OXWD  TK20 4793 507 1587 2231 0.06 4.72 0.66 LD 0.13 012 029 111
OXWD TK21 3534 175 894 3522 0.03 030 0.06 LD LD 0.07 1318 6.10
Gossan OXWD TK22 3860 3.05 1282 25.06 0.03 267 0.32 LD 0.17 014 1.80 3.61
TSWD  TK23 2631 0.72 032 4848 LD 0.04 0.02 LD 046 002 134 925
SFWD  TK31* 351 035 429 4018 LD 020 0.04 LD LD LD 4416 7.32
SFWD  TK32* 444 031 275 3982 LD 022 0.04 LD LD LD 4594 7.03
Massive SFWD  TK33* 494 029 278 3951 LD 032 0.04 LD LD LD 4374 7.15
sulfide  Main Pit M13* 196 0.04 093 4095 LD 0.19 0.04 LD LD LD 4510 947
Main Pit M14* 275 004 149 3696 LD 026 0.07 LD LD LD 3448 15.19
Main Pit M15* 0.15 LD 037 3736 LD 0.13 LD LD LD LD 38.04 17.66

*: analyzed by pressed powder samples

LD: lower than detection limit

-: not analyzed
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Table 3.6 (cont.) Major and minor oxide contents (wt.%) of waste rocks from the

studied gold mine in northeastern Thailand, analyzed from glass beads and some

pressed powders using XRF.

Rock Sample Sample

ype  location no. SiO;  ALOs  Ca0  FeOr KO MgO MnO NaO P,Os TiO; SOs LOI
SFWD  TK37* 1805 806 422 3506 0.10 1.63 LD 197 040 033 2746 -
Skarn- Main Pit M18* 10.75 244 633 31.56 LD 107 011 LD 0.07 009 2739 13.14
sulfide Main Pit M36* 1806 468 540 2469 007 177 0.10 099 017 0.17 1733 14.09
Main Pit M37* 2326 651 687 2645 0.08 250 011 154 024 019 2241 597
Main Pit M16* 36.16 6.87 18.87 19.95 LD 7.00 0.65 LD 0.17 029 037 4.34
Main Pit M17* 31.22 9.01 2355 1490 0.04 351 048 LD 025 083 0.06 5.35
TSWD  TKé64 4190 419 2831 19.15 LD 327 0.54 LD 0.03 0.08 LD 1.49
skarn SFWD  TK41* 3343 2.01 28.62 18.19 LD 250 031 LD 0.16 LD 0.28 -
SFWD  TK44* 3521 14.15 1409 1118 102 192 044 194 0.15 058 1.68 -
SFWD  TK42 3957 252 2931 2475 0.01 158 042 LD 0.04 0.05 LD 0.42

*: analyzed by pressed powder samples

LD: lower than detection limit

-: not analyzed



74

Table 3.7 Trace elements (ppm except Au in ppb) in the waste rocks from the studied

gold mine in northeastern Thailand, analyzed by ICP-MS using solution samples and

some pressed powder samples analyzed by XRF.

Rock type sample Sample Ag As Au Ccd Co Cr Cu Hg Mn Ni Pb Zn
location no.

