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The black shale and exposed rocks located at an open-pit mine in the Ban Pong Basin, Chiang Mai province, northern Thailand,
have been studied to evaluate acid forming potential using acid-base accounting and net acid generation tests. The mine water
chemistry was also investigated to observe the potential of acid mine drainage. The results present that pyrite is found in pale
brown marlstone, coaly black shale, and black shale with fossil fragments, whereas calcite is observed in all rock types except
for coaly black shale. The acid forming potential outcomes show that only the coaly black shale is classified as an acid forming
rock because of high pyrite content, while other rocks are categorized as non-acid forming rocks due to the absence of pyrite
and/or elevated calcite content. Moreover, the neutral pH and low metal concentration of mine water indicate no acid mine
drainage potential in the study area. The hydrochemical facies of water was classified as Ca-Mg-HCOj type for upstream and
downstream of Ca-Mg-SO, type for mine water. The enrichment of Ca, Mg, and HCOs in the surface water is attributed to
weathering of carbonate material of the surrounding rocks. In contrast, the dominance of SO, in mine water is perhaps
influenced by pyrite oxidation and gypsum dissolution. To summarize, the coaly black shale is an acid forming rock, but it
does not produce acid mine drainage since it is surrounded by calcite-rich rocks acting as the acid neutralizer.
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1. Introduction surface water contamination (Parviainen and
Black shale is a dark-colored, fine-grained, thin-  Loukola-Ruskeeniemi, 2019).
bedded sedimentary rock enriched with pyrite and When pyrite is oxidized by oxygen and

organic matter (Kwong et al., 2009). It is typically ~ water (Eq. 1), sulfate (SO4>), ferrous iron (Fe*?),
deposited in bottom water and/or bottom sediment  and two moles of protons (H*) for each mole of
under an anoxic condition in marine and oxidized pyrite are generated in the system. Then
continental sedimentary basins (Huyck, 1990; the produced ferrous iron will be oxidized (Eq.2),
Kontinen, 2015; Wignall, 1994). When black  turning to ferric iron (Fe*®), which acts as an
shale outcrops are exposed to oxic conditions, oxidizing agent for pyrite (Eq.3) (Lottermoser,
sulfide minerals are sensitive to oxidation and 2010). If pyrite is oxidized by ferric iron (Eqg.
dissolution  (Equeenuddin et al, 2010). 3), 16 mol of protons will be liberated per mole
Consequently, protons and trace metals are  of pyrite oxidized.

liberated, leading to acid mine drainage (AMD)

(Jambor et al., 2000) — one of the world’s most ~ Fes, + Z— 02+ H,0 — Fe?" + 25042+ 2H*
significant environmental problems regarding . L

mining (Changul et al., 2010a). The AMD will Fez++202 +H" — Fe3++2— [ PO ()
decrease pH and mobilize toxic metal(lOid)S, FeS, + 14Fe3* + 8 H,0 — 15 Fe?* + 25042 +16H*...(3)
impacting aquatic biota and degrading surface and
groundwater  quality  (Nordstrom,  1997;
Strosnider, 2011a; Strosnider, 2011b; Sun et al.,  j¢ Miocene fine-grained sedimentary rock

2013). Furthermore, due to the abundance of  (Agjsaipattanakul, 2014) at an open-pit mine in
harmful elements in black shales, they possibly . gan Pong Basin (the BPB), Chiang Mai

have a potential source of soil, groundwater, and province, northern Thailand (Fig. 1). The

Herein, this study focuses on a section
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purpose of this mine is to produce the soil for
sale. The section of interest (Fig. 2) contains
thick light gray mudstone, coaly black shale
interbedded with marlstone, and black shale
with  fossil fragments interbedded with
marlstone. Since mining operation allows the
rocks to be exposed to oxidative conditions,
this might lead to AMD. Therefore, this study
aims (1) to evaluate the acid forming potential
of black shale and exposed rocks using acid-
base accounting and net acid generation tests
and (2) to observe acid mine drainage potential
on mine water.

