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Abstract: H-pit is one of the significant ore lenses of the Chatree mine in Thailand. Au-Ag mineral-
ization mainly occurs as veins, stockworks, and minor breccias hosted by volcanic and volcaniclastic
rocks. Disseminated pyrites are commonly present near mineralized veins in the hanging wall zone.
This study aims to assess the acid rock drainage (ARD) potential and heavy metal content from the
H-pit area. The results indicate that hanging wall rock is a potential acid-forming (PAF) material
related to disseminated pyrite formed by hydrothermal alteration. In contrast, the footwall and ore
zone materials are classified as non-acid forming (NAF). Because the ore zone has calcite in the
veins, it may help buffer the material’s acidity. The results of heavy metal analysis reveal that the
ore zone has significantly higher contents of As, Cd, Cu, Pb, and Zn than those in the hanging wall
and footwall zones. Moreover, the hanging wall and footwall materials have exceeding values for
As, Cd, and Zn compared to those in typical igneous rocks. These heavy metals are interpreted to
be sourced from (1) the primary composition in base metal sulfides (e.g., Cu, Pb, and Zn), (2) the
substitution of trace elements in sulfides (e.g., As and Cd), and (3) the substitution of trace elements
in calcite (e.g., Mn), as evidenced in the EPMA results. In conclusion, the hanging wall rocks in this
study containing high sulfur in proximity to the ore zone are a PAF material with heavy metal con-
taminant sources, whereas the footwall and ore zone materials have a lower potential to be such
sources at the Chatree mine.

Keywords: low-sulfidation epithermal; Au-Ag mineralization; sulfide minerals; acid rock drainage;
heavy metals; environmental impact

1. Introduction

Ore mining has been concerned about the mine and local community issues of envi-
ronmental pollution, particularly on water resources (e.g., surface and ground waters).
These pollutions have potential long-term damage to the local environment and liveli-
hood. In most cases, the pollution is principally caused by acid rock drainage (ARD)
and/or acid mine drainage (AMD) [1-5]. ARD naturally occurs in altered and mineralized
rocks producing acid, while AMD is acid production from sulfide materials generated by
mining activity, i.e., waste rocks and tailings [6]. Another hazardous pollution is heavy
metal contamination (e.g., As, Cd, Cr, Cu, Mn, Ni, Pb, Zn), generally caused by
ARD/AMD as acidic water can promote metals leaching and removal in tailing medium
[7-9].

Minerals 2022, 12, 1446. https://doi.org/10.3390/min12111446

www.mdpi.com/journal/minerals



Minerals 2022, 12, 1446

2 of 22

Naturally, metallic mineral deposits contain abundant sulfide minerals, which po-
tentially generate acid when decomposed due to oxidizing reactions [1,3,10]. Under acidic
conditions, water in mining areas rapidly degrades waste rocks to release different
amounts of heavy metals into the environment. Therefore, an understanding of miner-
alogical and geochemical characteristics can lead to a significant improvement in the up-
stream prevention of environmental impacts. Our study aims to identify and classify con-
cerned materials, which is key to effective mine management to avoid causing environ-
mental pollution [11]. Such a prediction study is suggested to be performed at the earliest
exploration stage [3].

The Chatree Au-Ag mine in central Thailand is one of the largest gold mines in main-
land SE Asia. The mineral resource of the Chatree deposit in 2016 is estimated to be 166.2
million tons at 0.66 g/t Au and 5.86 g/t Ag, containing 3.53 million ounces of gold and 31.3
million ounces of silver [12]. The gold mining operation at Chatree has produced approx-
imately 1,500,000 ounces of gold since the operation was started in the early 2000s. How-
ever, the mining operation ceased at the end of 2016 by a particular order from the Na-
tional Council for Peace and Order (NCPO) due to a dispute about environmental issues
(i.e., heavy metals contaminant in water).

Several environmental studies have been undertaken at the Chatree mine area to as-
sess potential AMD generation and heavy metal contamination in surface and ground
waters, soil, tailing, and dumped waste rocks [8,13-17]. These studies conducted many
tests on various waste and tailing materials and predicted potential environmental risks
in the future in the mine area. However, these previous studies investigated only the
downstream part of the mining operation (i.e., collecting samples from the waste dump
and tailing site is the uppermost part of the stream). Thus, the studies could not identify
sources of some materials with potential environmental risks at the mine. For example,
Changul et al. [13] found that Mn content in tailing material is higher than the Thailand
Soil Quality Standards, but they could not identify the source of the high Mn.

Therefore, this study assessed ore and host rock units with potential environmental
risks in the future by describing and characterizing the geology and geochemistry of ore
and host rocks at the H-pit. In addition, efforts are made to assume the sources of the
predicted heavy metal contaminations. The H-pit is selected among several ore lenses (or
pits) in the Chatree deposit, showing a distinct vertical zonation of footwall, ore, and
hanging wall zones. Therefore, it may provide results between the different zones and
thus allow us to identify sources of hazardous materials. Furthermore, it noted that all the
geological data and samples used in this study are from previous materials created during
the resource drilling exploration program around 10-20 years ago. Therefore, the results
obtained in this study will demonstrate whether a reliable environmental assessment
study can be performed even in the pre-mining exploration stage.

2. Geology of the Chatree Deposit

Thailand and its adjacent regions consist of two major tectonic terranes, including
Sibumasu Terrane in the west and Indochina Terrane in the east (Figure 1a) [18-21]. The
subduction and collision between the Sibumasu and Indochina Terranes occurred during
the Permo-Triassic period. These resulted in the formation of two parallel volcano-plu-
tonic belts along the western edge of the Indochina Terrane, namely Sukhothai Arc (or
Sukhothai Fold Belt) and Loei Fold Belt [21-23]. The Loei Fold Belt (LFB) extends from
Laos through northeastern Thailand (Loei province) and central Thailand (e.g., Phichit,
Phetchabun, and Nakhon Sawan provinces) to eastern Thailand and western Cambodia
(Figure 1a). This belt is the most important mineral belt in Thailand, especially for copper
and gold resources. The significant copper and gold deposits of the belt include the Phu
Lon (Cu-Au skarn) [24], Phuthep (Cu-Au skarn) [23,25], Phu Thap Fah (Au skarn) [26,27],
Chatree (Au-Ag low-sulfidation epithermal) [28-33], Khao Phanom Pha (Au skarn) [21],
Khao Lek (Fe-Cu skarn) [34], and French mine deposit (Cu-Au skarn) [35].
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Figure 1. (a) Tectonic framework of Thailand and the surrounding regions, with locations of major
Cu-Au deposits along the Loei Fold Belt. (b) District-scale geology of the Chatree deposit area. (c)
Geological map of the Chatree deposit and the surrounding areas showing dominant volcanic and
volcanogenic sedimentary rocks. The Chatree deposit has several pits, such as Q, A, K-west, K-east,
H, C, H-west, ], P, D, S, and Mars pits. Data are modified after Salam [30]. The study focused on
section 6350 mN and the lithic-rich fiamme breccia sample (background sample) collected away
from the ore zone (yellow star).

