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Figure 4.25: SEM images of pyrrhotite lamellae in sample CR-95-002 from the sterile treatment showing the
surface after 42 days of oxidation. (a) Overview of the lamellar grain. (b) Lamellae appear to follow

cleavage planes. (c) Lamellae end before subgrain boundary. (d) Subgrains of different colours have
different depths of etching.

UOISSNOSI(] pUE S)NSY f 19ideq)

vL



Chapter 4: Results and Discussion 75

Summagg of Observations

Table 4.1 describes the relative order of oxidation among sulphide minerals in each
sample. Overall, the relative order of oxidation of sulphide minerals in the microbial treatment
was galena > hexagonal pyrrhotite > monoclinic pyrrhotite > anhedral pyrite >> arsenopyrite,
sphalerite > euhedral pyrite > chalcopyrite. In the sterile treatment, the relative order was galena
> anhedral pyrite > monoclinic pyrrhotite >> hexagonal pyrrhotite, sphalerite, arsenopyrite >
euhedral pyrite > chalcopyrite. The pyrrhotites had a greater difference in oxidation rates
between the treatments than the other sulphide minerals, causing the order of oxidation among
minerals to change.

Most sulphides (monoclinic pyrrhotite, galena, sphalerite, arsenopyrite, and euhedral
pyrite) oxidized signjﬁcantly more in the microbial than in the sterile treatment. Exceptions were
hexagonal pyrrhotite, which displayed an extreme difference, anhedral pyrite, which was very

strongly oxidized in both treatments, and chalcopyrite, which was unoxidized throughout.

4.1.3 Preliminary Analyses of Secondary Precipitates: XRD and SEM

X-ray diffraction analysis (Fig. 4.26) of the rust-coloured precipitate in the microbiai
treatment (Fig. 4.27) gives strong evidence against any crystalline structure. Absolutely no
reasonable peaks are present. Judging by the colour, this is an amorphous substance with Fe**
comprising a major part of its constituents.

Fine crystals are visible in SEM images displayed in Figures 4.10 (RJ-96-003, microbial
treatment) and 4.20 (RJ-96-001, microbial treatment). These could be secondary minerals that

formed on the sulphide surfaces during oxidation. As described in Section 4.1.2, the texture of



Chapter 4: Results and Discussion

Table 4.1: Order of Oxidation among Sulphide Minerals for Each Sample

(when multiple sulphides per sample occur)

76

Sample Treatment | Order of oxidation
BH-20-I microbial galena > monoclinic pyrrhotite >> sphalerite > euhedral pyrite >
chalcopyrite
sterile monoclinic pyrrhotite >> euhedral pyrite, chalcopyrite
RJ-96-001 | microbial anhedral pyrite >> euhedral pyrite
sterile anhedral pyrite >> euhedral pyrite
RI-96-002 | microbial | arsenopyrite |
sterile arsenopyrite
RJ-96-003 | microbial galena > hexagonal pyrrhotite >> arsenopyrite, chalcopyrite
sterile galena >> hexagonal pyrrhotite > arsenopyrite, chalcopyrite
CR-95-002 | microbial monoclinic pyrrhotite (lamellae > host)
sterile monoclinic pyrrhotite (lamellae > host)
CR-95-016 | microbial monoclinic pyrrhotite > pyrite > chalcopyrite
sterile monoclinic pyrrhotite > pyrite > chalcopyrite
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Figure 4.26: XRD analysis with no peaks at all, indicating the amorphous nature of the rust-coloured precipitate that formed in all
samples of the microbial treatment.
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material in Figure 4.20 suggests the mineral schwertmannite (Bigham, 1994).

4.1.4 Evidence for Microbial Activity

As seen in Figure 4.27, a prolific amount of rust-coloured precipitate formed in the
microbial treatment, contrasting strongly with the sterile treatment, which remained clear. If this
precipitate contains Fe** as suggested in Section 4.1.3, then precipitation of Fe** by oxidation of
Fe** may have occurred. This is supported by water chemistry data (Appendix B) which indicate
a drop in the dissolved iron concentration in the microbial treatment in comparison to the initial
concentration and that in the sterile treatment. As discussed in Section 2.2.1 and 2.4, at pH
between 2 and 4.5 (experimental pH: 3.16 to 3.76) spontaneous iron oxidation is slow, but iron-
oxidizing bacteria can catalyze Fe** production 10° to 10° times faster than abiotic rates (Keenan,
1969, Lacey and Lawson, 1970; cited in Ralph, 1979). Also, since large amounts of Fe?* are
necessary to fuel metabolism, Fe** precipitates far in excess of cell substance (Lundgren and Dean,
1979). These microbial characteristics explain perfectly the contrast of Fe** precipitate volume
between the treatments. It is safe to conclude that iron-oxidizing bacteria were present and active
in the microbial treatment, and not the sterile treatment.