OXWD TK14 0.3 13 1.1 0.3 29 86 90 8.8 136 29 4 34

OXWD TK15 0.2 6 19 0.2 35 57 241 119 96 22 2 293

OXWD TK16 0.2 44 1.5 0.5 28 80 150 24 484 a0 3 347

OXWD TK17 0.3 19 2.1 0.5 21 80 21 7.4 550 21 3 372

Sandstone/  OXWD TK19 0.3 22 0.9 0.9 13 59 25 2.6 324 19 a4 375

siltstone TSWD TK24 0.3 63 0.9 0.5 28 53 175 2.3 311 31 a4 339

TSWD TK29 0.4 115 0.9 0.4 28 84 101 5.8 230 27 19 293

SFWD TKa6 0.2 11 1.5 0.3 16 7 11 22 553 25 3 312

TSWD TK50 0.2 1017 1.7 0.4 16 66 140 1.9 266 25 1 293

TSWD TK51 0.5 17 2.0 0.2 14 71 78 1.8 559 32 7 32

OXWD TK8 0.2 25 1.8 0.2 29 17 50 7.5 559 9 5 62

OXWD TK9 0.2 10 1.0 0.2 27 22 28 126 887 9 6 61

o OXWD TK10 0.5 3 13 0.3 26 89 19 7.6 771 29 12 66

Plorite OXWD TK11 0.4 2 0.7 0.7 34 87 32 0.4 732 26 14 313

TSWD TK25 0.4 2 1.0 0.2 24 87 30 0.4 790 26 20 298

TSWD TK26 0.5 2 1.4 0.4 26 90 30 4.0 813 27 15 70

OXWD TK6 0.2 2 0.4 0.2 3 12 1 1.5 635 a4 5 597

Limestone ~ OXWD TK7 0.1 2 0.2 0.5 3 8 1 1.0 171 3 3 38

TSWD TK53 0.2 1 0.5 0.2 2 6 3 0.5 496 5 2 31

OXWD TK20 0.4 334 1.1 0.2 12 73 519 71 4137 37 4 99

OXWD TK21 0.4 810 B, 0.1 12 69 1081 8.6 1439 5 4 a5

Gossan OXWD TK22 0.3 541 0.5 0.4 13 65 498 24 3457 22 12 353

TSWD TK23 4.5 11 8.4 0.4 60 35 7480 9.5 316 26 7 320

SFWD TK31* <20 <20 <20 <20 <20 170 5349 <20 310 <20 <20 <20

SFWD TK32* <20 <20 <20 <20 <20 209 5565 <20 310 <20 <20 <20

SFWD TK33 1.2 2 1.3 0.2 183 14 2835 8.0 264 63 2 43

SFWD TK39 1.0 2 1.4 0.2 137 23 4909 25 1516 50 5 64

Massive Main Pit ~ M13* <20 <20 <20 <20 <20 <20 4460 <20 310 <20 <20 <20

sulfide Main Pit ~ M14* <20 <20 <20 <20 <20 <20 4544 <20 542 <20 <20 <20

Main Pit ~ M15*% <20 18611 <20 <20 <20 <20 4068 <20 <20 <20 <20 <20

TSWD TK59 1.6 1 13 0.2 114 8 3176 1.2 292 58 5 36

TSWD TK60 2.5 2 887 0.3 39 15 8200 6.6 1478 3 7 54

TSWD TK61 0.7 413 2.3 0.3 58 5 2430 1.1 247 6 10 37

*: pressed powder samples analyzed by XRF

**: Total Threshold Limit Concentration of hazardous waste announced by the Ministry of Industry

Thailand (2006)
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Table 3.7 (cont.) Trace elements (ppm except Au in ppb) in the waste rocks from the
studied gold mine in northeastern Thailand, analyzed by ICP-MS using solution samples

and some pressed powder samples analyzed by XRF.

Sample Sample

Rock type Ag As Au Ccd Co Cr Cu Hg Mn Ni Pb Zn
location no.

SFWD TK37 0.8 [ 2.8 0.2 81 58 1298 55 476 61 5 37

Skarn- Main Pit ~ M18* <20 2474 <20 <20 <20 <20 2055 <20 852 <20 <20 <20

sulfide Main Pit ~ M36* <20 <20 <20 <20 <20 <20 1963 <20 775 <20 <20 <20

Main Pit ~ M37* <20 <20 <20 <20 <20 344 2478 <20 852 <20 <20 <20

TSWD TK63 1.2 ara 763 0.2 10 31 16 3.5 3407 3 a4 52

TSWD TK64 1.2 3 3.0 0.4 10 a1 972 56 4775 8 5 145

TSWD TK65 0.6 84 34 0.2 9 60 9 78 4188 10 3 a9

Skarn SFWD TK40 2.4 5 6.3 0.7 40 9 7374 168 3127 16 3 140

SFWD TK41 0.3 8 2.0 0.3 20 8 581 8.5 3518 2 3 72

SFWD TKa4 0.2 2 0.5 0.6 15 87 377 29 4481 23 11 119

SFWD TKa42* <20 <QIRg20 ™ <28 <20 91 1394 <20 3254 <20 <20 63

TTLC 500 500 - 100 8000 500 2500 20 - 2000 1000 5000

*: pressed powder samples analyzed by XRF
**: Total Threshold Limit Concentration of hazardous waste announced by the Ministry of Industry
Thailand (2006)
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Abstract

The mineralogical and chemical compositions of various ocher gossans from a gold
mine in northeastern Thailand were investigated, including some heavy metals and
other toxic elements. Mineralogical characteristics were carried out using X-Ray
Diffractometer (XRD) and Scanning Electron Microscope (SEM) whereas chemical
compositions were analyzed using Electron Probe Micro-Analyzer (EPMA). These ocher
gossans can be classified, initially based on Munsell color, into five types: type-I (pale-
yellow color), type-Il (brownish-yellow color), type-lil (yellowish-brown color), type-IV
(dusky-red color) and type-V (red color). The primary silicate minerals (i.e., quartz,
garnet epidote and amphibole) are found in type -I, -Il, -lll and -IV. They appear to be
composed of skarn rock. On the other hand, the secondary minerals (i.e., goethite,
jarosite, ankerite, montmorillonite, magnetite, gypsum and secondary quartz) are
observed in types-Il, -lll, -IV and -V. As and Cu are found crucially in types-lll, -IV and -V
in which both elements can be adsorbed by goethite and/or jarosite. As the result, the
gossan rocks in this area are natural adsorbents with high potential to reduce As and
Cu contamination into the ecosystem. Therefore, the gossan, a natural attenuation
material, is recommended for site remediation because of its low cost and local
abundance. Feasibility studies should be conducted to further investigate the

potential.