The basement Carboniferous rocks and Permian limestone of the host rock sequence
at the Chatree deposit are exposed in the eastern part of the deposit area. The host rock
sequence at the Chatree deposit consists of volcanic and volcanogenic sedimentary rocks
(Figure 1b,c). The Chatree volcanic sequence can be divided into four units from bottom
to top as follows: porphyritic andesite unit, polymictic mafic-intermediate unit, volcano-
genic sedimentary unit, and fiamme breccia unit [31]. The total thickness of the whole
volcanic sequence is at least 550 m. The Late Triassic to Early Cretaceous Khorat Group
covers the Chatree host volcanic rocks in the eastern part of the Chatree deposit area (Fig-
ure 1b). In addition, intrusive rocks in several different phases occur around the Chatree
deposit area, including Carboniferous pink granite at Dong Khui, Early Triassic granite in
the Wang Pong and Khao Rub Chang areas, and diorite Cu-Mo porphyry at the N pro-
spect [30-32]. However, the diorite porphyry in the southern area isn’t relevant to the
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Chatree Au-Ag deposit because it has a younger mineralized age and a different origin of
hydrothermal fluid [32].

The H ore lens is one of the main ore lenses at the Chatree deposit, and together with
the nearby C ore lens, it (C-H ore lens) contains the mineral resource of 36.4 Mt @ 0.69 g/t
Au and 4.0 g/t Ag in 2013 [36]. The main ore lenses at the Chatree deposit include the K-
west, H, C, H-west, ], and P ore lenses that are hosted along the NE-SW fault zone, and
the other NNW-SSE trending fault zone hosts the Q, A, K-east, D, Mars, and S ore lenses
(Figure 1c). The H ore lens is characterized by the thickest ore zone (up to 100 m) among
the ore lenses presenting along the NE-SW fault structure. The ore lenses become thinner
at further southwestern (H-west, ], and P ore lenses) and northeastern (K-west and C ore
lenses). At the K-west and C ore lenses, the NE-SW ore-hosting fault is truncated by the
NNW-SSE fault, which also hosts ore lenses along the trend. Thus, it is interpreted as a
syn- to post-mineralization structure (Figure 1c) [30].

3. Materials and Methods
3.1. Sample Collection, Petrographic Investigation, and EPMA Analysis

This study was conducted with a focus on the geological section 6350 mN (A-A’ in
Figures 1c and 2), which represents the host volcanic succession of the H ore lens. The H
ore lens represents the Chatree deposit because it is a significant ore lens with high-grade
gold and massive veins containing several sulfide minerals. A detailed re-logging of old
diamond drilled cores was performed in the RD5144, RD1121, RD1120, RD397, RD453,
RD394, RD384, RD374, RD449, RD344, and RD 477 holes located from NW to SE along the
A-A’ section (Figure 2). Attention was paid before the sampling to collect ore and host
rock samples systematically from the footwall and hanging wall zones. Subsequently, ore
and host rock samples were collected from different host rock units. In addition, an unal-
tered lithic-rich fiamme breccia sample was collected from away from the ore zone, at
approximately 300 m north of the ore zone of the H ore lens, to represent a background
sample (Figure 1c).
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Figure 2. The representative geological cross section of the H-pit along A-A’ (section no. 6530 mN)
showing all rock types of the host sequence and ore zone. Note that the ore zone and rocks of the
host rock sequence are often cross-cut by post-mineralization basaltic andesite and andesite dykes.
Data modified after [30].

As aresult, 30 host rock and vein (or ore) samples were collected. They were investi-
gated using a microscope under reflected and polarized light to determine rock types and
sulfide minerals, including estimating the abundance of sulfide minerals (particularly
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pyrite). Sulfide mineral percentages were visually estimated with the naked eye from drill
core samples (host rock and vein samples), and they are reported by using the ranges of 1
to 3%, 3 to 5%, 5 to 7%, 7 to 10%, and >10% (Table 1). Image] application was also applied
to the hanging wall samples to confirm the percentage of sulfide minerals. The samples
contain a varied amount of fine-grained disseminated pyrite, and it is hard to estimate the
abundance of sulfide with the naked eye. However, the application can provide a precise
number for evaluating such sulfide minerals [37].

All types of sulfide minerals identified under a microscope were confirmed by their
chemical compositions using EPMA, with particular preference given to fine-grained un-
identified sulfide minerals. In addition, a sulfide investigation was conducted to measure
their trace element chemistry. An electron probe micro-analyzer (EPMA), JEOL model
JXA 8100, was used to investigate the chemical composition of minerals, particularly sul-
fide minerals (e.g., As, Cd, Co, Cr, Cu, Mn, Ni, Pb, Zn, Fe, S) at the Department of Geology,
Chulalongkorn University, Thailand. The operating conditions of EPMA included an ac-
celerating voltage of 15 kV, a beam current of 25 nA, and an electron beam diameter of 1
pum. The microprobe standards are as follows: pure metal standards (e.g., Cd, Cr, Cu, Nj,
Pb, and Fe), oxide standards (e.g., Co, Mn, and Zn), and mineral standards (e.g., As, Fe,
and S). The details of the X-ray characteristics are listed in the Supplementary Materials
(Table S1). Finally, fourteen representative samples (Table 1) were selected for chemical
analysis using EPMA to investigate aspects of ARD and heavy metal contents.

Table 1. Summary description and mineral content of the samples from the H ore lens of the Chatree
deposit.

Estimation of

Sample L .. Sulfide Content (%)
Location Sample No. Sample Types Description Visual mael
Estimation 8
397-124.6 Vein Quartz-carbonate-chlorite-sulfide vein 1-3 -
397-132 Vein Quartz-carbonate-chlorite-sulfide vein 1-3 -
Ore zone 453-85.3 Vein Quartz-carbonate-chlorite-sulfide vein 3-5 -
1120-136.7 Vein Massive pyrite-quartz vein 3-5 -
1121-164.5 Vein Qualjtz-carb.onate-chlorlt'e-sulflde vein 35 i
with sulfides along vein selvages
1121-168 Lithic-rich flamme Pyrite chssemma.tlon selectively in 7-10 5510
breccia volcanic clasts
Lithic-rich fiamme . . .
5144-179.6 breccia Abundant disseminated pyrite 7-10 5->10
Hanging wall o . .
5144-190.4 Lithic-rich flamme Moderate amount' of disseminated 7-10 5.7
breccia pyrite
5144-195 Lithic-rich flamme Moderate amount. of disseminated 7-10 5.7
breccia pyrite
1120-157.3 .Polymlct‘lc mafic t9 B1jecc1as consisting of mlxed 15 i
intermediate breccia sedimentary and volcanic clasts
5144915 .Polym1ct.1c mafic t9 Presence of some \./emlets containing 5.7 i
intermediate breccia sulfides
Footwall Plagioclase phyric
5144-237 glociase Py Unaltered 1-3 -
andesite
5lad44q  holiticfiamme Unaltered 13 ;
breccia
Background Unmineralized Lithic-rich fiamme Similar rock unit in the hanging wall 1-3 i

breccia zone, collected at the unmineralized
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area approximately 300 m away from
the ore zone of the H ore lens

