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Acid Mine Drainage (AMD) developed at the Brukunga Pyrite
Mine, South Australia.



ABSTRACT

The Brukunga Mine is located approximately 50 lam east-south-east of Adelaide and was
established in 1952 as a source of sulfur for superphosphate. Due to low sulfur prices, the
mine was closed in 1972 and since that time has been a source of Acid Mine Drainage
(AMD), which has in turn had a dramatic effect of the local and downstream environments.

Investigations into the waste dump and mine bench rocks indicate that large quantities of
sulfides (up to 22%) are present. Oxidation of sulfides, catalysed by bacteria, quickly form
a strongly acidic environment. The lack of significant quantities of rapid neutralising
minerals, such as calcite, accentuates and enhances these low pH conditions. Resultant
large quantities of acid and heavy metals produced through this oxidation are subsequently
released into the surroundings. The contamination is enhanced by the release of lithophile
elements formed during slow aluminosilicate neutralisation reactions that are taking place.
The pollutants are released into Dawesley Creek, a tributary of the Bremer River, which
flows through the mine site.

The tailings also add to the acidity problems through similar processes, but here sulfide
quantities are much lower. A large accumulation of soluble salts has developed at depth
and their location away from the zone of active oxidation indicates that oxidation has not
been consistent through time. The development of a cemented layer region at 1-1.4m
depth within the tailings is thought to be the preliminary stages of a hard pan. Calculations
indicate that the formation of the cemented region is reducing the movement of the
oxidation front and therefore the oxidation rate. Combining the two main observations
suggests that the oxidation of the tailings is decreasing with time, through a self sealing
action,

The current environmental hazard the tailings represents is significant. The groundwater
movement through the tailings represents a major flushing effect, allowing water with high
quantities of ferrous iron to be transported to the dam wall where it is readily oxidised.

This, combined with oxygen from the atmosphere causes the rapid oxidation of the rocks
which make up the dam wall, and represents a major problem. A mechanism to reduce the
ground water through-flow needs to be considered.



CHAPTER 1

| DUCTI

An understanding of physical and chemical characteristics of acid producing mine wastes is
an environmental issue of fundamental importance. This project was initiated in order to
increase our understanding of such processes through the study of Acid Mine Drainage
(AMD) at the Brukunga mine.

The Brukunga Mine is located approximately 50 km east-south-east of Adelaide and 4 km
north of Nairne (Fig 1.1). Between 1952 and 1972, the pyrite deposits were mined by
Nairne Pyrites Ltd. to manufacture sulphuric acid for superphosphate production (SADME
Conceptual plan April, 1989). Since abandonment, highly contaminated, acidic drainage
from the mine has been polluting the local and down stream water and soil systems.

The aims of this study are to obtain an understanding of the physical and chemical
characteristics of the mine and waste rocks, to determine the products of weathering and
chemical reactions taking place within the tailings mass; and ultimately to investigate the
potential for generation of Acid Mine Drainage (AMD). The position of each study
locations is shown in Fig 1.2 which presents the lay out of the mine site.

Mining exposed the very large, dense and highly reactive sulfide formation to chemical
attack. The sulfides present require oxygen and water to degrade, in turn producing
sulfuric acid, mobile heavy metals and sulfate. Once started this process will not stop until
all sulfide is converted to acid and iron sulphate, unless the access of oxygen can be
prevented. The EWS (1993) reports that, the ore body has the potential to generate a total
of 300, 000 tonnes of sulfuric acid.

Measures have been taken to minimise the effect on the environment via the implementation
of a water treatment plant, seepage collection sumps and pump back systems during 1980-
81 (Smith and Hancock, 1992). Additionally, covering and revegetation of the tailings dam
and minor work on the waste dumps have been undertaken, along with experimental work
on the quarry bench to determine the most appropriate sealing method.

A detailed review of the historical development of the mine, together with its geology,
mining and processing is presented in Appendix Al. A general overview of rehabilitation
procedures at the mine site is provided in Appendix A2, along with pollution associated
with the hydrology of the area; the diversion techniques in use; the experiments taking
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Chapter 1 Introduction

place on the mine bench and the neutralisation plant which plays an integral part in the
rehabilitation strategy.

This thesis deals with field investigations carried out with two groups (ANSTO and
Williams & Pannewig) who are currently working at the site. Analysis of the rocks at the
site, including their chemical and mineralogical characteristics was undertaken for
correlation with investigations into chemical and mineralogical changes occurring within the
tailings dam. As a result of this, it is hoped constraints for minimisation of environmental
impact may be determined.

This thesis, therefore summarises the current level of understanding of mine-site

rehabilitation, in particular AMD generation and through the study of Brukunga mine
enables future management of such sites to be carried out more effectively.
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CHAPTER 2

FIELD

INVESTIGATIONS

The Brukunga Pyrite Mine embodies the Talisker Calcsiltstone of the Kanmantoo Group,
formally known as the Nairne Pyrite Member, found at the base of the Brukunga
Formation.

The orebody is a conformable pyritic metasedimentary layer enclosed within regionally
metamorphosed Kanmantoo Group rocks. Armstrong and Betheras (1952) described the
ore body as being divided into five parallel bodies. The three major iron sulfide beds are

~ approx. 15-30 m thick and the two waste beds are 5 m thick each. Ore zones consist of
iron sulfide bearing-muscovite schists and gneiéses with minor lenses of calc silicate and
quartz plagioclase metasediments. The waste zones consist of quartz plagioclase granofels
and minor calc silicate granofels, muscovite schists and gneisses. Thus, there is very little
chemical difference in the silicate phase of ore and waste, the main difference being the iron
sulphide content (Mason, G., 1968).

Problems perceived during site inspection included the weathering of sulfide rich waste
rocks, and to a lesser extent deterioration of the mine bench . Groundwater seepage from
the minesite and tailings dam containing high levels of dissolved metals and acid were also
observed as discoloured water collected in seepage ponds at the base of the tailings wall.
From this it was decided that field investigations at the minesite would consist of a
collection of samples for detailed laboratory analysis from the mine bench, waste rock
dumps and tailings dam. Investigations into the rock types present were undertaken to gain
an appreciation of the processes taking place on the bench and in the waste rock dumps,
which could then be applied to the tailings dam materials (see chapter 3).
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Chapter 2 Field Investigations
Rock Sampling

Samples of each rock type were selected from the mine site as representative of the types
and degree of weathering present. Investigation of these rocks provides detailed dissection
of the mineralogy of the mine, the processes taking place, and their products. A review of
observations and analysis is given in Chapter 3, section 3A, with detailed investigations
recorded in Appendix C1.

Drillhol i

A network of groundwater and unsaturated zone gas sampling wells was installed in the
tailings dam at the Brukunga mine by Australian Nuclear Science and Technology
Organisation (ANSTO) in April 1994 as part of the rehabilitation program currently taking
place. The unsaturated zone was drilled using a rotary auger rig and a percussion rig was
used for below groundwater levels. During the drilling program, there was an opportunity
to collect samples representative of each metre of each of the seven drill holes.

Undertaking this field investigation through preliminary sampling of the tailings dam
allowed determination of the nature of the deposit, understanding of the depth and
distribution of the water table in the dam and determination of the hydrology using an EM
survey. An overall understanding of the tailings dam properties, then allowed appraisal for
the position of a detailed core sampling site. Once the position was determined, samples
were taken at 8cm intervals by hand auger in the vadose zone, and where possible in areas
of special interest as intact cores inside stainless steel tubes. Intact cores in either stainless
steel or PVC tubes were collected below the water table (see Appendix E for method). ‘
Results obtained through laboratory analysis of these samples is available in Chapter 3,
section3B, with detailed observations accessible in Appendix C2.

I blo n R lh 3 SI lo

Preliminary samples of tailings were obtained from every 1m depth of the tailings, at 7
different locations. The positioning of drill holes can be seen in Fig 2.1. Texture, colour,
pH (in water and CaCl,) and/@lectﬁcal@onductivity (EC) were determined for each
sample. Full details of the measurements are listed in Table 2B.1 of Appendix B. A
material classification scheme was developed for the samples of tailings using the PATN
software package see Appendix E for methods (Hollingsworth and Agnew, 1994).

Three groups of samples were identified by the first run of the classification (Table 2B.2 in
Appendix B). Groups 1 & 2 together‘ had only 10 members while group 3 comprised the
remaining 122 samples. The important attributes for delineating groups are described in the
box and whisker plots in Table 2B.3 Appendix B. They are as follows: Group 1 samples
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Chapter 2 Field Investigations

have high chroma (brown colour) and very low pH. The properties of this group arise from
the oxidation of sulfidic tailings. Group 2 samples have neutral pH. These were sampled
from the pre-existing land surface beneath the tailings dam and are samples of soil or
bedrock which underlie the tailings. Group 3 comprises the majority of the samples.
Generally these samples have low chroma (grey colour) and low to very low pH.

Group 3 samples were selected from the data set for further subdivision. Three further
groups were produced (Table 2B.4 in Appendix B). From the box and whisker plots
(Table 2B.5 in Appendix B) there is a clear distinction between subgroups on the basis of
EC and pH values, with EC decreasing and pH increasing in going from subgroup 1 to
subgroup 3. Subgroup 2 is coarser (sandy) than subgroup 3 (fine sandy-silt),while
members of subgroup 2 tend to be deeper than other groups. A summary of these statistics
is shown in Table 2B.6 in Appendix B.

The possibility of extended stratigraphic relations occurring within the dam was examined
by preparing cross-sections along lines between drill holes. Cross-sections along holes 5, 7,
3 and 6 and again, at right angles to this, along holes 1, 5 and 4 are drawn in Figure 2.2a &
b, with respect to sample classification and texture. The position of the water table is also
shown as WT.

Correlations between holes were difficult to establish. The tailings exhibit a wide range of
grain size variations, reflecting the different rates of deposition. Furthermore the slurry was
discharged via spigotting points which were periodically moved.

The tailings deposits reflect two distinct depositional environments: a subaerial beach that
extended outwards from the spigots, and a lacustrine zone that occurred where ponded
water was present in the impoundment. A schematic view of the types of deposits in the
tailings dam can be seen in Fig 2.3 (Jambor and Blowes, 1994).

During infilling of the tailings impoundment, the site of discharge points changed many
times with the result that the relative position of the beach and pond also changed. Thus, at
any one location there is likely to be substantial sedimentary heterogeneity observed in the
profiles, as is demonstrably the case from the drillhole sections.

Two distinctly different sedimentary phases can be observed within the drillholes. Because
of the fine grain size material of the slurry and the stabilisation problems this material had,
the finest tailings were deposited in the centre of the dam (Bradshaw 1994). This was
achieved by moving the spigots around the entire periphery of the dam allowing coarse
material to build up at the edges to stabilize the system. Evidence of this comes from the
predominantly fine material at the base of hole 3. As the mining operations continued and
the stability of the dam wall was increased, a second depositional set up was undertaken.
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Chapter 2 Field Investigations
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Chapter 2 Field Investigations

In this stage, a single pipe was extended out into the centre of the tailings dam and was
broken at different lengths depending on the build up of material (Grindley 1994).
Evidence of this stage comes from hole 3 where the fine material at the base terminates
abruptly and is followed by a section of loamy fine sand and medium sand.

Correlations between drilthole profiles is difficult as distances between holes were in excess
of 200m in some cases. Additionally the samples obtained were on average over Im
intervals with much of the fine sedimentary layering being obliterated. These fine layers
were observed during detailed analyses of a core sampled profile (see chapter 3).