Images from environmental scanning electron microscope (ESEM) and scanning electron
microscope (SEM) reveal a variety of microstructures, some clearly bacteria, and some that may |
be caused by bacteria (Fig. 4.28). Due to time constraints, individual species of bacteria were not
identified, but some images are consistent with the presence of a rod-shaped bacterium such as

Thiobacillus spp.
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Figure 4.28: Images taken with the ESEM as evidence for microbial activity. (a) Relatively thick
strands that are probably algae, (b) a rod-shaped structure in a pit that is consistent with a
sulphide-oxidizing bacterium surrounded by corroded rock, (c) rust-coloured precipitate from the
microbial treatment that may be biogenic, and (d) a close-up of the same type of material as in (c).
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4.2 Discussion

4.2.1 Factors Affecting Oxidation Sensitivity among Sulphides
Controls on oxidation rate of sulphide minerals are varied and can be difficult to measure
because many controls can be acting on a single sample. Following is a discussion of some of the

possible reasons why the sulphides in this study oxidized in the order they did.

Electrochemistry

Mineral stability in its environment is a major factor. Each mineral has a different stability
zone that can be calculated from its Gibbs free energy of formation, given specific parameters
such as Eh, pH, temperature, pressure, or mineral composition. This stability zone can be plotted
on a phase diagram with Eh on the y-axis and pH on the x-axis, holding P and T constant
(Garrels, 1960). If the Eh and pH of a mineral’s environment are within this stability zone, the
mineral will remain intact. If not, the mineral will change by chemical reaction to form another,
more stable mineral under the new conditions. Figure 4.29 illustrates an example of an Eh-pH
stability diagram for pyrrhotite and pyrite. Figure 4.30 shows the locations of various natural
environments in Eh-pH space. ARD would plot at low pH (acid) and high Eh (oxidizing)
conditions. Since pyrrhotite has a very small stability field (at high pH and low Eh) under the
conditions shown in the figure, it is clear that the mineral is thermodynamically unstable in ARD.
Pyrite, on the other hand, is stable over a much wider range of pH and Eh conditions, so it tends
to oxidize less easily than pyrrhotite.

In relation to the stability fields, galvanic reactions can affect the amount of sulphide
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Figure 4.29: An example of an Eh/pH plot that shows the stability fields of iron oxides and iron

sulphides in water at 25°C, 1 atm. total pressure, with an activity of dissolved sulphur of 10!
(Garrels, 1960). Note that pyrrhotite has a very small stability field (athjgh pH and low Eh),
whereas pyrite has a much wider stability field. It is clear that pyrrhotite is more unstable than

pyrite in ARD conditions (see Figure 4.30).
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Figure 4.30: An Eh vs pH plot showing stability fields for various types of water environments
(Garrels, 1960). Note that ARD waters ("mine waters") plot at high Eh and low pH (i.e.
oxidizing, acid conditions).
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oxidation. As explained by Natarajan (1990) and Kwong (1995), different types of sulphide in
close proximity in an oxygenated aqueous medium can act like a battery, with one sulphide
behaving like the cathode and the other like the anode. Preferential oxidative dissolution will
occur at the anode (the sulphide with lower rest potential), protecting the cathode from oxidation.
Table 4.2 lists the rest potentials of pyrite, chalcopyrite, galena, sphalerite and pyrrhoﬁte (FeS). It
seems reasonable to use this list to predict which sulphides will oxidize first (i.e. those with lower
rest potential). Rest potential is the equilibrium electrode potential when the net anodic or
cathodic current is zero (Kwong, 1995).

Two possible examples of galvanic interactions in this study are illustrated in Figures 4.31
and 4.32. In the first example (Fig. 4.31), monoclinic pyrrhotite is clearly the most strongly
dxidized, and the white pyrite closest to the pyrrhotite appears less oxidized than the pyrite farther
away (cream coloured). It is possible that the closer pyrite was galvanically protected. In the
second example (Fig. 4.32), unaltered arsenopyrite is surrounded by hexagonal pyrrhotite, which
1s strongly altered. The arsenopyrite in RJ-96-002 (Fig. 4.21) oxidized more, indicating that the
small inclusion may have been galvanically protected.