1 X-Y; X = drill hole number, Y = depth (meter).

3.2. Acid Rock Drainage (ARD) Assessment

The term ARD was used in this study to emphasize the acid-forming potential of the
vein and host rock samples collected from the H ore lens drilled cores at the Chatree de-
posit. The study used static tests to evaluate the acid-forming potential (AFP) for ARD
classification [4,38]. The static test of acid-base accounting (ABA) was assessed by deter-
mining the maximum potential acidity (MPA), acid neutralizing capacity (ANC), net acid-
producing potential (NAPP), net acid generation (NAG), paste pH, and acid potential ra-
tio (APR) [14,39]. The MPA was investigated from the total sulfur contents, which were
detected using a LECO 628 series (CHNS determinator) at the Scientific and Technological
Research Equipment Center (STREC), Chulalongkorn University, Thailand, and the MPA
values were obtained from the sulfur contents multiplied by 30.6 [5,40]. The ANC was
determined by adding excess acid and then back-titration with NaOH to pH 7 to deter-
mine the amount of residual acid, which can be represented by carbonate content [41].
NAPP was calculated by the difference between MPA and ANC. In addition, the NAG
test was performed by determining the oxidation of samples containing sulfide minerals
with H20: [5]. Then, the final pH of the NAG test (NAGpH) was measured using a pH
meter. The paste pH of samples was collected by pH of the sample in deionized water for
12-16 h at a solid/water ratio of 1:2 (w/w) [4]. The ratio of ANC to MPA calculated the
APR, and the acid-forming potential can be evaluated using the APR values by following
the criteria of Lei and Watkins [39]. Furthermore, the plots between NAPP and NAGpH
were used to classify the ARD potential using the classification scheme of Smart et al. [4].
The paste pH and NAGpH values were also plotted using the classification fields of Price
[11,42], which can indicate AFP with lagtime to acid formation.

3.3. Total Heavy Metal Analysis

The total digestion method was used to analyze the heavy metal concentrations in
the samples. First, powdered samples were digested using EPA 3052 acid digestion to
investigate the total content of heavy metals (i.e., As, Cr, Cd, Cu, Ni, Mn, Pb, Zn). Next,
0.5 g sample powder was added into the vessel in a fume hood and digested with 3 mL
concentrated HF and 9 mL concentrated HNOs. The samples were heated to 180 =5 °C for
approximately 5.5 min and remained for 9.5 min. After microwave digestion, they were
evaporated two times to eliminate the remaining HF. Final substances were made in vol-
ume by 100 mL of 1% HNOs. Finally, the samples were analyzed by an Inductively cou-
pled plasma-optical emission spectrometer (ICP-OES) at the Department of Mineral Re-
sources, Thailand. In addition, the rock standards from USGS (AGV-2 and BHVO-2) and
GSJ (JB-1b and JG-2) are used in this analysis as well. The contents of the heavy metals in
the samples were obtained. The detection limits for each element are as follows: 0.1 mg/kg
of As, 0.5 mg/kg of Cr, 0.15 mg/kg of Cd, 0.1 mg/kg of Cu, 2 mg/kg of Ni, 15 mg/kg of Mn,
2 mg/kg of Pb, and 0.1 mg/kg of Zn.

4. Results
4.1. Geology of the H-Pit

The main geological cross section (section A-A’) of the H-pit (ore lens) is given in
Figure 2. The rocks in the host sequence can be distinctly classified into hanging wall and
footwall zones regarding vertical positions against the ore zone, which is predominantly
hosted in a polymictic mafic-intermediate breccia unit (Figure 2). The footwall zone com-
prises mainly coherent andesite with minor breccia units, whereas the hanging wall zone
consists only of the lithic-rich fiamme breccia unit. Post-mineralization dykes ranging in
composition from basaltic andesite to andesite commonly occur at the H ore lens. They
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flamme texture

cross-cut all earlier units, including mineralized veins in the ore zone. Detailed petro-
graphic descriptions of the ore and host rock units are made below in ascending order
from the bottom to the top of the succession (Figure 3).

Figure 3. Photograph and photomicrograph of representative host rock samples. (a) Photograph of
rhyolitic fiamme breccia showing a flame-like texture (fiamme). (b) Photomicrograph of rhyolitic
fiamme breccia showing quartz crystals and pumice clasts (PPL). (c) Photograph of plagioclase
phyric andesite. (d) Photomicrograph of plagioclase phyric andesite showing plagioclase and py-
roxene phenocrysts (XPL). (e) Photograph of polymictic mafic-intermediate breccia showing clasts
of plagioclase-hornblende phyric andesite and plagioclase phyric andesite. (f) Photomicrograph of
polymictic mafic-intermediate breccia showing clasts in several types, such as plagioclase-horn-
blende phyric andesite, plagioclase phyric andesite, and sandstone (PPL). (g) Photograph of lithic-
rich fiamme breccia showing intense alteration in the rock. (h) Photomicrograph of lithic-rich fi-
amme breccia showing an abundance of alteration minerals, such as sericite, chlorite, and pyrite. (i)
Photomicrograph of lithic-rich fiamme breccia showing adularia and pyrite as alteration minerals
that occurred close to the veins. Abbreviations: chl = chlorite, py = pyrite, plg = plagioclase, hb =
hornblende, qtz = quartz, ser = sericite PHP = plagioclase-hornblende phyric andesite, PPA = plagi-
oclase phyric andesite, adl = adularia.

(1) The footwall zone consists of plagioclase-hornblende-phyric andesite at the bot-
tom and the overlying unit of the plagioclase phyric andesite, with thin intercalating lay-
ers of rhyolitic flamme breccia.

The plagioclase-hornblende-phyric andesite is a coherent unit. It has a porphyritic
texture in which phenocrysts are mainly plagioclase and hornblende, with a fine-grained
plagioclase-hornblende groundmass. The plagioclase and hornblende phenocrysts range
from 0.1 to 1 cm and 0.05 to 0.2 cm in size, respectively.

The rhyolitic fiamme breccia occurs only in the western part of the H ore lens. This
breccia unit is composed mainly of pumice clasts and quartz crystals ranging from 2 mm
to 3 cm in size (Figure 3a,b). The pumice clasts commonly show an elongated “fiamme”
texture, and most of the fiamme clasts are altered to chlorite. This rock contains 1%-3% of
pyrites by visual estimation in the field, as shown in Table 1.