EC profiles measured in the tailings can be attributed to different types and quantities of
salts that have precipitated at various levels. pH measurements reflect only minor changes
in the tailings between pH 3-5, indicating that acid is generating in the vadose zone and
Jeaching into the groundwater below. Generally the pH decreases with depth, as a result of
concentration of the acid down the profile, and exhaustion of sulfide quantities and thus
completion of acid formation at the surface.

Electromagnetic Survey

The results of the examinations of drilthole sample were combined with geophysical
investigations to further understand the physical and geochemical nature of the tailings
dam. During April 1994, a vertical EM sufvey was undertaken by Williams and Pannewig
in the Brukunga tailings dam, using the methods discussed in Appendix E. Results of this
survey can be seen in Fig 2.4. The objective of this was to determine whether a shallow
sounding electromagnetic induction (EM) survey would be useful in:

a) detecting soluble salts resulting from the oxidation of sulfide tailings material, and

b) determining preferred flow paths (if any) within the tailings dam.

From the survey, apparent electrical conductivity (ECa) values ranged from 6 to 168 mS/m.
The lowest values were associated with the rock outcrop in the S-E corner of the survey
area whilst the highest occurred in the NE. In the west, ECa values were generally
<30mS/m but there is some indication that plumes of higher conductivity material are
fingering their way to the west.

High ECa values can be attributed to soluble salts which have formed in response to sulfide
oxidation. In the presence of water the release of SO,%, H* and Fe?* and other metallic

cations would occur, producing an electrically conductive material. Thus high ECa values
are associated with soluble salts present in shallow groundwater.

Williams and Pannewig (1994), suggested that variations in ECa be attributed to differences
in the clay and rock capping thickness or clay content of the capping. However little or no
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Fig 2.4 Results of EM survey, with hole EC information and WT depth 160mS/m
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Chapter 2 Field Investigations

soil was used in the waste rock sewage sludge capping, and the cover that is present, is
seldom thicker than 1m. Williams and Pannewig, (1994) also suggested that water table
variations could be partly responsible for the data. However, they explained that it would
be unusual for the groundwater body to have a cross section of this shape in a relatively
uniform material unless some physical barrier existed within the profile.

The EM survey results combined with EC data collected from the 7 holes drilled during
April 1994 may explain the results obtained. The effective depth of penetration of the
signal from the EM31 instrument used by Williams and Pannewig in the survey in the
vertical position, is generally taken to be about Sm (Williams and Pannewig 1994). The
average EC values observed over the top 6m depth in the drillhole samples are shown in
Fig 2.4 and are summarised below.

HOLE Ave 6m EC (mS/m) Approx ECa (mS/m) Water Table
Depth (m)

1 0.78 <30 11

2 0.50 50 3.1

3 0.72 55 3

4 1.10 <30 12

5 0.84 <30 12

6 1.70 125 0.6

7 0.24 <30 10

Apart from holes 6, 2 and 3 there seems little correlation between EC values and ECa
values. At these sites the water table is between 0.8-3.1m depth, and thus is shallow
enough to act as a conductor. Hole 6, has the highest EC and ECa recordings.

Holes 4, 5 and 1 show little correlation between EC and ECa. These drillholes have
samples with some of the highest EC values and yet the lowest ECa results were obtained
from these locations. The water table at these locations varies in depth from 11-12m.

The results obtained from the EM survey suggest a stronger cotrelation of ECa with water
table depth rather than material EC. Preliminary studies of the dam indicated that the dam
is far from homogeneous, and the water table in the area changes dramatically as a result of
the heterogeneous nature of the material. It appears that the fine grained impervious nature
of the tailings deposits that allows the water table to remain at shallow depths in some
places, for example in the north east of the dam, while the coarse material to the west is
quite pervious and allows through flow of water easily, thus lowering the water table. This
EM survey also indicated the presence of fingers of deeper, higher conductive groundwater
in the western part of the dam (Williams and Pannewig 1994).
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- Chapter 2 Field Investigations.

The overview of the tailings dam assisted in the selection of a representative sample
location required for detailed mineralogical identification and testing in the laboratory. A
location adjacent to Hole 4 was decided upon for further sampling. This hole exhibited
samples from four of the five groups over the shallowest depth.
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Section 3A - Waste rocks Investigations

Investigations of the rock samples allowed observations of the main ore and gangue
minerals present in the mine and the subsequent degradation reactions occurring in
response to AMD and the natural action of weathering. Examinations into the acid
production and neutralisation potentials of the individual rocks give an indication of their

potential environmental impact.

Laboratory analysis of waste and mine rock samples (for which the methods are detailed in
Appendix E) are summarised in Table 3.1, with corresponding acid potential and acid
consumption of each rock type and the overall Net Neutralisation Potential (NNP) ranking
of each sample.

Table 3.1 Net Neutralising Potential of Rock Samples

Rock No. S% APP AC NNP Ranking
1 7.9 241.7 8.7 -233 4
2 0.7 22,0 54 -17 11
3 2.8 85.7 6.3 =79 9
4 0.2 4.9 4.3 -1 12
5 24.5 ' 749.7 1.7 -748 1
6 8.1 2479 3.5 =244 3
7 36 110.2 2.3 -108 8
8 6.7 205.0 0 -205 6
9 5.6 171.4 0 ~171 7
10 7.1 217.3 1.5 -216 5
11 15.1 462.1 1.4 461 2
12 2.6 79.6 2.1 =77 10

AP.P: Acid Producing potential kg H,SO, per tonne

$%: Total percent sulfur

A.C: Acid Consumption/Neutralisation kg H,SO, per tonne

N.N.P: Net Neutralising Potential (NNP = AC - APP)

Large values of APP indicates the rock type has a large potential to produce acid during interactions of
oxygen and water with the sulfides present. Larger values of AC indicates the rock type has a larger
potential for neutralising the acid formed during the oxidation of the sulfides. Neutralisation takes place
through the alteration of minerals calcite and clinochlore and, less rapidly, with muscovite and biotite.
The least negative result indicates that the sample has the greatest potential for neutralising the acid formed
during oxidation of the sulfides. The lowest net neutralising potential is expressed as the most negative
result, where the acid formation greatly outweighs the rocks neutralising capacity.

Tt should be noted that the ranking based on NNP, is the same as that obtained purely through total %S
analysis. This indicates that the neutralising capacity of these rocks is low and has minimal effect on the
overall outcome.
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Section 3A - Waste rocks Investigations

Characterisation of the rock samples into the most acid producing (least neutralising
potential) to least acid producing (most neutralising potential) provides a basis for
description of the acid producing and neutralising minerals present and their overall
significance. Table 3.2 shows a summary of the rock samples present and their subsequent
classification based on net neutralising potential.

The Net Neutralising Potential of the Brukunga waste rock samples ranges from

(-750) to (-1) with an average of approximately 200 kg H,SO, per tonne. Compared to
values measured in mine sites around the world with AMD, for example waste rock from
Currough and Heath Steel, Canada (Lawrence ef al, 1989), it is comparatively high.

The H* generated by sulfide oxidation (see Table 3.3) in this mine dump is consumed by a
series of mineral dissolution reactions. Acid neutralising processes are fundamental in
controlling the environmental effects of wastes. In waste rock dumps and tailings dams
alike, the balance between H+ generating sulfide oxidation reactions and H* consuming
mineral dissolution reactions controls the pH at the location of sulfide oxidation and at
locations down gradient along the groundwater and surface water flow path. Buffering
reactions that control the pH near the location of sulfide oxidation affect the rate of sulfide
oxidation and the release of dissolved constituents into the groundwater. Investigations of
each rock type were undertaken to identify their potential effects on the environment. It
should be noted that neutralisation of AMD by mineral silicates is a relatively slow process
and would not be captured in the assessment of acid consumption by the B.C Research
Initial test. Thus the observed degradation of feldspars and micas noted in the samples has
occurred in response to acid neutralisation over a long interval of time, and may represent
pre-mining alteration.

Table 3.3 Sulfide Oxidation and Subsequent Precipitation Equations

pyrite oxidation

FeS, + 7120, + H,0 == Fe?* + 280 % + 2H* 3.1
precipitation reaction

FeS, + 15/40, + 7/2 H,0 === Fe(OH), + 250> + 4H* (3.2)
pyrrhotite oxidation

Fe(1-x)S + (2-x/2)0, + xH,0 === (1-x)Fe?* + SO 2 + 2xH* (3.3)
chalcopyrite oxidation

CuFeS, + 40, === Fe?* + 280, + Cu?* 34)
precipitation reaction

CuFeS, + 17/40, + H,0 ===Fe(OH), + Cu?* +280,% + 2H* (3.5)
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Section 3A - Waste rocks Investigations

Table 3.3 Cont Sulfide Oxidation and Subsequent Precipitation Equations

sphalerite oxidation
ZnS + O, ===Zn?* + SO* (3.6)
where the Zn2* cannot oxidise and ZnO, will only precipitate if it reaches an alkaline

environment.

galena oxidation

PbS + O, === Pb?* +S0O* 3.7
precipitation reaction

PbS + 5/20, H,0 ===Pb0O, + SO, + 2H* (33

Note: in the case of equations 3.1, 3.2 and 3.3, precipitation of jarosite rather than ferrihydrite will occur if
there is enough SO already present, and this also releases almost as much Hr.

The minerals present in the rock samples were investigated by hand specimen observations,
optical microscopy, SEM, XRD and XRF. Table 3.4 gives a summary of the XRF data
obtained, while XRD results are summarised in Table 3.5. The minerals can be divided into
primary and secondary constituents, with the primary minerals including ore and gangue
components. Some of the minerals classified here as 'secondary' could have been formed
from natural weathering processes due to acid conditions prior to mining. A list of these

minerals is given Table 3.6.

Pri ineral S i ineral
Ore Gangue
pyrite FeS, anorthite CaAl,Si,Oq jarosite KFe;(S04),(OH),
pyrrhotite Fe(1-x)S  albite NaAl Si;04 alunite KA1,(SO,),(OH),
sphalerite ZnS muscovite KAl Si;0,, (OH), kaolinite Al,Si,O;(OH),
chalcopyrite CuFeS, quartz SiO, halloysite Al,Si,0,,(OH);.8H,0
marcasite FeS, rutile TiO, sulfur Se
galena PbS zircon ZrTiO, hematite Fe,O,
pyrophyllite Al,Sig0,,(OH), rozenite FeSO,.4H,0
clinochlore kalinite KAI(SO,),.11H,0
calcite CaCO, halotrichite FeAl,(S0,),.22H,0

tremolite Ca,Mg,Si;0,,(OH),gypsum CaSO,
anatase TiO,

apatite Ca;(PO,),(OH,F,Cl)

biotite K(Mg,Fe),(Si;Al)0,,(OH,F),
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Table 3.2 ROCK SAMPLE OVERVIEW

Rock Type Rock No.