Keywords: gossan, adsorption, toxic element, Thailand
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4.1 Introduction

Gossan rocks are commonly associated with massive sulfide ore deposits which
have undergone erosion and oxidation processes during uplifting and exposure to the
surface (Lottermoser, 2010; Romero et al., 2006; Smuda et al., 2007; Valente et al.,
2013; Velasco et al,, 2013). Consequently, gossans usually exhibit a mushroom-like
morphology (Assawincharoenkij et al., 2017; Velasco et al,, 2013). In general, the
massive sulfides mainly contain pyrite (FeS,), pyrrhotite (Fe1S), chalcopyrite (CuFeS,)
and arsenopyrite (FeAsS) (Alvarez-Valero et al., 2008; Ashley et al., 2004; Carrillo-
Chavez et al., 2014; Ferreira da Silva et al., 2015; Hunt et al,, 2016; Koski et al., 2008;
Rodmanee, 2000). Equations 4.1-4.4 present the oxidation reactions of (4.1) pyrite, (4.2)
pyrrhotite, (4.3) chalcopyrite and (4.4) arsenopyrite when they react with oxygen and
water (Lottermoser, 2010). The resulting secondary minerals generated include as Fe-
oxyhydroxide (goethite: Ol-FeOOH), hydrous ferric oxide (HFO), oxides (hematite: Fe,0s,
magnetite: Fe;0q), and oxy-sulfates (schwertmannite: FegOg(OH)s(SOq) -nH,0, jarosite:
KFes(SO4)2(OH)s) (Anawar, 2015; Atapour and Aftabi, 2007; Campbell and Nordstrom,
2014, Lindsay et al., 2015; Lottermoser, 2010; Lottermoser, 2011), which are mineral
compositions of the gossan rocks (Assawincharoenkij et al., in prep.; Atapour and Aftabi,

2007; Romero et al., 2006; Valente et al., 2013; Velasco et al., 2013; West et al., 2009).

FeSy(s) +15/405) +7/2H,0q) = Fe(OH)3s) + 2505 aq) + 4Hhg @.1)
FegoS(s) + 2.1750,(g) + 2.35H,0(y — 0.9Fe(OH)35) + SO3aq) +2HGg — (4.2)
CuFeSy(s) + 15/40;(g) + 7/2H,0q) = Fe(OH)3(s) + 2505 (aq) + Culiyy + 4HGq  (4.3)
FeAsS(s) +7/205() + 4H,0q) = Fe(OH)3(s) + HpAS07 (aq) + SO3 (aq) + 3H(ag) (4.4)

The gossan rocks can adsorb toxic elements (including As, Cu, Cd, Fe, Hg, Mn,
Pb and Zn) (Assawincharoenkij et al., in prep.; Atapour and Aftabi, 2007; Romero et al.,
2006; Velasco et al., 2013) that are possibly released during oxidizing process of the
sulfide mining. On the other hand, these toxic elements are naturally attenuated by
schwertmannite, K-jarosite and goethite via adsorption and co-precipitation (Webster
et al,, 1998). Therefore, gossan rocks may be useful as attenuation material for site

remediation (Majzlan et al., 2007).
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In Thailand, gold mining activities have raised numerous environmental and
health concerns among local communities. The study area is a gold mine in Loei
province, northeastern Thailand. Geologically, this area comprises sandstone, siltstone,
limestone, granodiorite, skarn, massive sulfide/skarn-sulfide and  gossan
(Assawincharoenkij et al., in prep.; ERIC, 2012; Rodmanee, 2000). The gossan rocks have
potential to carry heavy metals/metalloids such as arsenic (up to 810 mg kg™'), copper
(up to 7,500 mg kg™), lead (4-12 mg kg™) and zinc (45-350 mg kg'*) (Assawincharoenkij
et al,, in prep.). They may be classified as ore-bearing or ore-barren gossan rocks
(Assawincharoenkij et al., 2017; Khon Kaen University Report, 2009; Rodmanee, 2000).
The aim of this study was to find out characteristics of various ocher materials including
their mineralogical and chemical compositions as well as toxic elements, and also to

determine the potential of ocher materials as a natural adsorbent for further study.

4.2 Materials and methods

Gossan samples were collected from the waste rock dump site located in a
gold mine in the northeastern Thailand (Figure 4.1). These samples were then
classified, initially based on Munsell (2010) soil’s color. Each sample may have different

color zones which were selected for laboratory analysis, as shown in Figure 4.2.

The mineral composition of the samples (types I-V) was determined using a
Bruker AXS D8 X-Ray Diffractometer (XRD) based at the NAWI Graz Geocenter, Petrology
and Geochemistry, University of Graz, Austria. The operational conditions were set at
40 kV and 40 mA. Micromorphology and texture of the samples were determined by
a Scanning Electron Microscope (SEM) (JEOL model LSM-6480LV) at the Faculty of
Science, Chulalongkorn University. The operating accelerating voltage was set at 15 kV

for capturing images of the samples.
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Figure 4.1 Photographs of mining activities in the study area such as (a) gold processing
plant, (b) mining pit showing location of dumped waste rocks of ore-barren gossan in
(c) and (d) the dump sites.