The plagioclase phyric andesite occupies the eastern part of the H ore lens. It is ap-
proximately 50 m thick. The unit shows a grayish-green color with spots of orange
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plagioclase (iron-stained plagioclase) in the drilled cores (Figure 3c). Under the micro-
scope, it mainly consists of interlocking laths of plagioclase and hornblende crystals (Fig-
ure 3d), and the plagioclase crystals are generally altered by sericite, and calcite. This unit
is overlain by andesite intercalated monomictic andesitic breccia, which is characterized
by monomictic andesitic breccia, partly interbedded with coherent andesite layers/lenses.
The monomictic andesitic breccia commonly displays a jigsaw-fit texture of plagioclase
phyric andesite clasts with a matrix of andesite compositions. Pyrites have low contents
ranging from 1%-3% (Table 1).

(2) The unit in the ore zone comprises only a polymictic mafic-intermediate breccia
unit (Figure 3e), which is stratigraphically distinct from the above hanging wall. It overlies
the andesite intercalated monomictic andesitic breccia with gradational contact. The
polymictic mafic-intermediate breccia consists mainly of subangular to angular clasts of
plagioclase-hornblende-phyric andesite, plagioclase phyric andesite, sandstone, and
mudstone (Figure 3e,f). The unit shows a matrix-supported texture with the andesite
clasts ranging from 2 to 8 mm in size in the upper part of the unit and clast-supported
texture in the lower part involving 1-2 cm size clasts. The matrix is an andesite composi-
tion. Sericite, chlorite, and pyrite are also found as alteration minerals in this rock. This
rock contains 3%-7% pyrites (Table 1).

(3) The hanging wall zone is composed of the fiamme breccia unit, which is predom-
inant in lithic-rich fiamme breccia, with minor crystal-rich fiamme breccia. This unit over-
lies the polymictic mafic-intermediate breccia unit hosting the ore zone with sharp con-
tact. The lithic-rich fiamme breccia is made up of fiamme/pumice clasts and minor rock
fragments (Figure 3g). The fiamme contains some quartz crystals ranging from 1 to 2 mm.
The rocks strongly altered and became richer in the sericite-pyrite-chlorite-quartz-adu-
laria assemblage (Figure 3h,i). Quartz and adularia are found in a silica-rich zone close to
veins, whereas sericite and chlorite are abundant in rocks far from veins. Pyrite is com-
monly found in the whole unit as disseminated pyrite and is abundantly present in the
shear zone at the deeper part of the unit or in proximity to the mineralized veins/ore zone.
The disseminated pyrites generally have subhedral to euhedral crystals with a size of 10-
200 pm (Figure 3h). The estimation of sulfide minerals in the hanging wall is presented in
Table 1. The hanging wall zone contains 7%-10% by visual estimation and 5%->10% by
Image].

4.2. Mineralization

The ore zone of the H ore lens occurs as a narrow zone at the surface, sprays into
several layers at the middle part, forming a wide ore zone, and again becomes a narrow
zone and pinches out at the deeper part (Figure 2). The ore zone is represented by Au-Ag
mineralization, which occurs mainly as veins/veinlets with minor breccia. They are pre-
dominantly hosted in the polymictic mafic-intermediate breccia unit. Based on cross-cut-
ting and overprinting relationships, mineral assemblages, and textural features of
veins/veinlets and breccias, at least four mineralization stages are identified at the H ore
lens with a main Au-Ag bearing event at stage 3 (Figure 4).

Stage 1 (quartz + pyrite vein) is characterized by light to dark gray microcrystalline
quartz with rare pyrite (Figure 5a). It commonly occurs as vein, stockwork, and minor
breccia. Pyrite is rare, but where present, it appears as fine-grained pyrite aggregates sit-
uated along the edges of veins as a black band. Stage 2 forms a pyrite-rich quartz vein
(Figure 5b) and is characterized by light gray quartz, with abundant pyrite presenting as
patches in the vein. Sulfide minerals in stage 2 consist mainly of pyrite-forming aggregates
of subhedral to euhedral crystals (Figure 5c). No gold has been identified at this stage.
Stage 3 is the main Au-Ag mineralization stage of the H ore lens and is represented by a
quartz-carbonate-chlorite-sulfide-electrum vein (Figure 5d). It is characterized by collo-
form vein textures. The veins at this stage consist of white to pale gray quartz with chlorite
and sulfide-rich bands (Figure 5d). Sulfides at this stage comprise assemblages of pyrite
and minor sphalerite, chalcopyrite, and galena (Figure 5e). Pyrite is subhedral to euhedral
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in shape and associates intimately with other sulfides (e.g., sphalerite, galena, chalcopy-
rite). Chalcopyrite tends to form as a very fine-grained dissemination in sphalerite crystals
(i.e., chalcopyrite disease texture). The pyrite in the vein commonly has a larger size than
pyrite in host rock (up to 300 um; Figure 5e). Gold occurs as an electrum and generally
forms free grains associated with quartz, calcite, and sulfide minerals. The electrum is also
quite common to form as inclusions of sulfides, especially pyrite. It was observed that a
high concentration of disseminated pyrite is present in the wall rock of the hanging wall
zone in proximity to the stage 3 veins (Figure 5d; up to a few tens cm from veins). Stage 4
occurs as quartz-carbonate veins/veinlets and is characterized by white quartz on the edge
of the veins or envelopes of breccia fragments in the veins, while white to pinkish-white
carbonate occurs in the inner part of the veins (Figure 5f). The stage 4 veins contain no
gold or sulfide minerals and are widely distributed across the H ore lens area and cross-
cut veins of all earlier stages.

Pre-Au-Ag Main Au-Ag Post-Au-Ag
Minerals mineralization mineralization mineralization
Stage | Stage 2 Stage 3 Stage 4
Quartz e —
Carbonate .
Chlorite | e —
Adularia
Pyrite | _ _ _ _ _ _ Aot
Sphalerite e |
Chalcopyrite S
Galena
Electrum | | b o]
Legend ----Trace @~ ——— Few Moderate ———m——— Abyundant

Figure 4. Paragenesis diagram of mineralization at the H ore lens showing the occurrences and rel-
ative abundance of minerals in each mineralization stage.