Group A : Very Low Net Neutralising Potential
Highly weathered pyritic gneiss 5
Highly weathered metasediment 11

Group B : Low Net Neutralising Potential

Highly weathered coarse pyritic gneiss 6
Massive pyritic quartzite 1
Fine grain pyrite-muscovite gneiss 10
Moderately weathered pyrite-muscovite gneiss 8

Group C : Moderate Net Neutralising Potential
Highly weathered pyritic gneiss 9

Highly weathered fine grained pyritic metasediment 7
Micaceous schist 3
Highly crystalline, highly weathered metasediment 12

Group D : Highest Net Neutralising Potential
Tremolite rich metasediment 2

Highly weathered schist, originally pyritic 4

(NNP units = kg CaCO3 equiv per tonne

Table 3.4 XRF DATA FOR ROCK SAMPLES

Rock Type Rock No,
Group A : V, Low Net Neutralising Potential

Highly weathered pyritic gneiss 5
Highly weathered metasediment 11

Group B : Low Net Neutralising Potential
Highly weathered coarse pyritic gneiss 6
Massive pyritic quartzite 1
Fine grain pyrite-muscovite gneiss 10
Moderately weathered pyrite-muscovite gneiss 8

Group C : Mod Net Neutralising Potential

Highly weathered pyritic gneiss 9

Highly weathered fine grained pyritic metasediment 7

Micaceous schist 3

Highly crystalline, highly weathered metasediment 12
Group D : Highest Net Neutralising Potential

Tremolite rich metasediment 2
Highly weathered schist, originaily pyritic 4
Rock No,

Group A 5

11

Group B 6

1

10

8

Group C 9

7

3

12

Group D 2

4

748

461

-244
233
216

-205

-171

-180

383
43.6

55.8

54.3

57.1
66

71.6
60.7
574
68.7

52.2

0.178
1.43
1.57
321
1.87
0.88

0.333

0.291
2.05
1.92
9.68
0.61

Page 24

Degree of Comments
weathering
high very large sulfide content
strongest acid producer
high large sulfide content
sulfur produced on surface
high pyrite degradation forming
hexagaonal voids
mod solid, impervious
slow weathering
low-mod impervious
surface weathering only
mod majority fine grained pyrite
increased secondary minerals
high highly reactive, rapid secondary
mineral formation
high well developed weathering profile
formation of surface "skin"
mod  low sulfide content, degradation
to the elongate pyrite grains
high low sulfide content
iron oxyhydroxide straining
low unreactive, very low sulfide
content , impervious
high no longer acid producing, sulfide
degraded totally
Ti02 ARO3 Fe203 MnO
0.52 10.37 2926  0.012
0.5 10.91 21.51 0.049
0.59 14.53 1122 0.045
0.61 1335 1435 0.151
0.63 15.6 8.77 0.047
0.73 11.81 823 0.008
0.8 7.17 7.49 0.01
0.68 11.96 1391  0.013
0.67 17.34 8.12 0.585
0.74 16.04 2.52  0.008
1.48 14.58 975 0284
081 1674 6.04 0.032
Na20 K20 P205 SO3
0.33 1.7 0.018 1192
12 3.02 0.046 2149
1.7 3.38 0.059 14.22
2.1 2.02 0.192 3.94
1.9 3.27 0.096 8.2
1.6 3.26 0.072 9.98
0.45 21 0.044 1087
0.46 249 0.041 5.98
2 3.65 0.141 4.91
3 3.65 0.051 4.59
1.7 1.28 0.183 1.7
1 2 0.06 0475

0.25
1.56

1.74
2.48
247
0.41

0.27
0.17
2.93
0.36

6.6
1.22

0.015
0.014
0.013
0.019
0.015
0.022
0.02

0.019
0.017
0.016
0.014
0.022



Table 3.5 SUMMARY OF XRD RESULTS FOR ROCK SAMPLES
Rock Tvpe quariz | musco- | feldspar| pyrite | pyrrho- | clino-
-vite -tite | -chlore
Group A : V. Low Net Neutralising Potential
Highly weathered pyritic gneiss 5 X X X X
Highly weathered metasediment 11 X X X X X
Group B : Low Neét Neutralising Potential
Highly weathered coarse pyritic gneiss 6 X X X X
Massive pyritic quartzite 1 X X X X X X
Fine grain pyrite-muscovite gneiss 10 X X X X
Moderately weathered pyrite-muscovite gneiss 3 X X X X
Group C : Mod Net Neutralising Potential
Highly weathered pyritic gneiss 9 X X X X
Highly weathered fine grained pyritic metasediment) 7 X X X X
Micaceous schist 3 X X X X
| Highly crystalline, highly weathered metasediment| 12 X X X X
Group D : Highest Net Neutralising Potential
Tremolite rich metasediment 2 X X X X X
Highly weathered schist, originally pyritic 4 X X X
Rock No,| calcite | jarosite | rutile |tremolite/marcasite] sphal -
-grite
Group A 5 X
11 X X
Group B 6 X
1 X X X
10 X X X
8 X
Group C 9 X X
7 X
3 X X
12 X X
Group D 2 X X X X
4 X
Rock Type ock No,| anatase | gypsum | pyro {kaolinite| rectorite | hematite
-phyllite
Group A : V. Low Net Neutralising Potential
Highly weathered pyritic gneiss 5 X
Highly weathered metasediment 11
Group B : Low Net Neutralising Potential
Highly weathered coarse pyritic gneiss 6 X
Massive pyritic quartzite 1 X
Fine grain pyrite-muscovite gneiss 10
Moderately weathered pyrite-muscovite gneiss 8
Group C : Mod Net Neutralising Potential
Highly weathered pyritic gneiss 9 X X X
IHighly weathered fine grained pyritic metasediment] 7 X
Micaceous schist 3 X X
| Highly crystalline, highly weathered metasediment| 12
Group D : Highest Net Neutralising Potential
Tremolite rich metasediment 2 X
Highly weathered schist, originally pyritic 4 X X X X
rozenite | halloy - | sulfur | alunite |halotrich-| kalinite
- site -ite
Group A 5
11 X X
Group B ? X X X
10
8
Group C 9 X X
7
3
12
Group D 2
4 X

Page 25




Section 3A - Waste rocks Investigations

Revi f SEM/EDX an ical Micr for mi n r

During weathering of the waste rocks, oxidation of the sulfides produces acid. The sulfides
become degraded in different ways depending on their physical attributes. Observations of
minor features of the degrading sulfides have been made using the scanning electron
microscope with the associated microanalyser (SEM/EDX), and thin section optical
microscopy. The EDX spectra that accompany SEM and thin section photographs are
referred to as subscripts of the main photographs (eg SEM photograph is referred to as Fig
3.11 and accompanying EDX spectra is Fig 3.11a). A complete summary of the EDX
spectra may be found in Appendix C1.

The largest quantity of sulfur, predominantly as sulfide, occurs in rock 5, a highl

‘weathered pyritic schist. Under the SEM/EDX, the pyrite crystals present showed
conchoidal fracturing which produced subhedral forms in varying states of degradation.
Crystals ranged from only slightly weathered to moderately weathered, in which dissolution
produced depressions (Fig 3.1).

Dissolution of crystals also occurred in Rock 6, a highl

Here, high resolution observations of crystals showed strongly pitted surfaces with
hexagonal shaped voids (Fig 3.2). The voids may represent the removal of less resistant
iron sulfide, (eg. pyrrhotite) from these sites. In some places small spherical jarosite
accumulations are observable.

Similarly in Rock 1, a massive pyritic quartzite, individual pyrite faces could be seen to be
decaying along planes of low resistance to prevailing weathering conditions (oxygen and
water access). This weathering has resulted in a finger-like structure with the more
resistant material existing long after the weaker sections have been removed (Fig3.3 &
3.4).

The main weathering product of Rock 5, a highly weathered pyritic schist, appears to be
kaolinite (Al, Si,0,,(OH)s). SEM/EDX also identified halloysite (Al,Si,O,,(OH)g.8H,0) a

hydrated form of kaolinite, on both the pyrite and other minerals (Fig 3.5 & 3.5a).
Kaolinite can be formed principally via the weathering of feldspars, feldspathoids and other

silicates, eg muscovite and pyrophyllite, possibly as:
2NaAl Si;Q, + H* + 92H,0 === 112A1,51,05(OH), + Na* + 2Si(OH), 3.9)

albite kaolinite
CaALSi,0, + 2H* + H,0 === Ca?* + ALSi,05(0H), (3.10)
anorthite kaolinite
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Section 3A - Waste rocks Investigations

KAISi,0, + H* +9/2H,0 === K+ + 2H,Si0, + 1/2AL,S1,05(OH), (3.11)
k-feldspar kaolinite

Al,S1;0,,(OH), + 10H,0 === 2AL,Si,04(OH), + 4Si(OH), (3.12)
pyrophyllite kaolinite

Kaolinite can be formed under normal weathering conditions. However, the system is
probably accelerated due to the presence of H* ions. The H* ions are supplied through the
oxidation of FeS,. Halloysite forming in response to feldspar, mica and pyrophyllite
weathering can be observed in Fig 3.6 where it coats the particles. The main alteration
products observed in thin section occur in the fine matrix of the rock, particularly along
contact boundaries with pyrite crystals (Fig 3.7 (frame width 0.5mm), 3.7a, 3.7b & 3.7¢).
The altered pyrite crystals and gangue minerals show orange staining which can be
attributed to the presence of iron oxides. In locations where muscovite is in direct contact
with the pyrite crystal, reaction rims are present, in which muscovite is altering to kaolinite
(Fig 3.8 (frame width 0.5mm)).

A different weathering path is shown in Rock 11, highly weathered metasediment, has only
oxidised as far as elemental sulfur which formed amorphous agglomerations (Fig 3.9,3.9a

& 3.10). The possible reaction is:

FeS, + O, + 4H*

2Fe?* + 4S° + 2H,0 (3.13)

pyrite sulfur

In thin section, sulfur formation is clearly associated with the degradation of pyrite, and the
sulfur occupies the voids left where pyrite crystals once existed, along with minor jarosite
(Fig 3.11 (frame width 0.5mm) & 3.11a). Nordstrom (1982) explains the formation as a
loss of ferrous ions from lattice sites of pyrite, leaching an unstable sulfur-rich surface
which eventually disrupts and reorganises into elemental sulfur. Because sulfur is so readily
utilized by bacteria, it is unusual to find it in elemental form.

Both jarosite (KFe,(S04),(OH),) and alunite (KAly(SO,),(OH),) are present in this rock.
Jarosite occurs mainly as a coating to all minerals present except sulfur (Fig 3.12). Initially
pyrite is oxidised sending Fe2* into solution (eq 3.1) which is itself subsequently oxidised by
oxygen to produce Fe3*. T. ferrioxidans are iron-oxidizing bacteria which act as catalysts
in this reaction. They are reported to speed up the reaction by approximately one million
times (Stumm and Singer 1970). The role of bacteria is discussed in detail in Appendix D.

4Fe? + 0, + 4H+ Limioxidus 4Fe3+ + 2H,0 (3.14)
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Section 3A - Waste rocks Investigations

Jarosite may then be precipitated out of solution

K+ + 3Fe? + 280, + 6H,0 === KFe,(SO,),(OH); + 6H* (3.15)

Jarosite

where K+ is present in solution due, for example to the weathering of muscovite

2KALSi,0,, (OH), + 3H,0 + 2H* === 3ALSi,05(0H), + 2K* (3.16)

muscovite kaolinite

Alunite precipitates through a similar process, where A+ is derived from the
decomposition of aluminosilicate minerals.

K+ + 3AB* + 280, + 6H,0 === KAl,(SO,),(OH), + 6H* (3.17)

alunite

In sample Rock 6, a highl hered coar ritic gneiss, hematite (Fe,O,) has formed

instead of jarosite, presumably because sulfate concentrations were decreased by leaching.
Fe3+ + 3H,0 === Fe(OH), + 3H* (3.18)
2Fe(OH), dehviration Fe,0, +3H,0 (3.19)

During a period when the rock was water saturated and then allowed to dry out, pale

yellow fibrous crystals developed. XRD analysis indicated these were a mixture of kalinite
(KAI(SO,),.11H,0) a fibrous type of K-Al alum, halloysite and halotrichite
(FeAl(SO,),.22H,0) and gypsum. The fact that these minerals are not observed on this

rock in the field may be due to its exposed positioning, from which these soluble minerals
are readily leached.