However, the list of rest potentials is not completely reliable in the prediction of relative
oxidation. Galena is listed after sphalerite and before chalcopyrite, but it oxidized faster than
pyrrhotite. Perhaps the iron impurity in the galena (see Appendix A) changed its rest potential, or
perhaps other factors came into play, such as crystal lattice effects (discussed below). Also, these
rest potentials were determined for pure sulphide compounds in pure acid solutions of H,SO, or

HCIOQ,, rather than for natural rock samples immersed in ARD “chemical soup.”
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Table 4.2: List of rest potentials of some common sulphide minerals. In a galvanic cell, the
mineral with lower rest potential would oxidize first (modified from Kwong, 1995).
Mineral Formula Rest Conditions
Potential solution temperature
(V vs. SHE)
pyrite FeS, 0.63 1.OMH,SO, |25°C
chalcopyrite CuFeS, 0.52 1.OM H,SO, |20°C
galena PbS 0.28 1.OM H,SO, |20°C
sphalerite ZnS -0.24 1.OM H,SO, |20°C
pyrrhotite FeS -0.28 1.OM H,SO, |20 °C










Chapter 4: Results and Discussion 88

Crystal Lattice Effects

Because oxidative dissolution occurs on the atom level, one must consider the
. arrangement of these atoms. Weak bonds are more likely to break than strong bonds, and
although an ideal crystal consists of an identically repeated group of bonds, this is not always true
in natural samples. Lattice structure can be interrupted by impurities, vacancies, dislocations,
cracks, or simply‘ the edge of the grain, all of which affect the stability of the mineral (Callister,
1993). Grain surfaces are less stable than the interior because the surface atoms cannot bond
outside the mineral, so bond locations are not satisfied. Subgrain boundaries have the same
problem (Fig. 4.33). Figure 4.34 shows an SEM picture of monoclinic pyrrhotite subgrain
boundaries that appear as grooves where the lattice has been preferentially oxidized. This
reasoning also applies to polishing scratches, which begin as small grooves in the surface, so that
the surface area is locally increased. Because more atoms along the scratch are unstable in
comparison to the surrounding surface, the scratches are preferentially etched during oxidation.
This justifies the use of etched polishing scratches as indicators of oxidative dissolution.

Experimental evidence from this study also indicates differential oxidation of various
crystal lattice orientations. In Figure 4.35, one can see that different subgrains turned different
colours. Therefore, the orientation of the intersection plane between the crystal and the thin
section surface is important in determining the stability of that surface. This is related, more
immediately, to cleavage planes that reflect lattice orientations with respect to the polished surface
(Fig. 4.36).

One further point concerns the texture of the mineral. Anhedral pyrite oxidized much

faster than euhedral pyrite. The anhedral grains had irregular edges and were full of fine lamellar
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Figure 4.33: Stucture of sub-grain boundaries, showing interrupted lattice structure causing
unsatisfied bond locations (from Callister, 1993).

Figure 4.34: SEM image of monoclinic pyrrhotite (BH-20-1, sterile treatment) showing subgrain
boundaries that have been etched preferentially into grooves.
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inclusions that interrupted the pyrite lattice, whereas the euhedral grains had smooth edges and
fewer inclusions. This texture could be a result of pyrrhotite replacement by FeS,, either pyrite or
marcasite (fig. 3.6 in Robinson, 1996, displays pyrrhotite rimmed with anhedral FeS,). It is
reasonable to assume there would be internal lattice imperfections, causing the anhedral grains to

be less stable and oxidize more easily.

4.2.2 Why were the Oxidation Rates Different Between Treatments?

The most obvious explanation for the significant difference in oxidation rates between the
treatments is the metabolism of sulphide-oxidizing bacteria, through direct or indirect means. As
discussed in section 2.4, direct oxidation by bacteria would involve active metabolism of sulphide
atoms from the mineral surface, while an indirect effect could be created by oxidation of ions in
solution (e.g. Fe**), where the products (e.g. Fe**) then oxidize the sulphide mineral. In other
words, it is not a requirement that bacteria attach themselves to sulphide grains to have a
significant effect on their oxidation rate.