- Nt

Mol '. 3 ¥ \ 5 . A .
colloform banding g ok . i+ : J - L/ e 0.2 mm

abundant content of pyrite

d)[wallrock |1 [stage 3 |

andesite clast

chalcopyrite disease texture in sphalerite

Figure 5. Characteristics of veins and mineral assemblages at each mineralization stage of the H ore
lens in the Chatree deposit. (a) Photograph of the stage 1 vein showing the gray quartz vein cut by
the stage 3 vein. Sample No. 397-144.6. (b) Photograph of the stage 2 vein showing a massive pyrite-
quartz vein. Sample No. 1120-136.7. (c) Photomicrograph of pyrite located in the stage 2 vein show-
ing euhedral texture. (d) Photograph of quartz-carbonate-chlorite-sulfide-electrum vein of stage 3
showing dark sulfide-rich bands in the white quartz-chlorite band. Sample No. 5144-214. (e) Photo-
micrograph of sulfides in the stage 3 vein consisting of pyrite, sphalerite, chalcopyrite, and galena.
(f) Photograph of quartz-carbonate vein of stage 4 hosted in andesite showing barren quartz-car-
bonate vein. Sample No. 1120-130.3. Abbreviations: py = pyrite, cpy = chalcopyrite, sph = sphalerite,
ga = galena, qtz = quartz.
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4.3. Geochemistry of Sulfide Minerals

The results of the EPMA spot analysis are summarized in Table 2, and the full results
are listed in SupplementaryMaterials (Tables 52-54). The samples were collected from
stage 3 quartz-carbonate-chlorite-sulfide-electrum veins and from one sample containing
high sulfides (pyrite) in the hanging wall zone. In addition, EPMA elemental mapping
was conducted on the selected vein sample in stage 3 (see Figure 6). This mapping shows
the distribution of some trace elements. This demonstrates that arsenic (As), which could
be incorporated into any sulfide in this sample, is selectively and preferentially present in
galena and pyrite (Figure 6).

Table 2. Summary results of EPMA spot analysis (wt.%) of galena, sphalerite, chalcopyrite, and
pyrite in quartz-carbonate-chlorite-sulfide-electrum veins (stage 3) and pyrite in the hanging wall
zone.

Minerals As Cd Co Cr Cu Mn Ni Pb Zn Fe S
Max 098 <0.07 0.02 0.05 1.54 0.09 0.04 88.03 0.69 1.52 1281
Galena Min <0.04 <0.07 <0.02 <0.02 <0.03 <0.02 <0.02 8579 <0.05 <0.02 10.00
(n=18) Avg 023 - <0.02 <0.02 0.13 0.02 <0.02 86.75 <0.05 052 11.85
SD 0.38 - <0.02 <0.02 0.37 0.03 <0.02 0.60 0.16 041 0.85
Max <0.04 018 <0.02 0.04 1.99 0.07 0.02 009 6288 385 3392
Sphalerite Min <0.04 <0.07 <0.02 <0.02 0.05 <0.02 <0.02 <0.05 61.41 1.53 3231
(n=15) Avg - 0.06 - <0.02 1.16 0.02 <0.02 <0.05 6199 261 33.35
SD - 0.07 - <0.02 054 0.03 <0.02 <0.05 041 0.68 0.43
Max <0.04 <0.07 <0.02 <0.02 3387 <0.02 <0.02 0.09 023 3292 3249
Chalcopyrite  Min <0.04 <0.07 <0.02 <0.02 3314 <0.02 <0.02 <005 <005 3212 3191
(n=9) Avg - - - - - - - <0.05 0.06 3264 3231
SD - - - - - - - - 0.08 0.23 0.21
Max 094 <0.07 <0.02 0.05 0.74 006 <004 <0.05 0.11 46.74 53.99
Pyriteinvein Min <0.04 <0.07 <0.02 <0.02 <003 <002 <0.04 <005 <005 4020 52.02
(n=76) Avg  0.20 - - <0.02 0.05 <0.02 - - <0.05 4529 53.00
SD 0.24 - - <0.02 0.13 0.02 - - <0.05 1.23 0.51
Pyrite in the Max 0.07 <0.07 <0.02 0.03 0.26 006 <0.04 <0.05 0.07 49.74 5327
hangingwall Min <0.04 <0.07 <0.02 <0.02 <0.03 <0.02 <0.04 <0.05 <0.05 45.87 49.73
(n=147) Avg <0.04 - - <0.02 <0.03 <0.02 - - <0.05 4756 5137
SD  <0.04 - - <0.02  0.04 0.02 - - <0.05 0.83 0.76

As aresult, it was found that As and Cd are distinctly concentrated in specific sulfide
minerals. A high concentration of As is illustrated in galena and pyrite in veins yielding
0.23 avg. wt.% and 0.20 avg. wt.%, respectively (Table 2). The content of Cd (avg. 0.06
wt.%) is involved in sphalerite. Moreover, it can be noted that an amount (avg. 1.16 wt.%)
of Cu is also present in sphalerite, probably due to the presence of chalcopyrite disease. A
comparison of the data between the pyrites in the vein and the hanging wall indicates that
As content is distinctively elevated in the vein pyrite (avg. 0.94 wt.%), showing that it is
approximately 20 times greater than the hanging wall pyrite at maximum values (max
0.07 and avg. <0.04). However, some trace elements, including Co, Cr, and Ni, are lower
than the detection limit in average values. Furthermore, carbonate in veins was defined
as calcite with an average stoichiometric formula as Cao9s7Mgo.00sFeo.000Mno.01i7COs. The Mn
content in calcite is 0.86-1.35 wt.%. EPMA data are presented in Supplementary Table S5.
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Figure 6. Photomicrograph, back scatter electron, and EPMA elemental map images of aggregated
sulfide minerals in the quartz-carbonate-chlorite-sulfide-electrum vein (stage 3). Abbreviations: py
= pyrite, cal = calcite, sph = sphalerite, cpy = chalcopyrite, ga = galena.

4.4. Acid Rock Drainage (ARD) Assessment

The fourteen samples listed in Table 1 were investigated for the static acid-base ac-
counting (ABA) and net acid generation (NAG) tests to assess ARD potential. The results
are presented in Table 3.

The ARD classification results of the tested samples using schemes by Lei and Wat-
kins [39], Smart et al. [4], and Price [42] are listed in Table 3.

The results by a scheme of Lei and Watkins [39] show that all of the ore zone, footwall
zone, and background samples are classified as non-acid forming (NAF) materials except
samples 5144-215 and 1121-164.5, which are classified as uncertain (UC) materials. On the
other hand, most hanging wall samples are identified as potential acid-forming (PAF) ma-
terials, with one sample (sample 5144-195) indicated as UC material.

The ARD classification results using the scheme of Smart et al. [4] are visually dis-
played in Figure 7a, revealing that all of the ore zone, footwall zone, and background
samples are classified as NAF materials, except for sample 5144-215, which is identified
as UC material. In contrast, all hanging wall zone samples are classified as PAF materials
except for one sample (sample 5144-195) classified as UC material.

Nevertheless, the ARD classification results using the discrimination scheme of Price
[42] are given in Figure 7b. The results indicate that all the background, ore zone, and
footwall zone samples are NAF materials. On the other hand, almost all hanging wall zone
samples are classified as PAF with a rapid ARD-medium risk category. Still, one hanging
wall zone sample (sample 5144-195) is classified as NAF material.
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Table 3. Summary of the ABA and NAG test results of the representative samples from the H ore
lens of the Chatree deposit.