The number of powder samples collected from the gossans was lower than
0.5 ¢, and thus insufficient for normal analyses by X-Ray Fluorescence (XRF)
spectrometry, which requires a powder sample of at least 1 ¢. Therefore, the chemical
compositions of these samples were analyzed using a JEOL JXA-8800 Electron Probe
Micro-Analyzer (EPMA) at the Department of Geology, Chulalongkorn University. Each
sample was ground (< 1 um) using an agate mortar to homogenize the small amount
of sample. These powdered samples were then sprinkled on a carbon tape and then
were carbon coated before EPMA analysis. A probe current of 25 nA with a beam spot
size of 5 pm were set up with an accelerating voltage of 15 kV for analysis. The

detection limit of all elements was 0.05%.
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a Type Il: Brownish b
Yellow
Type IV:
Type Il . Type | Pale Yellow Dusky Red
Yellowish Xy
Brown

Figure 4.2 Photographs of gossan rock samples and selected areas for investigation. (a)
sample-1 includes type-I: pale yellow, type-Il: brownish yellow, and type-lil: yellowish
brown. (b) sample-2 includes type-IV: dusky red and type-V: red.

4.3 Results
4.3.1 Mineral texture and assemblage

The ore-barren gossans, dumped as waste rock, were investigated because they
contained high levels of toxic elements. These gossans present slightly variable ocher
colors ranging from yellow to dark red. These colors are related to the mineral
compositions and original rock type. The samples, representatively shown in Figure 4.2,
are classified as type-I (pale yellow color: 5Y 8/4), type-Il (brownish yellow color: 10YR
6/8), type-lll (yellowish brown color: 10YR 5/8), type-IV (dusky red color: 10R 3/4) and
type-V (red color: 10R 4/6). The color codes were allocated following the Munsell
(2010) soil color standard.

Micromorphology of types-I and -Il present many mineral crystals with an
average grain size of 2 to 10 um (Figures 4.3a, b); this was clearly confirmed by XRD
patterns (Figures 4.4a, b). They significantly show lath-shaped crystals of primary quartz
(Figures 4.3a, b). On the other hand, types-Ill, -IV and -V were generally of flaky texture,
containing very fine-grained materials of goethite and secondary quartz, with grain size
smaller than 1 um (Figures 4.3c-e). In addition, different mineral assemblages are also
identified using XRD (see Figure 4.4). Color and mineral assemblage of these sample
types are summarized in Table 4.1. Abbreviations of mineral names were suggested by

Whitney and Evans (2010).
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15kV X18, aaag

15kV  X18, 888

15kV X1@, 8ea

Figure 4.3 Back Scattering Electron (BSE) images taken from SEM showing
micromorphology of: (a) type-I and (b) type-Il showing lath-shaped crystals of primary
quartz; (c) type-lll, (d) type-IV and (e) type-V showing flaky-shaped microcrystalline of

goethite and secondary quartz (microcrystalline quartz).
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Figure 4.4 XRD patterns of the samples (a) type-l, (b) type-Il, (c) type-lll, (d) type-IV and
(e) type-V collected selectively from the gossan rocks. Abbreviations of mineral were
suggested by Whitney and Evans (2010) i.e., Qz (quartz), Ep (epidote), Grt (garnet), Amp
(@amphibole), Mnt (montmorillonite), Gth (goethite), Jrs (jarosite), Ank (ankerite), Mag
(magnetite) and Gp (gypsum).



Table 4.1 Mineral assemblages and their ideal chemical formula.

84

Color Mineral assemblage
Sample Ideal chemical formula
Munsell* (abbreviation)
Type-| Pale Yellow Quartz (Qz) SiO,
5y 8/4 Garnet (Grt) (CargoFeros)FexSiOg)s
Epidote (Ep) Cax(AlLFe)(SiO4)(Si,07)O(0OH)
Type-ll  Brownish Quartz (Q2) SiOy
Yellow Garnet (Grt) (CaqgaFerps)Fex(SiOq)s
10YR 6/8 Epidote (Ep) Cax(AlFe)(SiOa)(Si,07)0(0H)
Amphibole (Amp) Cay(Mg, Fe, ADs(AL, Si)gO2x(OH),
Montmorillonite Nag 3(Al,Mg),SigO19(OH), " 4H,O
(Mnt)
Type-lll  Yellowish Quartz (Q2) SiOy
Brown Garnet (Grt) (CaiseFeraa)FexSiOq)s
10YR 5/8 Goethite (Gth) FeOOH
Amphibole (Amp) Cay(Mg, Fe, ADs(AL, Si)gO2x(OH),
Jarosite (Jrs) KFes(SO4)(OH)s
Ankerite (Ank) Ca1.0:1M8go.asFe54(CO3),
Type-IV  Dusky Red Quartz (Qz) SiO,
10R 3/4 Garnet (Grt) (CaiseFeraa)Fex(SiOq)s
Epidote (Ep) Cay(AlFe)(SiOg)(Si,07)O(0H)
Amphibole (Amp) CazMg, Fe, ADs(AL, Si)gO2x(OH),
Goethite (Gth) FeOOH
Magnetite (Mag) Fes0q
Montmorillonite Nag 3(Al,Mg),SigO10(OH), * 4H,0
(Mnt)
Type-V  Red Quartz (Q2) SiOy
10R 4/6 Gypsum (Gp) CaSO,*2H,0
Goethite (Gth) FeOOH

* Munsell standard color code (Munsell, 2010)

4.3.2 Chemical composition

Table 4.2 presents qualitative EPMA chemical analyses of the gossan samples.