2. Geological setting

The Ban Pong Basin (BPB) is a N-S striking
Cenozoic intermountain basin located in a
synform in between two granite-gneissic terrains
(Sutep-Inthanon mountain range) of the western
metamorphic complex on the western side of
Chiang Mai Basin (Fig. 3) (Mankhemthong et al.,
2019). The basin was formed on the hanging wall
of low-angle normal fault (LNF), known as
Inthanon detachment (Mankhemthong et al.,
2019), and was filled with semi-consolidated
sediments of Miocene Mae Rim Formation
(Adisaipattanakul, 2014). The formation consists
of three lithofacies (from the older to the younger
units): (1) a lower fluvial-alluvial unit, (2) a
lacustrine unit and (3) an upper fluvial-alluvial
unit (Adisaipattanakul, 2014). The Mae Rim
Formation in the BPB dips towards the west and
overlies the basement rocks, including
metamorphosed limestone, shale, sandstone, and
chert of Paleozoic rocks (Adisaipattanakul, 2014).
Moreover, Rhodes et al. (2000) suggested that the
Mae Rim Formation’s provenance comes from the
older Paleozoic units.

3. Methodology
3.1 Data sampling

In March and April 2022, field data
collection was performed at the open-pit operated
in the Ban Pong Basin. First, a lithostratigraphic
log was executed to identify rock types. Then,
nine rock samples of four lithologies were
gathered, including calcareous light gray
mudstone, pale brown marlstone, coaly black
shale, and black shale with fossil fragments. The
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rock sampling interval is shown in the
lithostratigraphic log (Figure 4).

Furthermore, three surface water samples
were collected: upstream, mine water, and
downstream (Fig. 1). The pH of the water sample
was measured immediately from the non-filtered
samples before separating the sample into three

subsamples.
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Figure 1 The study area is situated at the open-pit mine
operation in the BPB, Chiang Mai province, northern
Thailand. The blue circles represent the location of surface
water sampling upstream, mine water, and downstream.

Flgure 2 The section of interest contains coaly black shale
and black shale with fossil fragments interbedded with pale
brown marlstone and light gray calcareous mudstone. A
thrust fault propagates from calcareous light gray mudstone
throughout the coaly black shale bedding, resulting in a fault
propagation fold.
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Figure 3 Geological map of NW Thailand presents Ban

Pong Basin’s location (a red rectangle) on the western side
of the Chiang Mai Basin (modified from Gardiner et al.

(2016); Morley and Racey (2011), in

Mankhemthong et al. (2019)).

and cited

The non-filtered samples were used to measure
anions (e.g., Cl, SOsa,...) and some cations (e.g.,
Ca, Mg,...). Then, another non-filtered part was
acidified with 35% HNOz to bring the pH close to
2 prior to measuring cations (e.g., Fe, Mn,...).
Finally, the left sample was filtered using 45 um
syringe filter paper and then acidified with 35%
HNOs to be preserved before measuring total
arsenic (As).

3.2 Geochemical analyses

In the laboratory, the rock samples were dried in
an oven at 40°C for 24 hours to remove moisture
and then the samples were pulverized by a disc
mill prior to further analyses. The mineral
assemblages were analyzed by a Bruker X-ray
Diffractometer (XRD) at the Department of
Geology, Chulalongkorn University, Bangkok,
Thailand, to identify the mineral compositions.
Furthermore, the samples were also tested for
geochemical analyses. Major and minor oxides
were decided by a standardless analysis of a
Bruker S4 X-ray Fluorescence  (XRF)
spectrometer at the Department of Geology,
Chulalongkorn University. The loss on ignition
(LOI) was measured from the weight differences
between dried powder and after ignition at 1000°C
for three hours in an electric furnace. In addition,
the samples were prepared using the four-acid
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digestion method prior to identifying the trace
elements by using Inductively Coupled Plasma-
Mass Spectrometer (ICP-MS) at ALS laboratory
in Australia.