MPA ANC NAG NAPP : Classification
Sample Sample % NAG Paste Lei and .
Location  No Sample Types Sulfur (kg (kg (kg p (kg pH APR Watkin Smart Price
) H2S04/t) H2SO4/t) H2SO4/t) H2504/t) s [39] [4] [42]
397-124.6 Vein 0.10 3.06 162.52 0.00 744 -159.46 6.21 53.11 NAF NAF NAF
. 397-132 Vein 0.18 5.51 233.12 0.00 7.63 22762 630 4233 NAF NAF NAF
70 ¢ 453-85.3 Vein 0.30 9.18 241.70 0.00 7.81 -23252 6.78 2633 NAF NAF NAF
1120-136.7 Vein 1.88 5753 209.09 392 544 -15156 6.68 3.64 NAF NAF NAF
1121-164.5 Vein 1.91 58.45 142.72 0.00 7.76  —84.28 6.02 244 UC NAF NAF
1121-168 thhlc;;zgcf;amme 310 9486 7339 1955 391 2147 581 077 PAF PAF PAF
Lithic-rich fiamme
. 5144-179.6 . 3.22 98.53 68.57 4798 213 29.96 545 0.70 PAF PAF PAF
Hanging breccia
wall Lithic-rich fiamme
5144-190.4 breccia 2.25 68.85 47.02 3711  2.20 21.83 560 0.68 PAF PAF PAF
Lithic-rich fiamme
5144-195 244 7466  63.48 196 4.67 11.18 6.10 0.85 UC UC NAF

breccia

Polymictic mafic to
intermediate breccia
Polymictic mafic to

1120-157.3 0.30 9.18 10829 0.00 749 -9911 6.63 11.80 NAF NAF NAF

5144215 ) ° 288 8813 7444 196 480 1369 612 08 UC UC NAF
intermediate breccia
Footwall Placiodl v
5144-237 BIOCASE PIVIIC 519 581 12024 000 773 -11443 630 2068 NAF NAF NAF
andesite
5144-244.1 Rhyos:;ccgzmme 012 367 10089 000 770 -9722 628 2748 NAF NAF NAF

Backgro Unmineral Lithic-rich fiamme

. . 0.05 1.53 57.73 9.77 519 -56.20 6.19 3773 NAF NAF NAF
und ized breccia
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Figure 7. Classification of the ARD potential of the representative ore and host rock samples from
the H ore lens of the Chatree deposit. (a) Plots using the classification scheme of Smart et al. [4]
showing all of the lithic-rich fiamme breccia samples plot on the PAF field or on a boundary with
UC field, whereas plots of all the rest samples are on NAF field except one footwall sample plotted
on UC field. The data field of Chatree mine tailings is from Changul et al. [13]. (b) Plots using the
classification scheme of Price [42] showing three of four hanging wall lithic-rich fiamme breccia
samples plotted on the PAF’s rapid ARD-medium risk field. In contrast, all the remaining samples
are placed on the NAF field.

4.5. Total Trace Metals and Metalloids

The results of trace metals and metalloids in the fourteen tested samples from the
ore, hanging wall, and footwall zones of the H ore lens with a background sample are
summarized in Table 4, along with the reported values of typical igneous rocks.

Table 4. Trace metal and metalloid concentrations (mg/kg) in the representative samples from the
H ore lens, with values of typical igneous rocks.

1
Saml? ¢ Sample No. Sample Types As Cd Cr Cu Mn Ni Pb Zn
Location
397-124.6 Vein 234 620 16.1 131 607 13.3 9.83 112
397-132 Vein 73.6 959 244 130 596 10.0 16.1 161
Ore zone 453-85.3 Vein 754 2.05 342 49.6 1523 29.7 21.6 130
1120-136.7 Vein 227 1.82 842 264 1686 23.2 34.2 195
1121-164.5 Vein 19.8 4.34 1420 79.0 1609 27.2 403 142
1121-168 Lithic-rich fiamme breccia 250 121 159 252 1673 14.3 19.2 80.3
. 5144-179.6 Lithic-rich fiamme breccia 3.57 212 12.7 269 1482 129 11.2 116
Hanging wall .. . .
5144-190.4 Lithic-rich fiamme breccia 216 220 243 29.2 1357 7.74 24.7 128
5144-195 Lithic-rich fiamme breccia 719 4.05 184 322 730 7.07 172 154
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Polymictic mafic to intermediate

1120-157.3 _ 529 377 110 294 675 612 121 113
breccia
Footwall 5144-215 Polymictic m]:rféccctioamtermedlate 311 030 17.30 275 837 162 142 148
5144-237 Plagioclase phyric andesite ~ <0.10 0.83 28.1 283 593 243 131 114
5144-244.1 Rhyolitic fiamme breccia <0.10 0.12 203 269 627 6.37 423 593
Background = Unmineralized Lithic-rich fiamme breccia <0.10 0.96 181 43 461 750 18.6 78.3
Granite ! 2 0.13 10 20 450 10 17 50
Typmiﬁ“eous Andesite 2 2 017 56 54 1200 18 67 70
Basalt ! 22 021 185 94 1800 145 7 118

1 Granite and basalt [43,44], 2 Andesite [45,46].

5. Discussion

Several published papers assess the environmental aspects of the Chatree mine
[8,13,14,16,17,47], and these studies discuss and conclude a wide range of potential envi-
ronmental issues at the Chatree, including potential AMD generation in the future. How-
ever, the data produced in previous studies are based principally on samples collected
either from the waste dump or tailing sites where mixed materials are stored. Little/no
information about the original rocks is preserved, so the source materials that generate
the suggested potential risks were not well identified (e.g., a source was not identified for
the high Mn content in tailing). Therefore, the discussions made here are intended to in-
clude such information to identify the sources of the potential environmental risks recog-
nized in the H ore lens results.

5.1. Geology and Mineralization Styles of the H ore Lens

The results of this study revealed that the ore zone at the H ore lens comprises mainly
veins/veinlets with minor breccias, and the ore zone forms under strong lithological con-
trol. Consequently, the ore zone of the H-pit is hosted predominantly in the polymictic
mafic-intermediate breccia unit. The footwall zone is mostly composed of coherent vol-
canic rocks, such as plagioclase-hornblende-phyric andesite and plagioclase phyric ande-
site. The hanging wall with the ore zones, on the other hand, is dominated by uncoherent
volcanic rocks, including the lithic-rich fiamme breccia unit (Figure 2). As a result, the
composition of the volcanic host rock succession changes from coherent to incoherent vol-
canic units around the ore zone. This transitional zone is recognized as a preferred gold
depositional window in the Chatree district due to the presence of major ore lenses in the
zone, and it is regarded as the best exploration target.

