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Fig. 1. The geographical position of Sarcheshmeh copper mine A: mine complex in satellite image B: dump 31 position
accompanied by the location of trenches A, B, C and D. C: dump 19 position accompanied by the location of trenches
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Table 1. Characterization of ASTM sieves used for particle-size analysis

Row Inch & Mesh Micron Row Mesh Micron
1 4.25 Inch 107600 11 10 Mesh 2000
2 3 Inch 76100 12 14 Mesh 1410
3 2 Inch 50800 13 18 Mesh 1000
4 1 Inch 25400 14 25 Mesh 707
5 0.75 Inch 19000 15 35 Mesh 500
6 0.5 Inch 12700 16 45 Mesh 354
7 0.375 Inch 9510 17 60 Mesh 250
8 0.25 Inch 6350 18 80 Mesh 177
9 4 Mesh 4760 19 120 Mesh 125
10 7 Mesh 2830 20 200 Mesh 74
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Table 2. XRD result in waste dumps samples (all data in %)

Trenches Sample D(?g;h Qz Py Ms I KiIn Or Ab Chl Mnt Ep But Jar Gp
"Al 0.2 36 12 14 9 - - - 12 - - 9 8 -
A2 0.5 44 19 13 7 - - - 7 5 - 5 - -
A3 0.8 50 13 12 7 - - - 8 5 - 7 - -
A A4 1.1 43 10 9 6 5 8 - 4 - - 9 6
A5 1.5 49 10 10 7 - 8 9 7 - - - - -
A6 2 31 - 5 - - 9 40 - - - - 8 7
A7 2.5 33 ¥ 7 5 - - 40 - 5 - - 6 -
A8 3 33 2 8 6 - - 46 5 - - - - -
B B1 3 52 6 13 6 5 6 7 - - - - 5 -
B2 5 38 - 7 5 6 7 15 8 - - - 14 -
C1l 0.2 46 4 11 6 6 6 14 7 - - - - -
C2 0.5 48 4 11 7 - 6 18 0 - - 6 - -
C C3 0.8 43 3 7 5 - 7 25 10 - - - - -
C4 1.1 50 4 17 8 6 8 - - - - 7 - -
C5 15 49 4 16 8 5 6 6 - - - - 6 -
D1 0.2 37 4 11 8 - 9 24 7 - - - 6 -
D2 0.5 42 5 10 6 - 7 23 7 - - - - -
D D3 0.8 36 5 9 5 - 8 30 7 - - - - -
D4 1.1 45 4 10 7 - 7 18 9 - - - -
D5 1.5 33 - 9 6 - 7 25 9 5 - - - -
El 0.2 34 11 10 8 9 - - 12 8 - 8 -
E2 0.5 49 5 13 - - - 14 15 - 4 - - -
E E3 0.8 47 4 11 5 - - 19 14 - - - - -
E4 1.1 50 - 14 8 - 7 10 11 - - - -
E5 15 59 2 9 7 - - 10 7 6 - - - -
F1 0.2 41 13 12 8 - - - 18 - - - 8 -
F2 0.5 30 13 15 6 8 - - 28 - - - -
F F3 0.8 25 14 15 8 7 5 6 20 - - - - -
F4 1.1 42 - 20 9 7 7 - 9 - - - - 6
F5 1.5 57 - 23 - - - - 9 - - - 5 6

*: The English capital letter in the beginning of sample name represents the trench name
Qz: Quartz, Py: Pyrite, Ms: Muscovite (Sericite), IlI: lllite, KIn: Kaolanite, Or: Orthose, Ab: Albite, Chl: Chlorite, Mnt:
Montmorillonite, Ep: Epidote, But: Butlerite, Jar: Jarosite, Gp: Gypsum.
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Fig. 2. Hot and humid air flow through the trench B rock in 3 meters depth (room temperature 8 ° C)
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Table 3. ASTM-D2492 and paste pH experiment results