3.3 Acid forming potential analyses

AMD potential can be estimated from acid
forming potential (AFP) of the rocks, which is
measured by using acid-base accounting (ABA)
and net acid generation (NAG) tests
(Assawincharoenkij et al., 2017).

The ABA is a statistical procedure
evaluating the balance between the acid
generation from sulfide mineral oxidation and
acid-neutralizing from the dissolution of alkaline
carbonate. The result will be reported in terms of
net acid-producing potential (NAPP) (Eq.4)
derived from the subtraction of acid-neutralizing
capacity (ANC) from maximum potential acidity
(MPA) (lan Wark Research Institute, 2002;
Miller and Jeffery, 1995).

NAPP =MPA—-ANC...........ceviiiininnn,

The maximum potential acidity is derived
from the total sulfur content of the samples. The
total sulfur is usually determined by a high-
temperature combustion method and is typically
assumed that occur from pyrite (FeS2) oxidation
(Changul et al., 2010b; lan Wark Research
Institute, 2002; Stewart et al., 2006). The total
sulfur 1% is equal to 30.6 kilograms of H2SO4 per
ton of material (kg H2SO4/t) (Miller and Jeffery,
1995).

The ANC test is used for measuring acid-
neutralizing capacity from neutralizing minerals.
The methodology followed a modified method of
Sobek (1987), proposed by lan Wark Research
Institute (2002). The acid-neutralizing capacity is
derived from back-titrating the mixture between
the sample and the standardized hydrochloric acid
(HCI) with sodium hydroxide (NaOH). The result
will be reported in kg H2SOu/t.

The NAG test allows acid generation and
acid neutralization to occur simultaneously (lan
Wark Research Institute, 2002). In addition, the
test measures the final pH of the samples after the
oxidation process of hydrogen peroxide (H202)
and iron sulfide minerals (Assawincharoenkij et
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al., 2017; Changul et al., 2010b; Miller, 1997).
Stewart et al. (2006) proposed that the NAG test
might help resolve uncertainties in ABA
predictions.

The criteria to determine acid forming
potential was suggested by Stewart et al. (2006)
(Table 1). Samples are classified as potentially
acid forming (PAF) if they have a positive NAPP
and NAGpH < 4.4, non-acid forming (NAF) if they
have a negative NAPP and NAGpH > 4.4, and
uncertain (UC) when they reveal an obvious
conflict between the NAPP and NAGpH results.

Table 1 Criteria of acid forming potential classification
suggested by Stewart et al. (2006).

Classification

Criteria

PAF NAPP > 0 and NAGpH < 4.4
NAF NAPP <0 and NAGpH > 4.4
uc (NAPP < 0 and NAGy < 4.5) or

(NAPP > 0 and NAG,H > 4.5)

3.4 Hydrochemical analyses

Water chemistry parameters of water
samples were analyzed at the hydrochemical
laboratory, the Department of Groundwater
Resources, Bangkok, Thailand. Cu, Fe, Mn, and
Zn concentrations were determined using an
Atomic Absorption Spectrophotometer (AAS).
The concentration of Ca, Mg, CO3, and HCO3
were defined using titration. A flame photometer
identified Na and K concentrations. The
concentration of Cl was measured by the
argentometry titration method. The automated
cadmium reducing method determined NO> and
NOs concentration, while the automated
methylthymol blue method characterized the
concentration of SOs. Finally, an ion-selective
method and ICP-MS analysis resolved the F and
As concentrations.