Based on the textural characteristics of the mineralized and unmineralized veins,
with their cross-cutting and overprinting relationships, four mineralization stages are es-
tablished in this study. The main Au-Ag mineralization occurs in stage 3, as quartz-car-
bonate-chlorite-sulfide-electrum veins (Figure 4), with distinguished open space-filing
vein textures (e.g., colloform bandings; Figure 5). The sulfide minerals of stage 3 involve
major pyrite and minor chalcopyrite, sphalerite, and galena. The occurrence of the sulfide
mineral assemblage is confined to mineralized veins. However, disseminated pyrites are
also present in the hanging wall zone in proximity to the ore zone. The disseminated py-
rites are formed as alteration minerals. The alteration minerals in the hanging wall, in-
cluding sericite-chlorite-pyrite-adularia (Figure 3g-i), found in the hanging wall rocks,
can be considered as argillic alteration, which is equivalent to the illite-quartz-adularia-
chlorite-calcite-pyrite alteration zone of Salam [29]. Adularia is an indicator of boiling in
the LS epithermal environment because it is the result of alkaline fluids produced from
boiling [48]. The mole percent of FeS in sphalerite coexisting with pyrite can be used to
define the sulfidation state [49]: low sulfidation state (40-20 mole% FeS), intermediate sul-
fidation state (20-1 mole% FeS), high sulfidation state (1.0-0.05 mole% FeS), and very high



Minerals 2022, 12, 1446

15 of 22

sulfidation state (<0.05). The FeS mole percent in sphalerite in this deposit range is 2.69-
6.65 mole% (Supplementary material Table 56), which can be defined as an intermediate
sulfidation state. However, some studies have reported that LS deposits can contain <20
mole% FeS, such as LS deposits, in the National and Temascaltepec districts [6,50,51].

However, other geological characteristics, including textural features of quartz, alter-
ation, and mineral assemblages, allow us to classify the H ore lens into a low-sulfidation
epithermal deposit model, similar to other ore lenses presented in the Chatree deposit
[28,30,31,33]. Furthermore, the H ore lens is considered to represent the deeper part of the
epithermal system, as higher contents of base metal sulfides (i.e., chalcopyrite, galena,
sphalerite) are found in the H ore lens compared to other lenses at the Chatree deposit
[30].

5.2. Acid Rock Drainage Potential

The high content of sulfides in the lithic-rich flamme breccias as disseminated pyrites
may cause this PAF classification. It is characterized by low NAGpH values, which are
principally contributed by the sulfur content in the samples. High sulfur content is typi-
cally linked to acid-forming potential [3,52,53]. However, it is noted that some vein sam-
ples also contain relatively high sulfur (i.e.,, Samples 1120-136.7 and 1121-164.5 contain
approximately 1.9% sulfur; Table 3). Such samples are not classified as PAF materials in
Figure 7, probably due to high carbonate content, as indicated by high ANC values in the
samples. Since high carbonate content in samples can elevate ANC values and buffer
acidic conditions [10], this is the case for such vein samples to be classified as NAF. The
results of the petrographic study also confirm that carbonate minerals are commonly pre-
sent in the vein samples (Figures 4 and 5).

The geological cross-section of the H ore lens and the ARD static test results are illus-
trated in Figure 8, which shows that the hanging wall zone is classified as PAF, whereas
the ore and footwall zones are NAF. As discussed above, it is considered that the presence
of abundant disseminated pyrite (5%—>10% in volume; Table 1) in the hanging wall lithic-
rich fiamme breccia unit causes the discrimination of this unit into PAF rock. The dissem-
inated pyrites in the unit are composed predominantly of euhedral pyrite with a clean
texture, a typical textural characteristic of pyrite formed by hydrothermal fluid alteration
[54]. It has also been reported that abundant pyrite is an alteration mineral in volcanic or
volcaniclastic host rocks of epithermal Au-Ag deposits in New Zealand [55]. The pyrites
in the hanging wall occur from the argillic alteration with chlorite, sericite, and adularia,
which is a common alteration phase of the LS epithermal deposit [30]. Therefore, it is rea-
sonably explained that the disseminated pyrites in the hanging wall zone at the H ore lens
formed in hydrothermal alteration during the main mineralizing event. It is also noticed
that the hanging wall zone consisting of lithic-rich fiamme breccia is considered a perme-
able rock, which can have board zones of hydrothermal alteration [6].
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Figure 8. ARD potential classification of the ore and host rocks of the H ore lens along the A-A’ cross
section, indicating that the lithic-rich fiamme breccia unit in hanging wall is classified as PAF, while
the ore zone and host rocks in the footwall are in the NAF classification.

The result of this study is consistent with the data in Changul et al. [14], who reported
that PAF materials are identified in the silicified lapilli tuff and sheared tuff units in the
C-H pit (H ore lens is a part of the C-H pit) at the Chatree mine. As the tuff units are
indicated to occur in the northwestern part of the C-H pit, which corresponds to the dis-
tribution of the lithic-rich fiamme breccia unit in the hanging wall zone, the tuff units
classified as PAF in Changul et al. [14] are equivalent to the PAF rocks characterized in
this study. Changul et al. [13] also found that the Chatree tailing materials are classified
as NAF (Figure 7a), which is compatible with this study’s results, as the tailing materials
are principally sourced from the mineralized veins/ore rocks that are detected to be NAF
material at the H ore lens.

5.3. Trace Elements and Their Sources

The trace element contents in the samples of the ore, hanging wall and footwall
zones, and background area from the H ore lens are summarized and compared using box
and whisker plots (Figure 9) with typical values of igneous rocks (granite, andesite, and
basalt) [43—46]. The compared data indicate that all of the tested metals (e.g., As, Cd, Cu,
Mn, Pb, and Zn) are elevated in the vein samples from the ore zone compared to the hang-
ing wall and footwall zone samples, except Cr, and Ni, which seem to be concentrated in
similar mean values and value ranges. In addition, some elements, including Mn and Pb,
are recognized in the hanging wall zone compared to the footwall zone. As Cu, Mn, and
Zn are more enriched in the hanging wall and footwall zones at the H ore lens compared
with the background sample. Cr and Ni values in the background sample are similar to
the values of the hanging wall and footwall zones, whereas Pb content in the unmineral-
ized sample is almost similar to the ore and hanging wall zones and higher than the foot-
wall zone. The correlations of the results in this study with typical values of igneous rocks
indicate that the metals and metalloids exceeding the typical igneous rock, which should
be concerned in each zone are: (1) Ore zone consisting of As, Cd, Cu, Pb, and Zn; (2) Hang-
ing wall zone comprising As, Cd, Pb, and Zn; (3) Footwall zone consisting of Cd, and Zn.
However, As in the footwall only presents polymictic mafic-intermediate breccias (ore-
hosted rock).
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Figure 9. Box and whisker plots of heavy metal contents (e.g., As, Cd, Co, Cr, Cu, Mn, Ni, Pb, Zn)
in the samples from ore (n = 5), hanging wall (n = 4), and footwall (n = 4) zones of the H ore lens at
the Chatree deposit [43-46].