Each sample was analyzed randomly for twenty points. Although this procedure is
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unconventional for whole-rock analyses, multiple points of analyses with big beam
spot (5 um) can be statistically representative in a qualitative analysis. This procedure
was therefore designed for this study, for which only small amounts of sample were

available.

Type-l sample contains 11.28-24.35% Si, 2.11-10.45% Al, 5.32-15.37% Fe,
0.05-1.34% Mg, 0.32-18.83% Ca, < 0.3% Mn, < 0.06% As, 0.05-0.36% Cu and < 0.14%
S.

Sample type-Il is composed of 10.36-17.72% Si, 1.27-4.05% Al, 16.91-28.01%
Fe, 0.47-1.82% Mg, 0.96-2.03% Ca, < 0.26% Mn, < 0.08% Na, < 0.11% As, 0.23-0.60%
Cu and < 0.08% S.

Type-lll consists of 3.23-11.99% Si, 2.01-5.75% Al, 27.36-40.71% Fe, 0.06-
0.31% Mg, 0.20-1.26% Ca, 0.09-2.30% Mn, < 0.06% Na, < 0.21% As, 0.4-0.85% Cu and
0.15-1.75% S.

Type-IV comprised 4.57-8.73% Si, < 2.26% Al, 18.53-21.58% Fe, < 0.35% Mg,
0.08-1.13% Ca, 0.26-4.30% Mn, < 0.05% As, 0.50-0.80% Cu and < 0.43% S.

Type-V sample is mainly comprised of 2.19-17.07% Si, 0.32-1.42% Al, 1.30-
16.88% Fe, < 0.27% Mg, 0.49-9.37% Ca, < 0.07% Mn, < 0.05% Na, 0.36-0.57% Cu and
0.35-7.50% S.

Some crucial elements such as Fe, Al, Ca, Mn, S, As and Cu were normalized
by Si content and plotted in variation diagrams. Plots of Fe/Si versus other elemental

ratios (i.e., AU/Si, Ca/Si, Mn/Si, S/Si, As/Si and Cu/Si) are shown in Figure 4.5.
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Table 4.2 Statistics of EPMA analyses of major and minor elements (Si, Al, Fe, Mg, Ca,
Mn and Na), with some crucial trace elements (As, Cu and S) of all types selected from

gossan samples, all concentrations in percent weight (%).

No. Si Al Fe Mg Ca Mn Na As Cu S

Min. 11.28 2.11 532 0.05 032 <005 <005 <005 005 <0.05

Max.  24.35 1045 1537 134 18.83 030  <0.05 0.06  0.36 0.14

Type-|
(n=20) Av. 15.57 5.77 10.35 0.33 6.55 0.12 - 0.02 0.19 0.05
sd 5.42 3.05 3.40 0.34 6.39 0.09 - 0.03 0.08 0.05
Min. 10.36 1.27 16.91 0.47 0.96 <0.05 <0.05 <0.05 0.23 <0.05
Type-ll Max. 17.72 4.05 28.01 1.82 2.03 0.26 0.08 0.11  0.60 0.08
(n=20) Av. 14.47 2.56 23.12 0.92 1.50 0.09 0.05 0.04  0.35 0.03
sd 2.40 0.87 3.63 0.42 0.39 0.07 0.02 0.03 0.11 0.02
Min. 3.23 2.01 27.36 0.06 0.20 0.09 <0.05 <0.05 0.0 0.15
Type-ll Max. 11.99 5.75 40.71 0.31 1.26 2.30 0.06 0.21  0.85 1.75
(n=20) Av. 5.95 2.88 31.46 0113 0.65 0.72 0.02 0.09 0.58 0.46
sd 3.15 1.59 6.03 0.07 0.35 0.76 0.02 0.06 0.16 0.44
Min. 4.57 <0.05 18.53 <0.05 0.08 0.26 <0.05 <0.05 0.50 0.08
Type-lV Max. 8.73 2.26 21.58 0.35 1615 4.30 <0.05 0.05 0.80 0.43
(n=20) Av. 3.34 0.62 10.69 0.11 0.39 1.66 - 0.01 0.9 0.13
sd 3.11 0.59 7.33 0.10 0.36 1.39 - 0.02 0.19 0.17
Min. 2.19 0.32 1.30 0.05 0.49 <0.05 <0.05 <0.05 0.36 0.35
Type-V Max. 17.07 1.42 16.88 0.27 9.37 0.07 0.05 <0.05 0.57 7.50
(n=20)
Av. 7.40 0.67 11.83 0.13 3.30 0.03 0.01 - 042 2.62
sd 4.88 0.36 5.31 0.08 2.41 0.02 0.02 - 0.10 1.96