4. Results
4.1 Lithology

The lithostratigraphic log in Figure 4 was
produced from the section of interest. An overall
section thickness is approximately 8 meters. This
section contains thick calcareous light gray
mudstone and coaly black shale or black shale
with fossil fragments interbedded with pale brown
marlstone. The bedding thickness ranges between
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0.6-2.5m, 0.1-0.2 m, and 0.2-0.5 m for calcareous
light gray mudstone, pale brown marlstone, and
coaly black shale and black shale with fossil
fragments, respectively. Moreover, some coaly
black shale successions contain carbon film, plant
fossils, fossil fragments, and mud clasts.
Elemental sulfur is also observed on the
weathering surface of coaly black shale.
Regarding the acid effervescence, the pale brown
marlstone and black shale with fossil fragments
react vigorously with hydrochloric acid (HCI). On
the other hand, calcareous light gray mudstone
also slightly to moderately reacts with HCI, but no
reaction is observed between coaly black shale
and HCI.

4.2 Mineral assemblage

Based on the mineral assemblages
analyzed by XRD analysis in Table 3, the
calcareous light gray mudstone is abundant with
quartz, muscovite, and calcite. Moreover, the pale
brown marlstone predominantly comprises major
calcite and minor pyrite. The coaly black shale
mainly contains quartz and pyrite, but the black
shale with fossil fragments primarily consists of
quartz, calcite, and pyrite. Moreover, a small
amount of siderite is contained in all rock types.
Besides, gypsum is also noticed in coaly black
shale and black shale with fossil fragments.

4.3 Bulk geochemistry

Regarding the major oxide result in Table
2, the rocks in the interval of interest mostly
contain SiO2, Al2.03, Fe203, and K20, in the range
of 2.64-53.95, 1.31-17.43, 1.64-9.60, and 0.17-
3.90 wt.%, respectively.  Most rocks are
dominated by SiO, except the pale brown
marlstone and black shale with fossil fragments
which are predominant with CaO (56.94 - 65.89
and 28.24 wt.%, respectively). On the other hand,
the SOz tends to be abundant in the coaly black
shale, black shale with fossil fragments, and pale
brown marlstone (4.98-11.80, 6.21, 1.02-2.63
wt.%, respectively). Furthermore, more than 1.00
wt.% of MgO is reported in calcareous light gray
mudstone.

In addition, trace element results in Table
2 are in the range of 2.84-229, 2.07- 31.10, 10.0-
94.2, 0.102-3.490, 11.65-82.40, 2.37-53.40, 12.3-
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186.5 ppm for As, Co, Cr, Cd, Ni, Pb, and Zn,
respectively. The contents of As, Cr, and Pb are
the most abundant in coaly black shale. Even
though calcareous light gray mudstone is the most

enriched with Ni and Zn concentration, it seems to
contain less trace elements than other rocks.

Lithology and grain size

Description
Mud

Clay Silt

Sand Gravel

'? Depth (m)

-

Calcareous light gray mudstone

Pale brown maristone

Black shale with fossil fragments and mud clast
Pale brown maristone

Coaly black shale, highly weathered

7.0 I BP1-6

6.0+

Calcareous light gray mudstone

504

7 BP11

Coaly black shale, highly weathered @carbon film

Y7BP1-4 Y7BP2-2 Pale brown maristone

Y7 BP2-3
Y BP1-3
77BP1-5

Coal black shale, highly weathered @carbon film
Pale brown maristone
Coaly black shale, very weathered & carbon film

2.04

77 BP21
Y7 BP1-2

Calcareous light gray mudstone

104

Coaly black shale, highly weathered (B carbon film

-~1 Calcareous light gray mudstone
& Leave

Figure 4 The lithostratigraphic log performed at the section
of interest in Figure 2 shows that this section contains
calcareous light gray mudstone, pale brown marlstone, coaly
black shale, and black shale with fossil fragments. The
interval of rock samples is also shown in this stratigraphic
log.