Coatings of rozenite and jarosite have formed on the surface of Rock &, a moderately

weathered pyrite-muscovite gneiss. Additionally, minor sulfur was observed developing in
depressions. The jarosite exists as pale yellow rhombohedrals and has precipitated from

solution (eq 3.15). Rozenite, identified through XRD, appears as a white powder, also
precipitates from solution as the rock dries out.

Fe?* + 4H,0 + SO,2 === FeS0,.4H,0 (3.20)

rozenite

A highly acidic environment is indicated in Rock 9, a highly weathered pyritic gneiss.
Within this sample minerals have been totally degraded to skeleton remains, and secondary

Page 28



Section 3A - Waste rocks Investigations

minerals have developed unusual forms in response to rapid precipitation from solution.
Many different secondary mineral phases were observed, (Fig 3.13 & 3.14) including
fibrous halotrichite (Fig 3.15, 3.15a & 3.16), stringers of opal A (Fig 3.17 & 3.18) and
barytes (BaSO,). A platy-fibrous material was also observed and subsequently shown by
EDX analysis to be an iron sulfate, most probably rozenite, as this mineral was identified by
XRD (Fig 3.19 & 3.19a). Elemental sulfur and hematite were also identified. The fibrous
nature of rozenite and halotrichite suggest that they precipitated quickly from solution,
halotrichite forms in a similar manner to rozenite (eq 3.20) as:

Fe?* + 2A13* + 480, + 22H,0 === FeAl,(SO,),.22H,0 (3.21)

halotrichite

The occurrence of opal A as stringers (Fig 3.17 & 3.18) suggests it developed as a residue
after the dissolution of a pre-existing mineral phase. Evidence of this comes from opal
observed in the shape of mica (Fig 3.20), where all other constituents of the mica have been
leached out leaving only the framework of silica. Additional opal A was observed with
little or no structure. This may have formed though direct precipitation from a silica-rich
solution.

Within Rock 7, a highly weathered fine grained pyritic metasediment, a well developed
weathering skin exists. At the surface, the secondary products jarosite and goethite are

abundant, while pyrite and albite are non-existent. Approximately 1cm below the surface
pyrite crystals are apparent. They are very fine grained, and all crystals detected showed
pitting to some extent. Within 3mm of the surface, albite can be observed. Boxwork
structures are observed where pyrite has been degraded.

Thin section studies showed kaolinite in reaction rims between neighbouring muscovite and
pyrite (Fig 3.21 (frame width 0.5mm)), and generally distributed throughout the rock
matrix as a coating to quartz and muscovite alike. Hematite is also a minor weathering
product of this rock forming red spheres and minor staining along regions where pyrite has
been totally degraded (Fig 3.22 (frame width 0.5mm) & 3.22a).

Rock 3, micaceous schist, again clearly demonstrates the degradation of gangue minerals as
a whole and the development of widespread secondary minerals, in this case goethite,
throughout the matrix. Fig 3.23 (frame width 0.5mm) shows the alteration of muscovite
along cleavages and grain boundaries, leaving them stained with goethite.

The fine texture of the tremolite-rich metasediment (Rock 2) has resulted in a low level of

sulfide degradation and thus decreased secondary mineral formation. Optical microscopy
showed pyrite present in small quantities and that weathering is restricted to the surface or
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along fractures within the rock. The main products of weathering are jarosite and iron oxy-
hydroxides that form a conspicuous coating along fractures and on the rock surface.

An originally pyritic highly weathered schist (Rock 4) exhibited the most advanced state of

weathering observed within this suite of rock samples. The sulfur concentration measured
in this rock is 0.7% (Table 3.1) but no sulfides were observed microscopically, and the S
probably represents minor amounts of sulfate. In thin section there are extensive red-
orange stains associated with voids where pyrite formerly existed (Fig 3.24 (frame width
0.5mm)). SEM/EDX investigations identified the stains as iron oxyhydroxides, including
localised hematite spheres and minor jarosite (which could account for the sulfur). This
iron staining was usually confined to fractures in mica which have been zones where
dissolved iron moved through the rock. Leaching would also account for the absence of
any major amounts of sulfates and other weathering products.

Potential Envi al I I

The rock types described were selected as representative of the range of materials in the
waste rock dump and mine bench from which AMD could develop through sulfide (pyrite)
degradation. Each rock type because of its particular composition and structure, represents
a different potential impact on the local environment of the mine site and possibly the wider
environment, depending on its abundance. Examples of this follow:

Rock 5 - highly weathered pyritic schist
If the highly weathered pyritic schist (rock 5) was a major component of the mine and

waste rock dumps, then this rock would have a major detrimental effect on the surrounding
environment. It is the sheer quantity of pyrite present within this specimen that produces
the highest ranking AMD potential (NNP = -748, Table 3.1). The muscovite present has
some neutralising capacity (Jambor and Blowes, 1994), but this is insignificant compared to
the quantity of sulfide available. Thus leaching of this rock would cause large quantities of
acid and metallic elements to enter the water system.

Rock 11 - highly weathered metasediment

Rock 11 would similarly effect the environment due to the large quantity of pyrite present.

Additional acidity would result from the chalcopyrite and sulfur also present. The reactions
of chalcopyrite (FeCus$,) were previously given in equations 3.4 and 3.5. Subsequent

oxidation of sulfur again creates more acidity.

280 + 30, + 2H,0 == 280, + 4H* (3.22)

sulfur
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Jarosite present in the rocks produces acidity during the initial flush of AMD (eq 3.15), but

it can play a further role after most of the pyrite has oxidised. If the system is then leached
with rain so that soluble SO, is removed, it changes slowly to Fe(OH), and releases more

acid

KFe,(SO,),(OH), + 3H,0 == 3Fe(OH), + K+ + 2502 + 3H (3.23)

jarosite

On the other hand, if there is any residual acid about (perhaps retained on the mineral

surfaces), then it could have a neutralising effect by reaction of H* with its hydroxyl groups

Qambor and Blowes, 1994). However, this effect might only be temporary, since Fe3*
<P0qgﬂﬁinto solution could later be reprecipitated as Fe(OH), and again add acid. Thus the

effect of jarosite on the system is finely balanced to external conditions.

The combination of the fine grained nature of this sample; the sulfur and sulfides present,
and the lack of major neutralising minerals means that this rock type still has a large
potential for producing an environmental hazard to surrounding terrain.

Rock 6 - highly weathered coarse pyritic gneiss
Due to the relatively moderate amount of pyrite present, the NNP of Rock 6 was -244,

This is quite substantial compared to many samples. The potential neutralising minerals
present are muscovite (eq 3.16) and biotite which reacts according to:

K(Mg,Fe),(Si,Al)0,,(OH,F), + 4AP+ + 3H,0 + 2Hr
biotite
—— 3AL,Si,0,(OH), + 2K+ + 3Fe?* + 3Mg?* (3.24)

kaolinite

The micas are obviously reacting to some extent, as shown by their degraded nature (Fig
3.25). Cleavages are spreading with alteration minerals precipitating between layers.

Rock 1 - massive pyritic quartzite
The potential effect of rock 1 on the environment is distinctly different because of the

presence of the neutralising minerals, calcite and clinochlore. Calcite is highly neutralising,
but it would have no significant effect here due to the small quantity present:

2H* + CaCO, == Ca?* + H,CO, (3.25)
calcite

The specimen also contains 5-10% clinochlore. This aluminosilicate has a strong
neutralising capacity because of its brucite-like (MgAl);(OH),,) interlayers, and the

dissolution of this mineral would have a significant effect on the AMD potential (Fordham,
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1994). The products of weathering must have leached out of the system as only minor
kaolinite was observed and Mg and Al weathering products were absent.

During SEM/EDX investigations, the clinochlore within this specimen did not appear to be
weathering differently from the muscovite present. Muscovite alteration was clearly
evident in thin section, and biotite was also seen to degrade into a K leached end member
aluminosilicate (Fig 3.26 (frame width 0.5mm) 3.26a & 3.26b). However the combination
of all three minerals proves to be ineffective during the short term, as shown by the NNP
of -233.

Rock 7 - highly weathered fine grained pyritic metasediment

The NNP of rock 7 was comparatively low (-108) compared to the other rocks
investigated. This can be attributed largely to the low total sulfur content 3.6%. The
neutralising capacity of the muscovite would have some effect.

Rock 2 -tremolite-rich metasediment

This rock had the second least negative NNP (-17) of all the rocks observed due to the low
quantity of sulfides present. Some of the AMD produced would be neutralised through the
dissolution of biotite (eq 3.24), calcite (eq 3.25) and clinochlore. However, as explained
before, the fine grained impervious nature of this rock prevents much reaction taking place.
Thus the effect on the environment is low, as a consequence of the physical and chemical
properties of the rock.

Rock 4 - highly weathered schist- originally pyritic

Rock 4, had the least negative NNP (-1) of all the samples investigated, because of the very
low total $%. Thin section analysis showed extensive iron staining associated with pyritic
voids. This sample, originally pyritic, no longer has the potential to have any major effect
on the surrounding environment. Additionally the micas present would reduce any further
AMD produced. It should be noted that unweathered counterpart of this rock type, would
still represent a substantial hazard to the surroundings.

These examples clearly illustrate that the environmental impact is a consequence of factors
such as the physical morphology of the rock, the amount and type of sulfides and
neutralising minerals present, the presence of protective coatings on grains by secondary
minerals, and the location of the rock within the mine dump, ie. in exposed and leached or
in sheltered positions.
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Fig 3.2 Hexagonal voids developed on pyrite
crystal face - rock 6

10HM

Fig 3.3 Alteration of pyrite crystal face - rock 1. Fig 3.4 Close up of alteration along pyrite crystal
face - rock 1
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Fig 3.5 Close up of halloysite on pyrite
crystal - rock 5
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Fig 3.7 Kaolinite reaction rim developed between Fig 3.8 [ron staining and kaolinite developed from
pyrite and muscovite - rock 5. muscovite degradation - rock 5.
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Fig 3.13 Overview of secondary mineral
assemblage - rock 9.
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Fig 3.15 Fibrous halotrichite - rock 9.
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Fig 3.12 Jarosite coating developed on

host - rock 11.
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Fig 3.14 Overview of secondary mineral

assemblage - rock 9.

Fig 3.16 Close up of halotrichite

rock 9.
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Fig 3.17 Opal stringers, residues of
aluminosilicate degradation - rock 9.
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Fig 3.19 Platy fibrous iron sulfate,
probably rozenite - rock 9.
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Fig 3.21 Reaction rims of kaolinite developed
between pyrite and muscovite - rock 7.
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Fig 3.23“Highly altered pyrite, with rgoethite staining -

along cleavages and boundaries of muscovite - rock 3.
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Fig 8.25 Host rock alteration with slight jarosite
coating - rock 6.
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Fig 3.18 Iose up of oal - tock 9.

Fig 3.20 Remanaent mica structure, formed
only by silica - rock 9.

Fig 3.22 Hematite and kaolinite, surface
residues of alteration - rock 7.

Fig 3.24 Widespread iron staining developed
in leached environment - rock 4.
=, = o o

Fig 3.26 Alteration of biotite to K leached
end member - rock 1.