The heavy metals that are distinctly elevated in the ore zone (i.e., As, Cd, Cu, Pb, and
Zn) compared to the hanging wall and footwall zones may be contributed from the high
sulfide content in mineralized veins. The high Cu, Zn, and Pb values in the vein samples
appeared to be sourced from the major components of chalcopyrite, sphalerite, and ga-
lena, respectively. In contrast, other trace elements, such as As, and Cd, are found to be
present selectively in pyrite, galena, and sphalerite, as detected in the EPMA spot analysis
and mapping results (Table 4; Figure 6). The elevated values of trace elements in pyrite
are also reported from other ore lenses at the Chatree deposit by Salam [30], such as As. It
is generally indicated that metals often substitute in pyrite as well as other sulfides in the
ore zone [53,56,57], and such trace elements in pyrite tend to be incorporated into pyrite
as nanoparticles [58] and within the pyrite lattice [59-61] by the hydrothermal solution
during the syn-mineralization stage. George et al. [62] reported that As is rarely found as
an analogous coupled substitution with Ag. Therefore, it can also be substituted for ga-
lena. This is the same as our EPMA mapping result, which illustrates that As are evenly
distributed in the galena grain at the H ore lens. It is also demonstrated in the EPMA
mapping result that Mn is enriched in calcite rather than in sulfide minerals in the veins
(Figure 6).
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5.4. Environmental Management

Our study results identify the PAF rocks in the hanging wall zone and the high con-
centration of some heavy metals in the ore and hanging wall zones at the H ore lens. Thus,
we herein discuss potential environmental risks in these aspects at the Chatree deposit,
focusing on As and Mn metals, which have previously been considered hazardous at the
Chatree mine and in the surroundings.

The results of this study can provide an idea to estimate the volume of PAF rocks in
the hanging wall zone. It is assumed that the spatial distribution of the lithic-rich flamme
breccia containing abundant disseminated sulfides (indicated PAF) is limited to less than
a few hundred meters from the ore zone. A background sample of the lithic-rich fiamme
breccia unit collected approximately 300 m from the ore zone is determined by NAF rock.
It is a rough idea to draw a boundary between PAF and NAF rocks in the lithic-rich fi-
amme breccia unit. Further study with a closely-spaced sampling of the unit will provide
data to estimate a more accurate and precise volume of PAF rocks. In addition, our test
results imply that samples can be independently assessed using either of the guidelines
for >0 in NAPP value, <4 in NAGpH value, or <6 in paste pH value to discriminate the
PAF from NAF materials (Figure 7). This is because plots of the lithic-rich fiamme breccia
of the hanging wall zone have a linear trend in Figure 7a,b. Thus, either method can pro-
vide a preliminary test result to judge whether the tested material can be of PAF. This can
reduce time and costs before conducting a further detailed investigation.

Arsenic concentration is highly elevated in the ore zone samples (Table 4; Figure 9)
and is consistent with the EPMA results, confirming that it is predominantly present in
the vein-located pyrite and galena minerals (Table 2; Figure 6). In contrast, a low concen-
tration of As is found in the wall rock (both hanging wall and footwall zones) samples
(Figure 9), and it is also evidenced in the low As content in the pyrites of the hanging wall
zone (Table 2). Consequently, comparing these results suggests that the mineralized veins
(or ores) are likely the primary source of As in the Chatree mine. However, Chotpantarat
et al. [47] reported that As in the tailing materials is under detection level, and Changul et
al. [13] found that tailing materials are classified as NAF (Figure 7a).

In contradiction to As, this study reveals that Mn has multiple sources at the Chatree
mine, as it is elevated and can be sourced from both vein and wall rocks in the hanging
wall zone (Figure 9). Our petrographic and EPMA results found that Mn-rich carbonate
(i.e., calcite) is commonly present in veins as a gangue mineral (Figure 6), and the Mn
contents present in the hanging wall zone come from the contamination of veinlets (Figure
3g). The carbonate is classified as calcite (avg. formula: Cao9s7Mgo.o0sFeo.000Mno.01i7COs). Cal-
cite containing Mn in its crystal structures will be salt and dissolve in an acid solution [63].
Mn can partition from the calcite structure and contaminate into the environment. This is
consistent with higher Mn levels compared with other trace metals in groundwater mon-
itoring wells [8]. Of these, Mn in the hanging wall zone is more environmentally con-
cerned, as the lithic-rich fiamme breccia rocks of the hanging wall zone are characterized
predominantly as PAF material (Figure 7). The Mn in the ore zone also contains a potential
risk, and it is reported by Changul et al. [13] that Mn content in the tailing materials is
high (2028 ppm on average), exceeding the Thai standard of Habitat and Agriculture (1800
ppm). Mn-bearing calcites may be the main source of Mn, which is the most leached metal
and the most mobility metal from soil tailings [8,13]. However, such Mn levels are not
distinctly high, as typical igneous rocks have Mn ranging from 450 to 1800 ppm [43-46].
The Mn content range of the typical igneous rocks is more or less similar to the ranges of
the ore and hanging wall zones (Table 4; Figure 9); therefore, the Mn contents in the rocks
at the H ore lens are indicated to be common background values.

6. Conclusions

This study conducted a mineral and geochemical investigation of the H-pit of the
Chatree mine to assess the ARD potential and sources of heavy metals in the ore and host
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rocks, with a specific focus on the link between the collected results of environmental as-
pects and field geology information to identify the sources. As a result, the following key
conclusions can be drawn from this study:

(1). Au-Ag mineralization at the H ore lens occurs as veins/veinlets with minor brec-
cias and is composed of quartz-carbonate-chlorite-sulfide-electrum veins. They are selec-
tively hosted in the polymictic mafic-intermediate breccia in the host volcanic rock suc-
cession, which can be distinctly classified into footwall, ore, and hanging wall zones.

(2). The mineralized veins are chiefly characterized by open space-filling banded tex-
tures and abundant base metal sulfides, including pyrite, chalcopyrite, galena, and sphal-
erite. Such mineralization characteristics at the H ore lens are compatible with the deeper
part of the low-sulfidation epithermal system.

(3). The ABA and NGA test results reveal that the lithic-rich fiamme breccia unit in
the hanging wall zone is classified as PAF rock, caused by abundant disseminated pyrites
in the unit forming due to hydrothermal alteration during the mineralizing event.

(4). The ore material has high contents of As, Cd, Cu, Pb, and Zn compared to the
values in the hanging and footwall samples, but Mn content is similar between the ore,
hanging wall, and footwall samples. As, Cd, and Zn are in the ore zone, hanging walls
and footwalls are higher than typical igneous rocks, whereas Cr, Mn, and Ni are in the
range of general igneous rocks. The sources of Cu, Pb, and Zn should originate predomi-
nantly from chalcopyrite, galena, and sphalerite, respectively. Other heavy metals (e.g.,
As, and Cd) mainly occur as trace elements in sulfide minerals, particularly in galena,
pyrite, and sphalerite. Mn is indicated to occur as Mn-rich calcite.

(5). This study was conducted using drill hole data and cores created during the ex-
ploration program at the Chatree deposit. It was demonstrated that a detailed and com-
prehensive understanding of the geological, geochemical, and mineralization characteris-
tics of this deposit, even in the early exploration stage, is useful for predicting any poten-
tial environmental impacts in the future.
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