B 6iock shale

¥¥  Sampling interval

S5=8  Pale brown maristone

4.4 Acid forming potential

The acid forming potential of the rock
samples was classified based on ABA and NAG
tests. The result of both tests is expressed in Table
4. Regarding the ABA test, total sulfur can be
detected in samples BP1-4 of pale brown marlstone
(0.05%), BP1-5 and BP2-3 of coaly black shale
(2.04% and 0.34%, respectively), and BP1-6 of
black shale with fossil fragments (1.05%).
Consequently, these total sulfur proportions cause
MPA values of 0.34, 2.04, 1.05, and 15.30 H>SOu/t
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for samples BP1-4, BP1-5, BP2-3, and BP1-6,
respectively. On the other hand, the ANC results of
all samples are displayed in the range of 3.55 —
1159.10 HzSOu/t. After subtracting MPA by ANC,
the result shows positive NAPP for coaly black
shale, indicating potentially acid forming (PAF). In
contrast, other rocks demonstrate negative NAPP,
leading to being characterized as non-acid forming
(NAF).

Likewise, the NAG result shows that two
samples of coaly black shale (BP1-5 and BP2-3)
have NAGpH of 1.54 and 2.54, respectively. Since
these NAGpH values are less than 4.4, the samples
are classified as PAF. In contrast, the other rocks
display NAGpn higher than 4.4; consequently,
they are characterized as NAF. In conclusion,
based on a combination of these two tests, only the
rock samples of coaly black shale (BP1-5 and
BP2-3) are identified as PAF, whereas others are
classified as NAF. The illustration of acid forming
potential results is presented in Figure 5.

104
Black shale with
fossil fragments o
o N o
e
8- \
. ® " ;!
e , o
74 Pale brown maristone ‘: Y i
Calcareous light

6- gray mudstone
T 571
o NAF uc
2
z, uc PAF

34

Coaly black shale
e
24
" ! Y l'
1 T T T T 1 T T
-1400 -1,200 -1,000 -800 -600 -400 -200 0 200
NAPP

Figure 5 Acid forming potential of rock is presented in the
graph plotted between NAPP and NAG+. Coaly black shale
is classified as PAF, whereas other rocks are categorized as
NAF.
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Table 2 Major oxides (%) and trace elements (ppm) of rock samples from XRF and ICP-MS analyses.

Lithology  Calcareous light gray Pale brown marlstone Coaly black Black Average
mudstone shale shale shale*
with
fossil
fragments
s:ar?n;ge BPll- BP12- BP21- BPlé BPlL; BP22- BPLS BP2.3 BPL6
Sio 50.26 30.04 53.95 321 264 6.39 25.93 4154 18.98
Al,O 16.64 11.46 15.08 242 131 3.19 13.03 17.43 9.42
FeOs 5.55 6.36 8.23 1.64 3.03 4.48 9.60 5.27 7.29
K-0 3.90 2.70 3.05 0.27 0.17 0.48 2.45 3.31 1.88
MgO 153 144 0.79 058 0.63 0.60 0.79 0.91 0.74
CaO 090 25.04 1.82 65.60 65.89 56.94 1.57 0.41 28.24
TiO, 078 042 0.60 0.05 003 0.10 0.55 0.75 0.39
P,0s 029 026 0.38 012 007 0.0 0.07 0.07 0.39
MnO 028 326 1.02 036 0.69 0.23 0.02 0.11 0.31
Na,O 013 025 0.05 000 009 0.05 0.09 0.03 0.08
SOs 0.11 0.25 0.21 1.02 1.82 2.63 11.80 4.98 6.21
LOlI 0.07 024 0.08 0.41 039 1.08 0.58 0.21 0.39
Total 80.44 81.71 85.26 75.68 76.75 76.26 66.48 75.00 74.30
As 2.84 5160 31.30 14.25 57.20 7450 229.00 102.50 27.00 10
Co 29.70 31.10 14.20 2.27 2.07 3.93 6.94 13.45 10.30 19
Cr 67.4 43.1 60.8 14.2 10.0 22.7 714 94.2 55.6 90
Cd 0.378 3.490 0.226 0.226 0.102 0.505 0.343 0.709 0.175 0.8
Ni 7820 8240 32.90 11.65 12.20 20.70 39.40  63.00 41.20 68
Pb 5150 48.10 38.20 6.48 237 16.95 20.00 53.40 18.65 20
Zn 1865 1025  76.1 208 123 324 59.8 1325 57.2 160
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Table 2 XRD analysis reveals mineral assemblages of each rock type.