Labor i ili

Investigations of the tailings were undertaken to discover the nature and extent of sulfide
weathering, along with the nature and extent of non-equilibrium reactions such as silicate
dissolution and replacement. Additionally the presence and identification of both primary
and secondary minerals provided greater insight into the future geochemical evolution of
the tailings. In response to the need to predict the potential for release of acid drainage
from the tailings dam, a series of predictive tests and acid-base accounting procedures were
undertaken. The objectives of the acid generating and neutralising predictive tests were to
assess the potential for the mine waste to generate acid. A summary of the results obtained
is presented in Table 3.7, with a description of the methods used available in Appendix E.
ilings Classificati

\

¢
1

Samples for studies of the tailings were obtained from a site adjacent to hole 4 and based
on observations and laboratory measurements obtained from this study the tailings profile
(hole 8) can be classified into 4 main zones,

A) 0-1.37m
This is a region of strong oxidation, sulfide depletion, precipitation of insoluble
sulfates and depletion of soluble salts. The lower level of this zone is bounded by a series

of cemented layers present over a depth of 40 cm, each layer approximately 0.5-1.1cm
thick .

B) 1.37-approx 12m ‘

Within this zone the degree of oxidation is less due to the lack of oxygen. The
material shows a profile of decreasing oxidation, interrupted by layers of oxidised material
which were produced during breaks in deposition, when the surface was exposed to the
atmosphere. These are considered to be palacosurfaces. This zone may be subdivided into
* 2 regions on the basis of leaching and accumulation of soluble salts.

i) 1.37-approx. 9m

Concentrations of soluble salts-within this region are relatively low, but increase
slowly with depth.
ii) 9- approx. 12m

At this depth in the tailings, high levels of soluble salts occur. Heavy metal salts
have possibly leached from the highly oxidised zone above and precipitated at depth as the
solution became saturated.
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Section 3B - Tailings Investigations

C) 12m - approx 18m

This section of the tailings profile has presumably been permanently below the
water table, which was detected at 12-12.5m depth. Here oxygen is excluded from the
system, the sulfides present are in pristine condition (excluding at palaeosurfaces), and
there are low concentrations of soluble salt presumably due to through-flow of water and
leaching. Sulfate-reducing bacteria (SRB) were detected in the tailings at the top of the
water table (12-12.5m). The lack of SRB below this level within the tailings is probably
due to the fact that bacteria at the ground water surface would be utilizing the leached
sulfate, thus restricting of the quantity available at depth.

D) 18m+

This material represents the soil horizon on the original landscape below the
tailings. Redoximorphic depletion and accumulation zones have developed in response to
the actions of Sulfate Reducing Bacteria (SRB). These are simply regions of iron oxides
and oxyhydroxides concentration or removal. Prior to deposition of the tailings, the soils
would have been oxidised resulting in the development of goethite and ferrihydrite
accumulations identified through XRD as a redoximorphic accumulation zone. During the
subsequent deposition of the tailingé and the prevailing anaerobic conditions, SRB have
become active. The SRB present utilised SO,2- present in the soil, forming sulfides,
additionally the Fe3* from iron oxides and oxyhydroxides are put to use in the formation of
iron sulfides. The utilization of the iron oxides and oxyhydroxides in upper portions of the
redoximorphic accumulation has caused the development of a redoximorphic reduction
zone.

Photos of the tailings cores (hole 8) obtained during sampling can be seen in Fig 3.27.

Based on the XRD and XRF analysis summarised in Tables 3.8 and 3.9, certain gangue
minerals are continuously present in varying degrees throughout the profile. - These include,
quartz, anorthite, albite, clinochlore, vermiculite, phlogopite and muscovite. Tremolite is
also present in some different samples. The variations are due to differences in the type of
ore being processed at the time. Primary sulfides are also present below the highly oxidised
near surface region. The sulfide type gives an indication of the degree of alteration. Within
the top highly oxidised zone, only minor quantities of sulfide exist as pyrite. Directly below
this zone, pyrite increases and pyrrhotite, the most susceptible of common sulfides to
oxidation, is only slightly altered. Other minor sulfides observed at depth include sphalerite
and chalcopyrite.
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Brukunga Core 1 (92-123)

a) depth as marked, zone A

Brukunga Core 3
(6.87-7.12m)

c) depth as marked, zone Bi

112 B3 U4 1S 18 1~ £ 18

Brukunga Core 2 (124-1.61)

b) depth as marked, zone A--Bi

d) depth as marked, zone Bii

Brukunga Core 6

(12.5-13m)

e) depth as marked, zone C

Brukunga Core 13

i) depth as marked, close up of redoximorphic
depletion and accumulation regions, zone D

vi;J 2 % & ¥ & 7 8 ¥ 0 15 12 13 $4 15 18 1~ 38 19 2O

Brukunga Core 13
(17.5-18m)

h) depth as marked, close up of tailings
base, zone C-D

j) close up of redoximorphic accumulation region,
showing iron oxyhydroxides mottles, zone D

Fig 3.27 cores taken from Brukunga tailings dam, and their classified zones.



lgl_ﬂ_e 3.8 SUMMARY OF XRD RESULTS FOR TAILINGS (bele 8)
| Depth (u)] sample quartz | mus. {phlog: | albite | anor: | olino- venuic] pyrite |
-covite| -opite -thite | -chlore] -ulite - tite
0.65.0,70 [ ish yellow medium fine sand X X X X X X
998 orange medium sand layer X X X X X X
0.99 pinkish grey silt region X X X X X X X
1.03 brown silt layer X X X X X X X
1.04 ted Jayer X X X X X X X
1.06 pale yellow silt Jayer X X X X X X
109 ted layer X X X X X X X
1,13 ted layer X X X X X X X
124 ted layer X X X X X X X X
128 light grey-yellow medium sand layer X X X X X X X X
1.29 orange medium sand layer X X X X X X X X
134 cemented orange medium sand layer X X X X X X X X
137 ted boundary layer X X X X X X X X | X
138 light grey vellow layer X X X X X X X X
139 top of dark grey fine-medium sand region X X X X X X X X X
141 base of dark grey fine medium sandregion | X X X X X 1 X X X X X X
144 grey medum sand region X X X X X X X X X
1,445 groy fine sand-silt layer X X X X X X X X X X
145 banded light grey and grey silt layer X X X X X X X X X
148 grey medium sand layer X X X X X X X X X
149 banded light grey and grey silt layer X X X X X X X X X
1.53 top of grey medium sand region X X X X X X X X X
158 base of grey sand region X X X X X X X X X
2.08-2.17 grey loamy medium-fine sand X X X X X X X X
2,48-2.55 yellow-grey loamy medium-fine sand X X X X X X X X
2.76-2.83 olive grey fine sand X X X X X X X X
3.69-3.76 dark grey loamy medium sand X X X X X X X X
4.33-4.41 olive loamy fine sand X X X X X X X
498 dark olive grey medium sand X X X X X X X X X
6.49-6.59 grey to light brown loamy fine sand X X X X X X X X
7.04 grey fine loamy sand X X X X X X X X
7.27-7.34 grey to dark grey loamy fine sand X X X X X X X X X
7.97-8.08 | olive yellow-olive brown loamy fing sand layer] X X X X X X X X
9.68-9.77 dark grey silt X X X X X X X
110.45-10.57 dark olive grey fine sand X X X X X X X X X
10.94 brown silt X X X X X X X X X
111 dark grey medium sand X X X X X X - X X X X
11.65 grey loamy fine sand X X X X X X X X
12,68 very dark grey-brown silt X X X X X X X X X
1289 dark grey loamy fine sand X X X X X X X X
12.15 dark olive grey loamy fine sand X X X X X X X X
17U dark-very dark grey loamy fine sand X X X X X X X X
12.54 dark grey medium sand X [ x I X | x 1 X[ x X | X X
12.77 interbanded grey sand and silt X X X X X X X X X
1425 grey to light grey loamy fine sand X X X X X X X X
17.52 tailings base - grey loamy fine sand X X X X X X
17.73 redoximorphic depletion zone X X X X X X X
17.85 doximorphi lation zone X X X X X X
-hydnl{-site |-apatitd-gite |-lite [-sile jpluminilf-nite |- chroit{-clase |-jte |- mont
0.65-0.70 brownish yellow mediurm fine sand X X X X
098 ofange medium sand layer X X
099 pinkish grey silt region X | X
1.03 brown silt layer X
1,04 ted layer X X
1.06 pale yellow silt layer X X
1.09 ted loyer X | x
113 ted layer X X X
1.4 ted layer X X X
128 light grey-yellow medium sand layer X X
1.29 orange medium sand layer X
134 ted orange medium sand layer X X X
137 ted boundary layer X X
138 light grey vellow layer X
1.39 top of dark grey fin dium sand
141 base of dark grey fine medium sand X
144 grey medium sand region
1445 grey fine sand-silt layer
145 banded light grey and grey silt layer X
148 grey medium sand layer X
149 banded light grey and grey silt layer X
153 top of grey mediurm sand region X X
158 base of grey medium sand region X
2.08-2.17 grey loamy medum-fine sand X
2.48-2.55 yellow-grey loamy medium-fine sand
2.76-2.88 olive grey fine sand X
3.69-1.76 dark grey loamy medium sand X
433441 olive loamy fine sand X
4.9-5 dark ofive grey medium sand
6.49-6.59 gray to light brown loamy fine sand
7.04 grey fine loamy sand
7.27-7.34 grey to dark grey loamy fine sand X
7.978.05] olive yellow-olive brown loamy fine sand X X
9.68-9.77 dark grey silt X X X X
110.45.10.51 dark olive grey fine sand X X
1094 brown silt X X
11,1 dark grey medium sand X
11,65 grey loamy fine sand X X X
1208 very dark grey-brown silt
12.09 dark grey loamy fine sand X
12.15 dark olive grey loamy fine sand X
1221 dark-very dark grey loamy fine sand X X
12.54 dark grey medium sand X X
12,77 interbanded grey sand and silt X
1425 groy to light grey loamy fine sand X X
17.52 tnilings bage - grey loamy fine sand
17713 doximorphio depletion zone X X X
17.85 redoximorphic fation zong X X X
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Table 3.9 XRF RESULTS FOR TAILINGS (hole 8)
Sample Si02 % |A1203 %Fe203 %| MnO % | MgO %| CaO % |Na20 %| K20 %
Cemented Layer 96cm 66,7 15.3 2.23 0.049 2,8 3.02 2.12 2.94
Cemented Layer 109cm 56.7 15.3 9.41 0.049 27 2.06 1.73 3.51
Cemented Layer 114cm 55.2 14.95 7.96 0.066 2.9 3.4 2.05 3.22
127cm (10cm above boundary) 61.6 153 4.25 0.079 3.2 2.75 1.71 3.52
Boundary Cemented Layer 137cm | 57.3 14.97 6.75 0.067 3.4 2.98 1.83 3.03
147cm (10cm below boundary) 60.4 16.9 5.1 0.098 33 2,71 1.77 3.52
Depth 3.69 - 3.76 55.7 15.7 10.91 | 0.078 2.9 1.87 1.3 3.41
Depth 6.87 - 6.91 62.6 17.8 2.27 0.127 34 3.45 2.3 3.53
Depth 9.68 - 9.77 63.4 17.4 2.27 0.112 3.7 3.22 2.5 3.6
Depth 11.09 - 11.11 62.2 15.8 5.42 0.104 3.3 3.15 2 3.32
Sample TiO2 % |P205%| SO3% | Ba | Ce Co Cr Cu
ppm ppm ppm ppm ppm
Cemented Layer 96cm 0.7 0.182 0.72 1451 81 <6 89 60
Cemented Layer 109cm 0.57 0.474 2.68 2906 56 <6 91 32
Cemented Layer 114cm 0.61 0.347 4.68 2868 87 <6 106 31
127cm (10cm above boundary) 0.72 0.165 1.96 3418 139 <6 37 37
Boundary Cemented Layer 137cm | 0.71 0.183 3,66 2853 144 <6 119 51
147cm (10cm below boundary) 0.71 0.147 0.81 3490 122 <6 96 44
Depth 3.69 - 3.76 0.63 0.132 10.43 5202 145 31 111. 84
Depth 6.87 - 6.91 0.64 0.159 0.95 3147 72 <6. 107 37
Depth 9.68 - 9.77 0.66 0.146 1.32 2584 74 13 120 40
Depth 11.09 - 11.11 0.76 0.152 4.39 2912 129 6 118 42
Sample Ga Zn Ni Pb Rb St Th U
ppm ppm ppm ppm ppm ppm ppm ppm
Cemented Layer 96cm 22 27 24 178 139 159 33 19
Cemented Layer 109cm 27 22 <9 107 178 171 42 11
Cemented Layer 114cm 27 66 <9 182 149 192 52 19
127cm (10cm above boundary) 22 104 <9 168 165 162 35 13
Boundary Cemented Layer 137cm 24 116 16 176 142 155 33 <10
147cm (10cm below boundary) 27 1064 53 195 164 167 36 17
Depth 3.69 - 3.76 31 1113 53 275 149 159 45 16
Depth 6.87 - 6.91 U 36 | 13 | 124 | 15| 213 | 5 2%
Depth 9.68 - 9.77 31 375 <9. 117 170 176 55 23
Depth 11.09 - 1111 28 818 25 212 145 172 50 25
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Section 3B - Tailings Investigations