In general, all types show similar ratios of Al/Si and Mg/Si ranging commonly
between 0.06-0.85 and 0.01-0.15, respectively (Figures 4.5a, b). Type-I shows clearly
high Ca/Si against low Fe/Si (Figure 4.5¢); moreover, it also presents low content of
S/Si, As/Si and Cu/Si (see Figures 4.5d-f). Type-Il reveals Ca/Si and As/Si ratios similar to
the other types but its Fe/Si, S/Si and Cu/Si ratios are lower than the others except
Type I. Type-lil is obviously high in Fe/Si and As/Si ratios (Figure 4.5e) medium ratios of
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S/Si-and Cu/Si (Figures 4.5d, ). Type-V yields the highest S/Si ratio (Figure 4.5d). Type-
lIl shows clearly positive correlation between Fe/Si and As/Si (R?=0.6905). Moreover, all
types appear to have positive correlation between Fe/Si and Cu/Si (R?=0.8608 for Type-
l, R?=0.5542 for Type-IV). According to R-squared value, Fe-ratio has significant
relationship with As and Cu. This chemistry results would reflect mineral assemblage

and alteration processes of the gossan types, which will be discussed further below.
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Figure 4.5 Plots of Fe/Si versus other elemental ratios (Al, Mg, Ca, S, As and Cu against
Si)
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4.4 Discussions
4.4.1 Characteristics

In regard to mineral assemblages and chemical compositions (e.g., Si, Al, Ca,
Mg, Fe and S), all gossan types contain Si as a major element that is compatible to
mineral assemblage including quartz (SiO,) and some other silicate minerals including
gamet  [(CaFe)sFey(SiOq)sl, epidote  [CaxAlFe)SiOq)(Si,07)O(0H)],  amphibole
[Cax(Mg,Fe,ADs(ALSi)gO2(OH),] and montmorillonite [Na(AlL,Mg),SigO10 (OH),-4H,O]. Apart
from Si, these silicate minerals also contain Al, Ca, Mg and Fe. In addition, Fe is also
found associated with the main component of goethite (FeOOH), magnetite (FesO,)
and jarosite (KFe3(SOq)2(OH)g). Sulfur (S) apparently relates to gypsum (CaSOq4-2H,0) and

jarosite.

Therefore, type-lll with the highest iron contents (27-41% Fe) relate clearly to
the high amounts of goethite and jarosite present in XRD peak pattern (Figure 4.4c).
Type-V with the highest range of S content (0.35-7.5%) is well fit with the gypsum
mainly presented in the XRD peak pattern (Figure 4.4e).

In general, the XRD analyses also indicate that types-l, -II, -lll and -IV consist
mainly of primary silicate minerals (i.e., quartz, garnet epidote and amphibole) which
appear to be the initial composition of skarn rock. On the other hand, secondary
minerals, altered/weathered products (i.e., goethite, jarosite, ankerite, montmorillonite
and magnetite), are observed in types-ll, -lll and -IV. In addition, type-V contain
secondary minerals of gypsum, goethite and secondary quartz. Moreover, types-lil, -IV
and -V that can be easily released under acid conditions could affect the environment

to a greater extent than types-l and -l

For goethite (FeOOH), it may be an oxidation product of sulfide minerals (see
Egs. 4.1-4.4) and/or amphibole (see Eq. 4.5) modified from Velbel (1989), or jarosite
(see Eq. 4.6) (Grishin et al., 1988; Parbhakar-Fox and Lottermoser, 2015).

Ca,FesSig0,,(0H), + 4H* + 1.250, — 2Ca2* + 5Fe00H + 8Si0, + 0.5H,0 (4.5)

Amphibole Goethite  Quartz
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KFe3(S0,),(OH), —» K* + 3FeOOH + 2505~ + 3H* (4.6)
Jarosite Goethite

Type-V consists of quartz, goethite and gypsum which may have weathered

from oxidation reaction of amphibole and jarosite (Eq. 4.7).

Amphibole Jarosite
- K* + Ca,S0, - 2H,0 + 8Fe0O0H + 8Si0, + 0.750, (4.7)

Gypsum Goethite Quartz

According to equations (4.5) and (4.7), quartz (SiO;) can be produced by
amphibole oxidation. Therefore, quartz found in all gossan types can be both primary
and secondary minerals which should be confirmed by its micromorphology. Micro-
crystalline quartz is mainly present in types-Ill, -IV and V (Figures 4.3c-e) which indicate
secondary product; on the other hand, gossan types-I and Il are composed of primary
lath-shaped quartz (Figures 4.3a, b). These indicate that gossan types-lil, -IV and -V may

have undertaken more/longer oxidation/ alteration processes than types-I and II.

4.4.2 Sorption-desorption of toxic element

Based on chemical analyses, type-lll has the highest content of Fe, As and Cu.
It also shows a positive correlation between Fe and As, Cu (Figures 4.5e, f); these toxic
elements are possibly adsorbed by or co-precipitated with goethite and jarosite
(Peacock and Sherman, 2004; Velasco et al., 2013). Moreover, types-IV and -V appear
to be a source of Cu. The results also indicate a positive trend between Fe and Cu in
relation to goethite occurrences because Fe® in the goethite structure can be

substituted by Cu, as suggested by Gerth (1990) and Carbone et al. (2012).