Lithology Calcareous light gray Pale brown marlstone Coaly black shale Black shale
mudstone with fossil
fragments
Sample name BP1-1 BP1-2 BP2-1 BP1-3 BP1-4 BP2-2 BP1-5 BP2-3 BP1-6
QuartZ *k%k ** *k%k * * * **k*%k *k%k *kk
Pyrite _ _ _ * * * *xk *% *kk
Calcite _ *kk * *xk *xk *xk _ _ *kk
Gypsum - - - - * * * * -
Chlorite * - - - - - * * *
Siderite - * - - * - * - *

The degree of mineral abundance is presented as * Minor, ** Moderate, *** Dominant

Table 3 Classification of the acid forming potential of rock exposure at the open-pit mine, Ban Pong Basin.

ABA Test NAG Test

Total MPA ANC NAPP AF NAG AF .
Sample Lithology Sulfu p oH p Cla§5|f|cat
name r ion
(%3) Hzg(gdt) Hzékogzt/t) (kg H.SO/1)
NA NA

BP1-1 LLD 0.00 29.68 -29.68 F 812 F NAF
Calcareous light NA NA NAF

BP1-2 gray mudstone LLD 0.00 581.45 -581.45 F 893 F
NA NA NAF

BP2-1 LLD 0.00 70.19 -70.19 F 937 F
NA NA NAF

BP1-3 LLD 0.00 1159.10 -1159.10 F 865 F
Pale brown NA NA NAE

BP1-4 marlstone 0.50 1530 108523 -1069.93 F 820 F
NA NA NAF

BP2-2 LLD 0.00 997.03 -997.03 F 793 F
PA PA PAF

BP1-5 Coaly black 2.04 62.42 16.78 45.64 F 154 F
shale PA PA PAF

BP2-3 0.34 10.40 3.55 6.85 F 254 F
Black shale with NA NA NAF

BP1-6 fossil fragments 1.05 32.13  483.88 -451.75 F 738 F

Classification of acid forming potential is based on criteria suggested by Stewart et al. (2006).
ABA test: acid-base accounting test, NAG test: net acid generation test
LLD: lower than the limit of detection, MPA: maximum producing acidity, ANC: acid neutralizing capacity, NAPP: net acid

producing potential, AFP: acid forming potential

NAF: non-acid forming, PAF: potentially acid forming
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Table 4 Physio-chemical parameters of surface water samples collected from upstream, mine water, and downstream.

. . BP-SW-01 BP-SW-02 BP-SW-03 TSWS* TIES**
E;Y;‘x‘;grerg;ﬂ) Pond Pond River
Upstream Mine water Downstream
pH 8.52 6.98 7.65 5.0-9.0 5.5-9.0
TDS 180 543 208 <3,000
Ca 35 130 51
Mg 14.0 36.0 6.5
Na 24 2.0 9.6
K 5.5 13.0 4.1
Fe 0.1 0.1 0.5
Mn 0.0 0.8 0.3 <1.0 <5.0
Cu 0.0 0.0 0.1 <0.1 <20
Zn 0.0 0.0 0.0 <1.0 <5.0
S04 13 480 10
Cl 2.0 1.6 5.2
COs 0 0 0
HCOs 172 23 202
F 1.1 0.5 0.4
NO; 0.00 0.03 0.00
NO3 1.2 0.1 1.1 <5.0
As <0.0028 <0.0028 <0.0028 <0.01 <0.25
Na/Na+Ca 0.18 0.10 0.21
Cl/CI+HCO3 0.01 0.07 0.03

**Thailand’s surface water standard is based on the Department of Pollution Control.
***Thailand’s industrial effluent standard is based on the Department of Pollution Control.