Measurements of void ratio and porosity along with wet, dry and particie density were
undertaken on the tailings materials by members of the soil engineering group. A summary
of the results obtained is shown in Table 3C.1 - Appendix C2. Profiles of these attributes
can be seen in Figs 3C.6, 3C.7 & 3C.8 - Appendix C2. A decrease in void ratio and
porosity with depth exists, due to compaction occurring during the continuous deposition
of tailings. Particle density is equivalent to the specific gravity of minerals present. The
profile is very similar with depth indicating comparable waste was deposited through time.
Wet and dry bulk density shows density of particles with depth ie. packing. The oven dried
samples showed slight increase with depth due to compaction, whereas wet density showed
large ehhanced increases due to the added water content.

ilin h

The geochemistry of the tailings (Table 3.7) is influenced by the oxidation of the sulfides
present, the amount of acid produced, and the neutralising reactions that take place in
response to this.

The acid-producing reactions inclu\ae the oxidation of pyrite (eq 3.1), sulfur (eq 3.22), and
pyrrhotite (eq 3.3), along with the éubsequent formation of secondary minerals iron-
oxyhydroxides (eq 3.18) and jarosite (eq 3.15). Additionally the alteration of jarosite to
ferrihydrite when conditions aiter, also adds acid to the system (eq 3.23), Thus jarosite
may be regarded as a storage mechanism for acid production.

Acid neutralisation reactions can be regarded as buffering reactions. Buffering reactions
that occur along the groundwater flow path affect the mobility of dissolved metals as they
are transported through the mine waste and through the underlying geologic materials. The
main neutralising reactions occurring within the tailings include the weathering of feldspars
(eq 3.9, 3.10 & 3.11) muscovite (eq 3.16) clinochlore and biotite (eq 3.24). All eventually
degrade to kaolinite.

’

Measured parameters of the tailings are present in figures 3.28, 3.29 and 3.30, as a function
of depth (the cross hatched bar present in these profiles represents cemented layers). Fig
3.28 shows profiles of soluble salt content determined through a 1:5 dilution of tailings to

* water, followed by ICP analysis. This identified an accumulation zone of soluble salts
above the water table. Additionally experimentally determined paste pH and initial pH are
presented, with values ranging from 2~4. It should be noted that at depths below the water
table, direct pH measurements into sealed cores gave pH values of 5-6. The difference
between direct measurements and those after drying and resuspension can be attributed to
precipitation of iron oxyhydroxides upon drying and the consequent formation of H*, thus

lowering the pH. This reaction can be represented as
Fe3+ + 3H,0 = Fe(OH), + 3H* (3.26)
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Section 3B - Tailings Investigations

Calculations show that it only requires oxidation and precipitation of less than 2 ppm Fe?*
in order to release enough H* into pore water to decrease pH from 6 to 4. Such
calculations show that the pH S recharge water still represents a large potential acidity if
the concentration of ferrous iron is high. When the recharge water moves laterally down
gradient within the ground water flow it is eventually exposed to the atmosphere as
seepage through the dam wall, where the oxidation of ferrous iron causes precipitation of
ferric hydroxides or jarosite. Large accumulations of iron were not observed within the
water table because of this lateral through-flow.

The depth profiles of pH and soluble salts in the aqueous extracts indicate that the low pH
porewater occurs throughout the unsaturated zone, while the porewater with the highest
concentrations of soluble salts occurs just above the water table. Thus H* ions and soluble
salts penetrate to similar depths, which indicates that rapid H* consumption reactions are
not occurring and the increased concentration of ions is simply due to leaching of a front
down the profile. If the soluble salts had been leached further than the low pH conditions,
then effective neutralising conditions could have been hypothesized.

Morin et al. (1988 a,b), Morin and \'Cherry (1988) and Morin (1988) explain that as pyrite
oxidation proceeds at the surface of tailings, the pH of acid mine drainage decreases over
time in a series of steps, each of which represents the dissolution of specific buffering
species present at that pH. The mineral species believed responsible for each pH plateau
are

calcium-based carbonate pH 5.5-6.4

aluminium hydroxide pH 4.3-5

iron hydroxide and jarosite pH 3-3.7

aluminosilicates pH<3

XRD and optical microscopy investigations of the tailings indicate that calcite is not present
in the tailings. Waste rock investigations indicate that calcite is present only in minor
amounts, suggesting that any calcite originally present has been consumed during ore
processing. As mentioned previously, the pH within the unsaturated zone ranges from 2-4.
The highest pH of 4 corresponds with the ferrihydrite and jarosite cemented region
observed in the zone directly above active oxidation (see later).  pH values as low as 2 are

“measured down the profile, indicating that the jarosite formed in palaeosurfaces at depth is
having little effect. The main potential neutralising minerals present are aluminosilicates,
but their neutralising rates are slow. ~~ '
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Jambor and Blowes (1994) showed the comparison of chemical kinetic reaction rates for
minerals as follow: |
Descrinti Reacti : it surf:
area of mineral (mol m-2s-1)

pyrite oxidation 512x 1038
muscovite dissolution 6.32 x10-12
biotite dissolution 2.57x 107

Biotite is only a minor constituent of the waste rock and tailings and thus may have already
been largely consumed. Dissolution of muscovite is much slower than the oxidation of
pyrite and therefore has limited immediate effect on the surrounds through neutralisation.

Fig 3.29 profiles show a variety of experimentally determined attributes eg. total S, sulfide
and sulfate contents of the tailings samples in the drillhole profiles. These results have been
combined with analysis of the acid-consuming and producing potentials of the tailings
present, to obtain a final overview of the system as the "net neutralising capacity”. The
total S% down the profile, along with sulfate and sulfide content gives a good indication of
the conditions and reactions prevailing.

Following HCl and HNO, acid extractions carried out to determine sulfide and sulfate
contents, significant amounts of sulfur remained in most samples. Some of these samples
were investigated using the SEM/EDX and this indicated that the sulfur remaining was in
the form of resistant pyrite residuals.

The initial total S% of the sulfides in tailings as they left the mill was reported as 1.4%
(Blesing et al, 1974). Most of this is presumably sulfide, as negligible copper sulfate was
used in processing (0.25 Ib/tonne), and much of the processed material from the mine site
would not be weathered and converted to sulfate. Consistent with this, measurements of
sulfide plus residue below 1.4 m depth are approximately 1.4%. '

Above 1.4m depth, extensive alteration has taken place. Rapid oxidation above the
cemented layers at this depth (see below) has removed the majority of sulfides and left
predominantly suifate. Below the cemented layers, increased total S concentrations can be
attributed to increases in sulfide content which is a maximum at approximately 3.7m. This
increase may be attributed to irregularities in tailings deposition and variations in the ore
processed at the time. This is also apparent in Fig 3.30, where XRF results reflect an
increase in Fe, S, Zn, and Cu in the solid phase at about 3.7m (see Table 3.8 for detailed
XRD data). Attempts were made to determine secondary biogenic origins of these sulfides
through isotope analysis. These results are presented in Appendix D, but were
inconclusive. Results of a lighter isotopic value compared to the ore would have verified
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Section 3B - Tailings Investigations

secondary biogenic formation during periods of shallower water table, however results
obtained ( -16) were within the variations of the ore (12 to -18) previously determined by
Seccombe et al (1985).

The fact that the sulfide content closely parallels the quantities originally reported, indicates
that only very limited sulfide oxidation has occurred at depths below the cemented layers.

It should be noted that the minerals present in the waste rock and tailings samples are
essentially the same, but in different proportions. Thus the system developing in the tailings
dam is somewhat different from that in the waste rock dump. A comparison can be made
looking at the results of the NNP (total S%) of the tailings and the waste rock samples.

Since many of the waste rock samples have quite substantial amounts of sulfides still
present, the NNP is very low (-750 kg CaCO, equiv/tonne). In comparison the lowest

NNP observed in the tailings is approximately -140 kg CaCO, equiv/tonne in a zone of very
high sulfide content. Generally the samples are approximately -40 kg CaCO, equiv/tonne,
and where the sulfide content is low the NNP is actually positive, indicating neutralisation
reactions would consume all the acid produced in the material.

Net acid production (NAP) experiments with hydrogen peroxide were also undertaken to
make a comparison with acid producing potential (APP) and NNP. As can be seen by the
profiles (Fig 3.29), the curves of APP based either on total S or on sulfide S closely
correlate with NAP, both show variations down the profile and in acid production
quantities. However the NAP experiment is designed to take into account the acid
neutralisation potential also and thus should parallel the NNP, which is obviously not the
case. The NNP is determined via AC-APP=NNP where AC is determined experimentally,
while APP is calculated from either total %S or sulfide %S assuming a theoretical set of
reaction equations.

The NNP (sulfide) is a more accurate estimate of the system, as the APP is calculated from
sulfide S, rather than total S. NNP (total S) is included for comparison with rock samples.
It should be pointed out that the B.C Initial Research Test that is used to determine AC,
does not take into account the slow neutralising actions of aluminosilicates, which can
become important over an extended period of time. A flow chart was developed using the
physical and chemical attributes of the tailings to approximate the NNP. The flow chart
(Fig 3C.9) is present in Appendix C2.

EC and Eh profiles are also presented in Fig 3.29. EC closely parallels soluble salt content
down the profile, as would be expected. The Eh values obtained are classified by Patrick
and Mahapatra (1968) as moderately reducing. Texture profiles (Fig 3.29) indicate the
highly variable nature of tailings within the dam. Appendix B shows the classification
scheme used for texture, with generally increased numbers representing finer grained
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Section 3B - Tailings Investigations

samples. Above the water table, a region of thin layers of fine silts are present which may
have some trapping effect on the salt accumulations observed at this depth. These results
were also used in a classification scheme combining EC, texture, colour and pH using the
PATN classification scheme (Appendix E). The results of this classification can be seen in
Fig 3C.10, Appendix C2. A detailed description of the profile including reports of these
properties is present in Appendix C2.