Trenches  Sample De(p>nt1r)1 MO'St(l;Z; Paste pH Pyrite(%) SO, (%) F@Z;
Al 0.2 4,73 2.43 11.79 4.41 3.86
A2 0.5 3.07 3.92 18.21 2.31 3.72
A3 0.8 4.33 3.16 12.86 411 3.40
A A4 1.1 3.17 3.3 6.94 3.66 4.43
A5 15 1.24 4.36 15.77 2.13 2.38
A6 2 13.23 3.79 0.64 2.55 2.71
A7 2.5 9.88 3.86 2.79 2.25 2.55
A8 3 6.40 4.04 0.38 15 1.70
B B1 3 8.25 3.13 6.23 45 3.23
B2 5 13.43 2.88 1.50 7.02 4.84
C1 0.2 3.58 6 2.74 0.78 431
C2 0.5 4.50 6.34 2.49 0.6 4.30
C C3 0.8 3.67 5.97 212 0.63 3.83
C4 1.1 4.56 6 3.19 0.69 5.36
C5 15 6.74 5.99 2.91 0.72 5.33
D1 0.2 3.51 4.4 2.68 1.56 4,78
D2 0.5 2.14 5.4 3.51 1.53 4.38
D D3 0.8 3.17 5.68 2.94 1.41 4.21
D4 1.1 2.96 6.3 2.96 0.99 4.09
D5 15 2.29 3.99 1.41 1.24 4.17
El 0.2 4.88 3.84 5.72 4.41 6.01
E2 0.5 4.63 5.97 2.31 1.65 7.93
E E3 0.8 3.02 4,57 2.78 1.47 4.87
E4 1.1 3.68 6.01 1.46 1.47 6.46
E5 15 6.48 6.68 1.29 1.44 6.73
F1 0.2 5.31 2.94 10.88 4,98 3.00
F2 0.5 5.33 3.75 13.71 1.08 1.90
F F3 0.8 6.63 3.72 12.51 1.98 2.13
F4 1.1 5.80 3.84 0.28 1.35 2.19
F5 15 5.19 3.88 0.43 1.35 2.96
Oxygen
Diffusion

Heat

Conduction
(Lefebvre et al., 2001a) albl S 405 oSl Lol slaasd ogpie Jow .3 g

Water
Infiltration

Gas

Convection

Fig. 3. Conceptual model of the main physical processes acting within waste rock piles (Lefebvre et al., 2001a)
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Fig. 4. Interaction of temperature and oxygen supply processes linking pyrite oxidation (Lefebvre et al., 2001a)
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Fig. 5. Secondary minerals (jarosite and kaolinite) ratlated to the warm and humid air channels and sample points in

trench B
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Table 4. Sample characteristics associated with warm and humid air channels in trench B

Depth XRD Analiysis ASTM-D2492 expriment Paste Moisture
Sample m) Total of c(l% minerals Ja(ro(j:)lte Pyrite(%) Pyrite(%) SOL(%) pH %)
B1 3 24 5 6 6.23 4.5 3.13 8.25
B2 5 26 14 - 1.5 7.02 2.88 13.43
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Table 5. Particle size distribution parameters of samples for trench A

Sample  Depth(m) Djo (micron)  Dgp(micron) Dgo(micron)  Cy Cc
Al 0.2 1250 4750 12500 10 1.44
A2 0.5 2100 8000 1520 0.72  20.05
A3 0.8 2500 8000 15100 6.04 169
A4 1.1 3250 1850 33000 10.15 0.03
A5 15 1600 30000 46000 28.75 12.22
A6 2 175 540 2550 14.58  0.65
A7 2.5 500 1950 6000 12 1.26
A8 3 185 700 6000 3243  0.44

Fasly joabl slge ol,8 olail Kl 6 Jso

Fig. 6. Particle size heterogeneity of waste material in trench F

1. Rezonite
2. Melantrite
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Fig. 7. Evidence of warm and humid air channels in the surface of dump 19 which was accompanied by forming
secondary minerals such as melanterite (blue), rozenite (white) and iron oxide (orange)
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Table 6. Result of superficial samples in comparison with the average of deeper samples in the trenches

XRD Analiysis (%)

ASTM-D2492 expriment (%)

Sample Depth Total of hydroxy Total of clay Paste pH Moisture
(m) - : Feon SO, (%)
sulphate minerals minerals

Al 0.2 17 (12.5)* 35 (30.75) 3.86 (3.84) 4.41 (3.05) 2.43(3.2) 4.73
C1 0.2 0(4) 30 (25) 4.3(4.1) 0.72 (0.66) 6(6.1) 3.58
D1 0.2 6 (0) 8 (6) 478 (4.21) 1.56 (1.29) 4.34 (5.34) 3.51
El 0.2 8 (2 39 (32.5) 6 (6.3) 1.47 (0.5) 3.84(5.1) 4.88
F1 0.2 8 (3.5) 38 (48) 3(2.3) 1.66 (0.48) 2.94 (3.6) 5.31

*: Amount in parentheses represents the average of four deeper samples than the first one (depth from 0.5 to 1.5)
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The flow effect of ferric and sulphate ion-rich fluid on the rock

vy

e

Hardpan layer with thickness of 30
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A adly o Slidgu 5 ool (g 5l 8 Slule by 515 ojle 4Y .8 S
Fig. 8. The hardpan layer and the flow effect of ferric and sulphate ion-rich fluid in trench A
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Fig. 9. Remaining rainwater after 24 hours of the end of rainfall on the dump 31, in December 2011
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Introduction