4.5 Water chemistry

Regarding the chemical parameters of
water samples displayed in Table 5, water pH
ranges from 6.98-8.52, while the TDS varies
between 180-543 mgLt. The dominant cations
from upstream are Ca and Mg (35 and 14.0
mgL™?, respectively). Similarly, the essential
cations in mine water are also Ca and Mg (130
and 36.0 mgL™, respectively). On the other
side, the significant cations in a downstream
water sample are Ca and Na (51 and 9.6 mgL"
1 respectively). However, for the anion, both
the upstream and downstream water samples
are predominant with HCO3 (172 and 202 mgL"
1 respectively). In contrast, mine water is
dominant with SO (480 mgL™). Besides, no
significant rise of any metal concentration is
observed, except for increasing Mn
concentration within the mine water and
downstream samples. All water samples
contain less than 0.0028 mgL ™! of As.

BP-SW-01 (Upstream)
® BP-SW-02 (Mine water)
® BP-SW-03 (Downstream)

(o} Q
* Gk
>
9 3
°
@
(]
% % &,
S x g <.
* o} ]
S >
P &
®
°
)
Ca Milliequivalent unit cl

Figure 6 Hydrochemical facies of surface water collected
in the BPB. The upstream and downstream are classified
as Ca-Mg-HCOs type, whereas mine water is categorized
as Ca-Mg-SOq4 type.
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Figure 7 Gibb’s diagram presents that the weathering of
surrounding rocks controls water chemistry in the BPB.

In addition, Piper’s diagram results (Fig.
6) reveal two hydrochemical facies of water: (1)
Ca-Mg-HCO:z type for upstream and downstream
and (2) Ca-Mg-SO4 type for mine water.
Moreover, Gibb’s diagram outcomes (Fig. 7)
present that the weathering of rocks in the study
area plays a significant role in the water chemistry
in the study area.

5. Discussions
5.1 Acid forming potential

Regarding acid forming potential
classification, only coaly black shale is classified
as acid forming rock because its acid generation
capability is higher than its acid neutralization
capacity (see Table 4). The main acid generator
for coaly black shale is pyrite in its composition.
Sulfide  minerals, including pyrite, in
sedimentary rock typically form in highly-
reducing sedimentary  and diagenetic
environments (Berner, 1984; Schoonen, 2004) as
a result of sulfate-reducing bacteria’s activities
(Greenwood et al., 2013). Moreover, based on
the XRD result, pyrite is also essentially noticed
in black shale with fossil fragments and slightly
detected in pale brown marlstone. However, pale
brown marlstone primarily contains calcite as the
main composition, and black shale is enriched
with fossil fragments, acting as a source of
carbonate mineral; these lead to acid
neutralization capacity exceeding acid generation
ability. As a result, the black shale with fossil
fragments and pale brown marlstone are
characterized as non-acid forming rocks.
Similarly, other rocks are also considered non-
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acid forming rocks due to no pyrite and/or a large
proportion of calcite minerals in their
composition.

Moreover, to estimate AMD potential,
Parviainen and Loukola-Ruskeeniemi (2019)
suggested that, in addition to black shale’s
chemical composition and mineralogy, the
volume of the black shale succession and the
chemical composition of the surrounding rocks
also need to be considered. Although the coaly
black shale can produce the acid, its thickness is
less than 1 meter and it is surrounded by calcite-
rich rocks, including calcareous light gray
mudstone and pale brown marlstone, which
considerably  provide acid neutralization
capacity. Therefore, it can be assumed that the
coaly black shale succession in the Ban Pong
Basin has a low potential for acid mine drainage
generation.