SPECIFIC FEATURES OF THE PROFILES

The fact that the greatest accumulations of soluble iron and sulfate soluble compounds
occurs well below the current zone of sulfide oxidation indicates that the production of the
iron, sulfate and heavy metals originating from sulfide oxidation and neutralising reactions,
has not been constant with time. The porewaters which occur deep within the tailings
represent the first water to have entered the tailings following the start of pyrite oxidation.
They have leached down the profile and accumulated soluble salts produced by pyrite
oxidation, which was at its greatest intensity about the time when this water first entered
the tailings. The subsequent recharge waters moving through the current oxidation zone
have lower concentrations of salts and thus represent a less intense oxidation period.

The highest Fe, SO,, Mn, Mg, Al and Cu concentrations in aqueous extracts occur above
the water table at about 10-12m, indicating that these ions are travelling through the
tailings mass at almost the same velocity. Pyrite oxidation occurs near the tailings surface.
Of the Fe?* released, which is relatively mobile under low pH conditions, some will oxidise
to Fe3+ and precipitate as iron oxyhydroxides while a certain percentage stays in the mobile
state ready for leaching. The oxidation of other sulfides adds mobile Cu and Zn to the
system. The neutralisation reactions taking place through the degradation of micas and
feldspars in turn add Mg, Mn, Si, P, Na, Ca and Al into the system, along with many other
elements. Once dissolved, these ions are then susceptible to leaching during subsequent
rainfall and water infiltration, and thus are displaced further down the profile. As these
constituents become saturated at depth, they accumulate through a combination of
coprecipitation and absorption reactions. Only small amounts of new oxidation and
neutralisation by-products have been added to the bulk of the salts as they move
downward. This is partly because many ions formed subsequently have oxidised and
become part of a cemented horizon.

Calculations indicate that there is approximately enough sulfate extracted into solution from
samples taken at the levels of accumulation just above the water table to suggest that the
majority of heavy metals are present as precipitated metal sulfates. For example, the
aqueous extract at 11.8m contains 700 ppm Fe, 250 ppm Al, 120 ppm Mg, 90 ppm Mn and
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500 ppm Ca (Fig 3.28). Ifall these cations existed as simple sulfates, then the S
concentration would be 1460 ppm. This value agrees well with the measured concentration
of 1200 ppm. The slight excess of cation could be caused by several factors, one of them
being some substitution of hydroxyl for sulfate in the compounds.

XRD analysis was able to identify several secondary minerals in this depth range.
Hydrobasaluminite (Al,(SO,)(OH),,.12-36H,0) was identified, and is suggested to be the
main precipitate of Al. Rozenite (FeSO,.4H,0) was identified in samples where XRF
showed peaks in Fe and § in the solid phase (Fig 3.30), while minor amounts of periclase
(MgO) and pyrochroite (Mn(OH),) were responsible for accumulations of Mg and Mn.
Only very small quantities of Cu exist in the system (max 2.5 ppm), although the same
general increase with depth occurs (Fig 3.28). Zn has accumulated higher in the profile
than the other heavy metals, and this is suggested to be due to absorption and
coprecipitation with other minor metal sulfate minerals occurring at this depth (Blowes and
Jambor (1990).

Ca, S and P concentrations in the soluble phase are more variable (Fig 3.28). Calcium and
phosphate show decreasing concentration with depth. Large quantities of soluble calcium,
phosphate and sulfur in the highly oxidised leached zone reflect the formation of gypsum
(CaS0,) and minor amounts of woodhouseite (CaAl,(PO,)(SO,)(OH);). The phosphate

content is very low in the profile with a maximum of only 2.5 ppm. The compound
woodhouseite can account for some of the increases of Al, P, SO, and Ca observed in the
highly oxidised zone, but the majority of the Ca down the profile is controlled by the
precipitation of gypsum.

Cemented Layer Formation

Cemented layers have developed at the base of the oxidised zone observed in the tailings.
The layers that have developed are only the preliminary stages of a hard pan. At present
they exist as several thin layers of about 0.5cm thickness, ranging over an area of
approximately 40cm depth (0.99-1.37m). A review of the formation of the cements and an
extensive mineralogical study of the tailings dam, including XRD traces, EDX spectra and
SEM micrographs, is presented in Appendix C2.

The formation of the cemented layers may have occurred in response to several different
conditions taking place during the chemical evolution of the tailings mass. The initial
development of minor cemented layers may have formed in response to capillary rise
associated with a shallow water table, during the final stages of deposition of tailings, and
the fluctuations of water associated with this. Nordstrom (1982) and Fanning and Fanning
(1989) suggested a series of intermediate steps forming soluble sulfates that may occur
prior to the development of the iron oxyhydroxides and soluble sulfates. Nordstrom (1982)
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explained that the precursor secondary soluble sulfate minerals are most commonly formed
during dry periods as evaporation promotes the rise of subsurface waters to the upper
tailings by capillary action. As these waters reach the upper portion of the tailings, they
become progressively more concentrated and finally precipitate various salts.

Another option is that minor cements originally developed at the plane of "zero flux", once
the water table had dropped when the deposition of tailings was completed. Hillel (1971)
explains that in the field, the process of evaporation hardly ever occurs independently of
other processes. In general, the beginning of evaporation follows wetting, at the end of
which the typical moisture profile (in the absence of a high water table condition) consists
of a wet layer overlying relatively dry soil beneath. Under such conditions, two processes
may be occurring simultaneously: (1) evaporation at the surface, which induces upward
flow, and (2) redistribution, or internal drainage, by which water moves downward in
response to gravitational and suction gradients within the deeper part of the profile. The
balance between the processes occurring at the plane of zero flux would induce the
precipitation of relatively soluble salts and then eventually insoluble sulfates and
oxyhydroxides.

The initial cemented layer may also have developed in response to a layer with slightly
more impervious texture. Whatever the origin, the development of a perched water table
would enhance the formation of the cemented layers over time. This process may be still
occurring today, resulting in the development of a more impervious layer to both water and
oxygen, thus reducing movement of the oxidation front.

Two of the cemented layers, one at 1.04m and the other at 1.37m at the boundary between
oxidised and predominantly unoxidised material, were selected for detailed analysis.

1.04m depth - Strongly cemented minor hard pan

SEM/EDX investigations indicate the cements present are a combination of ferrihydrite
(Fig 3.31a), jarosite and schwertmannite (Fig 3.31b). Schwertmannite is present only as
small groups of crystals, unlike the jarosite and ferrihydrite which make up the bulk of the
material. XRD analysis confirm the presence of ferrihydrite and jarosite. K-alpha X-ray
imaging was undertaken on this cemented layer (Fig 3.32). Large concentrations of Fe and
minor S occur in the centre of the layer, corresponding to decreased amounts of Al and Si.
The K-alpha image for the cemented layer at 1.04m indicates it is not a major region for
absorption of cations leached from shallower regions. Also at this depth XRD indicated the
presence of pyrite but it was not detected by SEM/EDX.
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1.37m depth - Boundary cemented layer between oxidised and reduced material, forming
a discrete well-developed cemented layer

The cement that makes up this layer varies in composition horizontally (Fig 3.33), which is
thought to result from infiltrating water flushing material downward and depositing it in
channels and spaces between skeleton grains. This would effectively plug much of the
horizon. Intermittent and repetitive infiltration appears to have alternated with times of
evaporation which initiated the precipitation of secondary minerals. Variations in
precipitation would be simply due to the prevailing conditions of the time, how saturated
the solution was with respect to each mineral, and the flow path available for its movement.

The cements present at this depth are a mixture of iron oxyhydroxides, minor jarosite and
alunite, and the hygroscopic morphology of the majority of the material suggests the iron
oxyhydroxide is ferrihydrite. Small areas of the layer show well-developed electron-dense
but thin, platy crystals (Fig 3.34), which EDX analyses indicate they are iron
oxyhydroxides, but presumably not ferrihydrite due to their distinctly different morphology
(Fig 3.34a). Higher in the profile, above the cemented layer, discrete crystals of jarosite
and alunite occur as coatings on grains (Fig 3.35 & 3.35a). K-alpha X-ray imaging
undertaken on the boundary layer (Fig 3.36), indicated high concentrations of Fe and S. Fe
and S are also present in large quantities above the layer as the material has leached down,
become saturated and precipitated before reaching the discrete ferrihydrite band. A
decrease in Fe and S is observed directly below the cemented boundary layer. Unlike the
cemented layer at 1.04m depth, this layer also has high quantities of Al, Si, Ca & K. This
indicates that the cement is acting as an entrapping material with Al, Si, Ca and K becoming
incorporated into the layer probably as clays.

Vermiculite clay was also observed from XRD data on samples at this depth and
additionally at 1.38m. Vermiculite does not occur elsewhere in the profile and it is thought
to have migrated downward to this point where it accumulated because of the impervious
nature of this cemented region. Its origin could be from wind blown soil prior to the dam
being covered or from relict weathering material formed in the mine prior to mining, It
could also be a residue after prolonged acid neutralisation reactions of an aluminosilicate
such as clinochlore, It is the deposition of this fine colloidal clay carried down by
percolating waters that acts as a obstruction in many of the pore spaces and helps to restrict
the flow of mobile ions.

See Appendix C2 for details of individual mineral formation and detailed description of
cemented layers within 0.98-1.37m depth range.
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Fig 3.32a: The Backscattered Electron image Fig 3.32b: The Fe K alpha x-ray
of the cemented layer at 104 cm depth. The image of the area shown in Fig.

higher elevation is on the left of the image. 1a. Brighter regions indicated
higher Fe concentrations

Fe Al
S Si
Ca K

Fig 3.32c; The x-ray intensitiy profiles across the areas in Figures 3.32a and 3.32b obtained by
using the average of all horizontal lines for the elements indicated. The intensities show a
variation across the cemented layers. The maximum counts for each element are Fe - 20,

Al-12,S - 7, Si -44, Ca-3, and K -5.



Fig 3.3:Compositional variations within the cemented boundary layer at
1.37m depth. Ferrihydrite main cement, with minor alunite and jarosite.

1 O 20KU

Fig 3.34 Close up of iron oxyhydroxide formed within boundary
cemented layer at 1.37m depth.

Fig 3.35 Coating of alunite and jarosite on host mineral grains above
the cemented lavers at 1.37m depth.



Fig 3.36a: The backscattered electron Fig 3.36b; The Fe-K alpha x-ray

image of the cemented layer at 137 image of the area shown in Fig
cm depth. The higher elevation is 2a. Brighter regions indicate
on the left. Bar scale = 400 pm. higher Fe concentrations.

Fe Al

S Si

Ca u K

Fig 3.36¢: The x-ray intensity profiles across the areas in figures 3.36a and 3.36b obtained by using

the average of all horizontal lines for the elements indicated. The intensities show a
variation across the cemented layers. The maximum counts for each element are Fe - 13,
Al-10,8-7,S8i-31,Ca-3,K-4.
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Th m 1 lay on oxidation r

As mentioned previously, AMD generation is presently taking place at much lower intensity
than previously. The decrease in iron and sulfate production from the pyrite oxidation
could be due to one of several factors or combinations of factors. As the depth of pyrite
oxidation increases, the leachate approaches saturation with respect to ferrihydrite and
jarosite, and precipitation of cemented layers develops.