Pyrite oxidation and acid mine drainage (AMD)
are the serious environmental problems associated
with the mining activities in sulphide ores. The
rate of pyrite oxidation is governed by the
availability of oxygen (Borden, 2003). Therefore,
the identifying oxygen supplying mechanism is
one of the most important issues related to the
environmental assessment of waste rock dumps
(Cathles and Apps, 1975; Jaynes et al., 1984;
Davis and  Ritchie, 1986). Although
comprehensive researches were performed on the
mathematical description of oxygen transport
processes using the numerical modeling (Morin et
al., 1988; Blowes et al., 1991; Wunderly et al.,
1986; Elberling et al., 1994; Jannesar Malakooti et
al., 2014), so far, the interactions between these
processes and geochemical and mineralogical
characteristics has not been studied especially in
waste rock dumps. Therefore the main objective
of this study is to identify the evidences for
knowing the oxygen transport mechanisms in the
waste dumps and also, its role in intensity of
pyrite oxidation. It is expected that such these
structural studies could be useful for better
understanding of dominant processes in numerical
modeling and also providing environmental
management strategies in the study area and other
sites by similar characteristics.

Materials and Methods

In this study, thirty solid samples were collected
from six excavated trenches in the waste rock
dumps No. 19 and 31 of the Sarcheshmeh
porphyry copper mine. Collected samples were

*Corresponding authors Email: s.yousefi@birjand.ac.ir

studied using several methods such as XRD,
ASTM-D2492, paste pH and grain size
distribution. The results obtained from these
methods were used with the field observations in
order to characterize some detail information
about oxygen supplying mechanisms for oxidation
reactions in the waste rock dumps.

Result

The main minerals found by the XRD analysis
were quartz and muscovite which were present in
all samples. Pyrite, orthose, albite, and chlorite
were also present in some samples. The carbonate
content as the major neutralizing agent was zero
in all samples. Due to the presence of sulfide
minerals, mainly as pyrite, and also lack of any
carbonate minerals, the AMD generation from the
Sarcheshmeh waste rocks during the weathering
reactions is predictable. At the Sarcheshmeh mine
waste, several secondary minerals such as
butlerite, jarosite and gypsum were detected by
XRD at some depths. Moreover, amorphous iron
oxyhydroxide minerals visually observed in waste
dumps were not detected by XRD due to being
negligible and low level of crystallinity. Hence,
they were measured in terms of (Fe,.) by ASTM
standard test method. The ASTM-D2492 standard
test showed that pyrite, sulphate and iron
oxyhydroxide minerals (Fe,,) are present in all
samples. Against the XRD method, the test even
detected the negligible content of the minerals.
The paste pH tests showed that 15 samples were
acid-producing because they had pH lower than 4.
On the basis of moisture content results, the
samples by name A6, A7, B1 and B2 showed high
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level of moisture which can be sign of the
particular status in them.

Discussion

According to the field observations, channels with
a strong flow of warm and humid air were
detected in the depth of 3 to 5 meters of the
investigated waste rock dumps. High content of
humidity (8.25 and 13.43 percent) and sulfate (4.5
and 7.02 percent) were observed together with
low content of pyrite (1.5 and 6.23 percent) and
acidic paste pH values (3.13 and 2.88) around
these channels. Therefore, from the relation of
these occurrences, it can be inferred that the air
convection is important for supply oxygen to
pyrite oxidation in the waste dumps of
Sarcheshmeh.

The results also indicate that, two main factors
including grain size distribution and formation of
hardpan layer on top of old weathered rocks are
responsible for the decreasing of oxygen
transformation rate via the molecular diffusion
mechanism through the waste rock dumps.
Considering the presence of coarse grain and
poorly graded material as a proper media for air
convection and also hardpan layer as a confining
factor in molecular diffusion of oxygen, it can be
deduced that the air convection is the main
important mechanism to supply oxygen for
weathering and oxidation reactions in the waste
rock dumps. The abundance of oxygen and high
temperatures in such conditions are also favorable
for bacterial activities, which can then accelerate
the pyrite oxidation in lower depth of dump.

It is expected that the results of this study could be
useful as a basis for providing the remediation
strategies to control acidic drainage. So that
knowing the domination of air convection and
presence of hardpan justify controlling the flux of
oxygen from the coarse material in bottom of
waste dump. Therefore, it would be wrong to
construct the impermeable layer on the surface of
waste dump for arresting the oxygen diffusion as a
traditional method in the remediation.
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