Additionally, compared to the average
trace element in shale (see Table 2) suggested by
Wedepohl (1971), the concentration of As in the
coaly black shale (102.50-229.00 ppm) are ten to
twenty times higher than that of the average shale
(10 ppm). In addition to this, the concentration
of Cr (94.2 ppm) and Pb (53.4 ppm) in the coaly
black shale are also higher than the average value
in the average shale (90.0 and 20.0 ppm for Cr
and Pb in an average shale, respectively). Since
coaly black shale is an acid forming rock, these
trace elements might be released into the
environment, leading to environmental impacts
in the future. Likewise, the soil should not be
produced from the succession of coaly black
shale, as it might contain a significant level of
hazardous trace elements, possibly harming
natural creatures and humans.

According to the XRD result, some rock
samples contain a small quantity of gypsum and
siderite, which can cause uncertainty in the ABA
test (Parbhakar-Fox and Lottermoser, 2015;
Stewart et al., 2006). Gypsum is a calcium sulfate
mineral (CaS0s4.2H,0) that can increase the total
sulfur, leading to the MPA overestimation. On
the other hand, siderite is an iron carbonate
mineral (FeCOs) that can act as an acid
neutralizer, causing an overrated ANC result
(Blowes et al., 2014; Stewart et al., 2006).
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5.2 AMD potential and hydrochemical
characteristics of mine water

Regarding the result of physio-chemical
parameters of mine water (a sample BP-SW-02)
in the BPB, the pH of water is slightly neutral (pH
6.98). The water has low metal anions (Fe, Mn,
Cu, Zn) and As but slightly high sulfate (SOa)
concentration. The characteristics of the mine
water are clearly conflicted with the common
characteristics of AMD, which typically have
acidic pH and high concentrations of sulfate
(SO4), iron (Fe), aluminum (Al), and trace
elements (Blowes et al., 2014). According to this,
therefore, the mine water at the open-pit mine in
the Ban Pong Basin does not have the potential to
become AMD. Moreover, a small amount of As
in the water is not harmful to aqueous biota and
humans because it is lower than the standard of
surface water and industrial effluent (see Table
5).

The hydrochemical facies results of
surface water indicate that the Ca, Mg, and HCO3
are enriched in the surface water around the study
area, while SO4 is abundant in mine water. The
dominance of Mg, Ca, and HCOs concentration in
the surface water might be caused by weathering
of carbonate material from the surrounding rocks,
which mainly contain a high amount of carbonate
mineral in their composition. This is supported by
Gibb’s diagram result that the weathering of
surrounding  rocks mainly controls  water
chemistry in the Ban Pong Basin. Besides, the
elevated SO4 in the mine water is possibly caused
by pyrite oxidation (Lottermoser, 2010) within
coaly black shale, black shale with fossil
fragments, and pale brown marlstone, and gypsum
dissolution.

6. Conclusion

The rock and water samples collected from
the open-pit mine in the Ban Pong Basin, Chiang
Mai province, are examined with geochemical and
hydrochemical analyses to evaluate acid forming
potential and acid mine drainage potential,
respectively.  Consequently, the following
summarizations can be made:

1. Coaly black shale is the only acid
forming rock in the study area. However, it has
a low potential for generating acid mine
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drainage as it has a thin succession and is
surrounded by calcite-rich rocks, which act as
the acid neutralizer. However, since coaly black
shale contains high concentrations of As, Cr, and
Pb, these trace elements might be released into the
environment or they might contaminate the soil
produced from this mine.

2. The mine water does not have the
potential to become AMD. The mine water,
however, presents a high SO concentration,
which might be attributed to sulfide oxidation
and gypsum dissolution. Additionally, the water
bodies in the Ban Pong Basin tend to be plentiful
with Ca, Mg, and HCO3z derived from
surrounding rock weathering.
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