The formation of these cemented layers has decreased oxygen penetration to a certain
extent and has coated pyrite crystals with secondary minerals, so that further oxidation is
inhibited. Blowes et al. (1991) showed that the precipitation of cemented layers decreases
the rate of oxygen penetration and thus pyrite oxidation in tailings at Heath Steele mine,
Canada. Using the "Readon and Moddel (1985) method", they estimate it would take 150
years to completely oxidise 1m of tailings. With a hardpan layer 15c¢m thick extending from
25-40cms, it would require more than 300 years to completely oxidise only the upper
40cms of the tailings. Thus the cemented layers have developed in response to the pyrite

oxidation and now are helping to inhibit it.
|

'

Similar calculations can be made for the oxidation of Brukunga tailings. The position of
the cemented layers corresponds with the region of active acid generation which is limited
in extent. This region moves down from the surface at a rate which depends on the oxygen
diffusion coefficient and the sulfide density, together with some other fixed parameters such
as the density of oxygen in air and the mass ratio of oxygen required to oxidise a given
mass of sulfide.

The position of the oxidation front can be calculated for uncemented tailings and compared
to the position of the front which has developed. Assuming the oxygen bulk diffusivity
coefficient of the dam is 5x10-6 m?s-1, the sulfur density is 30 kgm for approximately 2%
pyrite (Ritchie, 1994), and using the equation:

Position of planar moving front within dam =

(eps)
= 2x5x10€x0265x (22 x3.15x10
| 1.75 X 30 | |

X*(t*)

7

= 5.9 m depth after 22 years.
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Similarly the oxidation rate can be determined:

1l

G (x*t*) epD C,
2t
= 1.75 x 30 x 5x10:%6 X 0.265
2 x(22x3.15x107)

2.2x10 kgm2s:L

where e = mass of oxygen used per mass of reactant in oxidation reaction (1.75)
Prg = sulfur density (30 kgm™ for 2% pyrite)
D, = oxygen bulk diffusivity coefficient of dam (m2s-)
C, = concentration of oxygen is air (0.265 kgm3)

t = time (8)

Thus the formation of cemented layers appears to be having an inhibiting effect on the
oxidation front, reducing its movement to 1.4m depth instead of the calculated value of
5.9m for uncemented tailings. It should be noted that this model has some deficiencies in
that it does not take into account the oxygen used during chemical reactions and bacterial
activities, nor does it take into account variations in texture. However, these calculations
give a general idea of the capacity of the cemented layers to reduce the oxidation front.
This combined with the fact that the salt accumulations are at depth and do not correspond
to the position of active oxidation, indicates that the oxidation occurring in the tailings dam
is in fact reducing with time, |
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CHAPTER 4

SUMMARY AND

CONCLUSIONS

Since abandonment in 1972, the Brukunga pyrite mine has produced highly contaminated,
acidic drainage from the mine has been polluting the local and down stream water and soil
systems, both from the tailings dam and the waste rock dumps and mine benches.

The Mine & Waste Rocks

Rock samples were graded by chemical methods in terms of their potential to generate acid
mine drainage. This was related to the acid producing and neutralising minerals present and
their overall significance in the system. Acid neutralising processes are fundamental in
controlling the environmental effects of wastes.

Investigations of the representative rock types indicated that a combination of the physical
morphology of the rock, the amount and type of sulfides and neutralising minerals present,
the presence of protective coatings on grains by secondary minerals and their location in the
mine dump, all play a part in the determination of the net neutralising potential of the
samples and their resultant products.

Studies indicated that sulfide oxidation could lead to a variety of sulfate minerals. Jarosite
was the main sulfate product, with lesser amounts of sulfur, halotrichite, kalinite and
rozenite. Aluminosilicate weathering resulted predominantly in the formation of kaolinite
and halloysite, however in the case of extensive weathering opal was formed. Goethite and
hematite were also identified as end point weathering products.

The Tailings D

In an attempt to gain an overall understanding of the physical and geochemical nature of
the tailings dam, core samples were collected and émalysed and then compared with the
results of an electromagnetic survey. The EM method was only partly successful in
interpreting the measured soluble salt accumulations, because a stronger correlation with
water table depth rather than electrical conductivity of samples exists. Preliminary studies
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of the dam indicated that the dam is highly heterogeneous, and the water table depths
change dramatically as a result of this. During deposition, the silts were deposited in the
centre of the dam, with coarser material surrounding it. The fine grained impervious nature
of material in the east results in a shallow water table, with the coarser material to the west
being quite pervious and permeable, thus increasing the water table depth. It was shown
that the marked contrast in ECa values between the eastern and western areas was not due
to changes in the amount and clay content of capping material, but in fact to changes in
depth and composition of groundwater.

Core logging and electromagnetic survey assisted in the selection of a site to obtain
representative samples for detailed mineralogical identification and testing in the laboratory.
A site adjacent to ANSTO Hole 4 was chosen and subsequently cored continuously down
to the basement of the dam. Based on mineralogical observations and chemical
measurements the tailings profile at this site (hole 8) was classified into 4 main zones:

A) 0-1.37m

This is a region of strong oxidation, sulfide depletion, secondary mineral
precipitation of insoluble sulfates and depletion of soluble salts. The lower level of this
zone is bounded by a series of cemented layers.

B) 1.37-c12m

Within this zone oxidation has decreased due to the lack of oxygen penetration.
The profile which is interrupted with layers of oxidised material developed during breaks in
deposition, when the surface was exposed to the atmosphere for a time (palaeosurfaces).
This level may be subdivided into 2 regions on the basis of soluble salt leaching and
accumulation.

C)12m - c18m

This section of the tailings is continuously below the water table. Here the oxygen
is excluded from the system and sulfides present are in pristine condition (excluding
paleosurfaces). The region has low soluble salt accumulation presumably due to lateral
through-flow of water and removal of salts. Sulfate-reducing bacteria (SRB) were detected
in the tailings at the top of the water table (12-12.5m) and in the basement of the dam.

D) 18m+

This region encompasses the soil horizon developed prior to the deposition of the
tailings. Redoximorphic depletion and accumulation zones have developed in response to
SRB activity.

Throughout the profile, certain gangue minerals are present in varying degrees which
reflect the type of ore being processed at the time. Primary sulfides are also present below
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the highly oxidised shallow region near the surface. The sulfide type existing gives an
indication of the degree of alteration with depth. The observed order of sulfide mineral
removal follows the order generally observed for sulfide mineral susceptibility to oxidation.
The main sulfides were pyrite and pyrrhotite, with minor amounts of sphalerite, galena and
chalcopyrite.

S!l!ll Ill..‘ l. .

The depth profiles of pH and soluble salts in aqueous extracts of the samples indicate that
low pH porewater occurs throughout the unsaturated zone, while the highest
concentrations of soluble salts occur just above the water table. The fact that both H" and
the remainder of the soluble salts have reached similar depths indicates that rapid H*
consumption reactions are not occurring and the increased concentration of ions is simply
due to leaching of a front down the profile.

Calculations indicate that there is approximately enough sulfate extracted into solution from
samples taken at the levels of accumulation to suggest that the majority of heavy metals are
present as precipitated metal sulfates. Some of these were identified by XRD.

The fact that the greatest accumulation of soluble iron and sulfate compounds occurs well
below the current zone of sulfide oxidation indicates that AMD generation has not been
constant with time. Following the initial flush of oxidation of surface material, AMD

generation is currently at a much lower level.

Cemented layers have developed at the base of the oxidised zone observed in the tailings.
The formation of the cemented layers is having an inhibiting effect on the oxidation front,
reducing its movement to 1.4m depth instead of the calculated value for uncemented
tailings of 5.9m.

The formation of the cemented layers may have occurred in response to several different
conditions taking place during the evolution of the tailings geochemistry. The initial
development of minor cemented layers may have formed in response to capillary rise
associated with a shallow water table, present during the final stages of deposition of
tailings, and the fluctuations of water associated with this. Another option is that minor
cements originally developed at the plane of "zero flux", once the water table had dropped
after the deposition of tailings was completed. The initial cemented layer may also have
developed in response to a slightly more impervious textual layer. After the initial creation,
the development of a partly perched water table would enhance their formation over time.
This process may be still occurring today, resulting in the formation of a more impervious
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layer to both water and oxygen, thus reducing the intensity and movement of the oxidation
front,

Acid producti 1 Neutralisati

The geochemistry of the tailings that has developed is due to the oxidation of the sulfides
present, the acid produced, and the neutralising reactions that take place in response to this.

Results of the experimentally determined sulfide/sulfate contents have been combined with
analysis of the acid-consuming and producing potentials of the tailings present, to obtain a
final overview of the system as the "net neutralising capacity". The total $% down the
profile, along with sulfate and sulfide content gives a good indication of the conditions and
reactions prevailing. The initial total S% of the sulfides in tailings as they left the mill was
reported to be 1.4% (Blesing e al, 1974), and this is consistent with values of about 1.4%
measured in current work for sulfides in samples below about 1.4m, and indicates that only
very limited oxidation has occurred at depths below the cemented layer. Above 1.4m
extensive alteration has taken place. Rapid oxidation above the cemented layers has
removed the majority of sulfides and left predominantly sulfate.

It should be noted that the minerals present in the waste rocks and the tailings are
essentially the same, but in different proportions, hence the system developing in the
tailings is somewhat different from the waste rock dump. Since the waste rocks have quite
substantial amounts of sulfides still present, the NNP is very negative, compared to the
NNP observed in the tailings. Positive NNP recorded at some depths, suggest
neutralisation reactions in the tailings could consume all acid produced.

Implications for the f

The waste rock dump represents a continual acid producing environment. The sheer
quantities of sulfide present in some of the rocks (up to 22%) will ensure that acid
production occurs for many years to come. The lack of rapid neutralising minerals
enhances the problem but, the presence of slow neutralising aluminosilicates will have an
effect over an extended period.

Within the tailings, the acid production due to 'surface region' oxidation is decreasing with
time. The development of cemented layers at the oxidation front is inhibiting its movement
and thus reducing acid production. It is postulated that the continual formation of this
cemented region will produce a more impervious layer to both oxygen and water, thus
forming a natural seal to the tailings.
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The water continually seeping from the face of the dam carries increased concentrations of
iron and other mobile heavy metals to the surface where they are exposed to oxygen. The
subsequent oxidation results in the formation of large quantities of acid. Additionally, as
this water moves to the front of the dam it comes in contact with the waste rocks which
were used to build the dam wall. This water, along with the oxygen available in the
atmosphere, rapidly oxidises the rocks, adding further acid to the system.

The combination of these two acid producing environments (waste rock dumps and
tailings), represents the greatest on-going environmental threat, and reduction of this is
essential. The removal of the neutralisation sludge lagoons (the by-products of the
neutralisation plant in use at the mine) from the tailings surface would reduce the through-
flow of water somewhat, but this only represents a small fraction. The establishment of
vegetation on the entire dam (which is currently being undertaken) will reduce much of the
rainfall infiltration, however it is the groundwater flowing through the tailings that
represents the main input of water. Revegetation of the waste rock dumps would serve the
same purpose.

Although the tailings oxidation at t}\i'_e surface is decreasing over time, the removal of this
through-flow would further reduce the hazardous conditions prevailing. An effective
mechanism of controlling the ground water flow through both the waste rock dumps and
the tailings would minimise the future environmental impact due to the Brukunga Mine site.
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