Adsorption of arsenic and copper onto goethite can be described as a process
of surface complexation (ESOMOH; S=surface, O=oxygen, M=metal and OH=hydroxyl).
Surface complexation of arsenic adsorption onto goethite surface is shown in equation

(4.8) arsenite (As®) and equation (4.9) for arsenate (As>*) as suggested by Kersten and
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Vlasova (2009) and Zhang et al. (2007), respectively. In addition, Cu adsorption on
goethite is presented in equation (4.10) as suggested by Peacock and Sherman (2004).

2(= FeOH) %5 + As(OH); < (= (Fe0),)AsOOH + 2H,0 (4.8)
2(= FeOH) + AsO3~ + H* — (= (Fe0),)As(0OH)! + 2H,0 (4.9)

3(= FeOH) + 2Cu?* + 3H,0 — (= Fe;0(0H),)Cu,(OH)d +2H*  (4.10)

Type-ll is a remarkable sample because it consists of As (<0.11%) and Cu
(0.35+0.11%) although it does not consist of goethite or jarosite. In this case, arsenic
and copper are possibly adsorbed by montmorillonite (a clay mineral) occurring in this

gossan type; this assumption is supported by the study of Lottermoser (2010).

Moreover, Assawincharoenkij et al. (in prep.) also suggested that As and Cu may
be adsorbed by hydrous ferric oxide (HFO: poor crystalline), usually found as oxidized
product along the edges of ferro-silicate minerals, which provide an essential
assemblage in type-ll. This HFO may transform further to goethite (Cornell and
Schwertmann, 2003).

In addition, particle size highly influences adsorption of toxic elements because
the smaller particles have a greater reactive surface area, and thus a higher surface
adsorption capacity (Hua et al., 2012). Therefore, types-Ill, -IV, and -V, composed of
very fine particles < 1 um, should have higher adsorption potential than types-I and -

Il (average grain size > 5 um).

As a result, gossan waste rocks (unwanted rocks) have potential utility as a
natural adsorbent material. They consist mainly of goethite (FeOOH), magnetite (Fe;0,)
and jarosite (KFe3(SOq),(OH)e) that are recognized as significant natural adsorbents (Asta
et al,, 2009; Hua et al., 2012). This is supported by prior research into the potential of
natural lateritic soil for arsenic adsorption (Maiti et al., 2007; Tongkhan et al., 2016).
The natural lateritic soils were characterized and potential arsenic adsorbents
identified such as goethite, hematite, aluminium hydroxide and kaolinite. Moreover,
the natural lateritic soils adsorb the high arsenic content under a wide pH range (from
4 to 9.8) as shown by Maiti et al. (2007).
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Figure 4.6 presents Eh-pH diagram, reported by Majzlan et al. (2007), of Fe-oxy
(FegOg(OH)s(SOq)-nH0),

(FesHOg-4H,0) and green rust (Fe'-Fe"(OH)); these minerals can adsorb arsenate (As

hydroxide minerals (i.e., schwertmannite ferrihydrite

5+)
under oxidizing conditions with pH > 2. However, the gossan rocks are unstable under
acidic aqueous conditions (pH < 2); Fe-oxyhydroxide can be dissolved, releasing toxic
elements into solution (Romero et al., 2006). Collected field data of runoff and
groundwater should be taken place before experimental design. The crucial
information include pH, Eh and toxic elements in these water samples. Subsequently,
these gossan waste rocks with proper procedure may be used for site remediation

around the gold mine.
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Figure 4.6 Eh—pH diagram for the systems Fe,0s-SOs-H,0 suggested by Majzlan et al.
(2004) showing consistency of Fe-oxyhydroxide minerals (i.e., schwertmannite
((FegOs(OH)¢(SO4)-nH,0), ferrihydrite (FesHOg-4H,0) and green rust (Fe'-Fe'(OH)) and

the speciation of arsenic in the aqueous phase suggested by Majzlan et al. (2007).
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4.5 Conclusion

Gossan waste rocks of various ocher colors were characterized. These different
ocher gossans show a relationship between mineral assemblages and chemical
composition, including some toxic elements. They can be grouped into five types:
type-l, pale-yellow color; type-Il, brownish-yellow color; type-lll, yellowish-brown color;
type-IV, dusky-red color; type-V, red color. Moreover, the gossan rocks including types-
lll, -IV and -V have a high adsorption capacity and comprised absorbent minerals
(goethite, jarosite and montmorillonite), offering potential utility as a natural adsorbent
to reduce pollutants (i.e., As and Cu) from the ecosystem. As this rock type (gossan) is
abundant around this mining site, it can be recommended for low-cost site

remediation.



CHAPTER 5
CONCLUSION AND RECOMMENDATION

5.1 Conclusion

The main aims of this research are: 1. to characterize mineral composition,
mineral chemistry and bulk geochemistry of mine tailings in relation to acid mine
drainage (AMD) potential and source of metal contamination; and 2. to investigate
petrography and whole-rock geochemistry of waste rocks in relation to AMD generation
and metal releasing. Therefore, the conclusion of this study has been separated into

three parts as following below.

Part I: Mineralogy and geochemistry of tailings from a gold mine in northeastern
Thailand

Mine tailings are divided into the upper gray tailings (from top to 6-7 m depth)
and the lower ocher tailings (between depths at 7-17 m). The upper gray tailings
mainly contain sulfide minerals (i.e., pyrrhotite, pyrite and chalcopyrite) and some
silicate minerals (i.e., quartz, andradite and diopside). The lower ocher tailings mainly
contain goethite, quartz, muscovite, calcite, hematite with minor pyrrhotite. Based on
acid base accounting (ABA) and mineral assemblage, the upper gray tailings are defined
as potential acid forming (PAF) whereas the lower ocher tailings are non-acid forming
(NAF). Therefore, the upper tailings have potential to generate AMD. Geochemistry,
toxic elements are crucially found in the upper gray tailings including 39-268 mg/kg
As, 222-425 mg/kg Co, 226-1,111 meg/kg Cu and 1,421-3,524 mg/kg Mn. Moreover, the
lower ocher tailings are composed of very high contents of As (238-2,870 mg/kg), Cu
(750-2,608 mg/ke) and Pb (10-1,506 me/ke) which they exceed the Total Threshold
Limit Concentration (TTLC). Consequently, the lower ocher tailings must be declared

as “hazardous waste”.
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Part Il: Mineralogical and geochemical characterization of waste-rocks from a gold
mine in northeastern Thailand: Application for environmental impact

protection

Waste rocks, collected from three dump sites and also directly from open pit,
are characterized by sandstone, siltstone, skarn, skarn sulfide, massive sulfide, diorite,
limestone/marble and gossan. Based on mineral composition, the massive sulfide and
skarn-sulfide rocks that consist mainly of pyrrhotite, pyrite, arsenopyrite and
chalcopyrite are AMD potential. Arsenic and copper which are found in the massive
sulfide and skarn-sulfide rocks are clearly related to arsenopyrite and chalcopyrite,
respectively; moreover, these elements are found in the gossan rocks (541-810 mg/kg
As, 498-7,480 mg/kg Cu) which are related to two main assemblages including goethite
(<0.17 wt% As, <0.58 wt.% Cu) and hydrous ferric oxide (HFO) (<1.37 wt% As, <0.60
wt.% Cu). Consequently, the massive sulfide and skarn-sulfide rocks are main potential
sources of AMD and toxic elements whereas the gossan rocks are highly potential

source of toxic elements.

Part lll: Mineralogical and chemical characteristics of gossan waste rocks from a

gold mine in northeastern Thailand

According to various shades of ocher colors in gossan waste rocks, these color
shades clearly relate to mineral assemblages and chemical composition including
some toxic elements. They can be grouped into five types, pale-yellow type-l,
brownish-yellow type-ll, yellowish-brown type-lll, dusky-red type-IV and red type-V.
Type-l contains mostly primary silicate minerals (e.g., quartz, garnet and epidote)
whereas type-Il, type-lll, type-IV and type-V are composed of primary silicates (e.g.,
quartz, garnet, epidote and amphibole) and secondary minerals (e.g., goethite,
montmorillonite, jarosite, and gypsum). In addition, types-lll, -IV and -V have high
adsorption capacity and consist of absorbent minerals (e.g., goethite, jarosite and
montmorillonite). Therefore, they can be potentially used as a natural adsorbent to
reduce pollutants, particularly As and Cu in the surrounding local area. However, more
studies should be considered for gossan prior to recommendation for low-cost site

remediation.
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5.2 Recommendation

(1) Since 2016, the Thung Kham Gold mine has been officially closed by the
government but mine pit and waste dumping sites are not restored. This issue should
be considered, seriously, because massive sulfide and skarn-sulfide rocks found in the
mine area may have been reacted by the atmosphere leading to the environmental
impact. Therefore, the mine closer plan is recommended to be designed and

proceeded soon.

(2) As the result of acid forming potential (AFP), the upper gray tailings (upper
part) are potential source of AMD generation; therefore, the tailing storage should be
covered by compacted clay (at least 50 cm thick) to prevent oxidation reaction, and
followed by a gravel layer (30 cm thick) to facilitate the drainage during rainy season.
The top soil layer (1-2 m) must be covered before plantation. Alternative choices to
prevent metal releasing, the upper gray tailings and the lower ocher tailings should be
dumped into separated storages. Because the lower ocher tailings have high

concentration of toxic elements.

(3) The gossan rock may be source of toxic elements, although it can be used

as a natural absorbent. Therefore, more experiments should be carried out prior to
removals of arsenic and other toxic elements in the surrounding area. Effects on
adsorbent dose, absorbent particle size, operating pH, contact time, initial
arsenic/arsenate concentration, etc., should be taken into account for experimental

arsenic removal.
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