There are two other factors that could be involved in the difference between treatments,
but their effects are thought to be minimal. There was a small initial pH difference between the
two treatments, possibly due to bacterial metabolism during storage in the refrigerator. Also, the
metabolism or decay of the other microorganisms may have some effect on the chemistry or
oxidation potential of the water. Initially, the sterile treatment was pH = 3.16 (4.5 after oxidation
with CR-95-016), and the microbial treatment pH was between 3.62 and 3.76 (4.7 after oxidation
with CR-95-016).

It is interesting that bacteria caused such a large difference between the treatments for the
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monoclinic and hexagonal pyrrhotites. The pyrrhotites had a greater difference in oxidation rates
between the treatments than the other sulphide minerals, causing the order of oxidation among
minerals to change (see section 4.1.2). One possible reason for this discrepancy could be that
catalysis by microorganisms was facilitated by a higher concentration of iron, favouring the
oxidation of hexagonal pyrrhotite over monoclinic, and both pyrrhotites over euhedral pyrite,
sphalerite, arsenopyrite and chalcopyrite. Another possibility could be preferential microbial
oxidation of crystallographic regimes with differing iron valence states within the pyrrhotites. The
commonly used formula Fe,_S for pyrrhotite is simplified. The more complex formula involves
varying proportions of Fe** and Fe** and vacancies within the crystal lattice: (Fe**, Fe*, V)S
(Schwarz, 1974, also discussed in MEND, 1991; Pratt et al., 1994). This might explain the
preferential microbial oxidation of hexagonal pyrrhotite over monoclinic, if the two minerals had
different proportions of ferric and ferrous iron, and if microbes catalyzed oxidation of one

proportion better than the other.

4.2.3 Experimentation with Mixed Microbial Species

The main reason to use mixed species is to approximate nature more closely. If one uses a
pure culture of bacteria, for example Thiobacillus ferrooxidans, it is possible to see its role in
sulphide oxidation, but this is not the only species involved in ARD formation. Other species of
bacteria can metabolize secondary minerals formed by primary mineral oxidation, re-exposing the
sulphide surface and allowing further oxidation. Otherwise the secondary mineral coating may
inhibit continuing oxidation (Sanmugasunderam et al., 1987; Ahonen and Tuovinen, 1992). Also,

oxidation of different minerals is species-specific (Leduc and Ferroni, 1993). Species vary in their



Chapter 4: Results and Discussion 93
ability to oxidize different sulphide minerals, so in an experiment involving many sulphides, one
should include more than one bacteria species, or the results will be biased.

Predators of sulphide-oxidizers (Protists such as rotifers, zooflagellates and ciliates) are
part of the natural system as well (McCready, 1987). When disturbance of sulphide-bearing rock
exposes a large volume of minerals for bacterial consumption, there may be a bloom of bacteria,
followed by a bloom of their predators. These interactions must influence the rate of sulphide
oxidation.

It is clear that the proliferation of bacteria in a particular medium in nature depends on the
check and balance provided by predators (Bergeron, 1997). Therefore, a multi-species

experiment may better represent nature than a mono-species one.
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CHAPTER 5: CONCLUSIONS, RECOMMENDATIONS AND FUTURE WORK

5.1 Conclusions

Two conclusions can be drawn from the evidence collected:
1. Sulphide-oxidizing bacteria are very important in the formation of acid rock drainage because
they significantly increase the rate of oxidation. This thesis confirms the findings of previous
studies on the role of sulphide-oxidizing bacteria, and also demonstrates the importance of this
role for the first time in Nova Scotian rocks with a natural mixed sample of bacteria and other
microorganisms.
2. In confirmation of previous work (e.g. Kwong and Lawrence, 1994; Borek, 1994), sulphide
mineralogy and texture both strongly affect the oxidation rate. Accurate prediction of potential
locations of acid drainage formation must involve an examination of these two factors, because

the oxidation rates are site-specific.

5.2 Recommendations

If this experiment were to be repeated, some improvements could be as follows.

This study used reflected light micrographs for comparison before and after oxidation, and
scanning electron microscope (SEM) pictures for description and documentation of the results.
Time constraints prevented the use of initial SEM pictures for comparison as well, but this would
have been a useful addition. One problem with this is the carbon coating necessary for use of the
SEM. The carbon coating needs to be polished away before oxidation, and this would change any
fine polishing scratches already photographed. However, the average size of scratches could still

be compared. The SEM provides clearer pictures with better resolution than the ESEM or
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confocal microscope, making it very useful for examination of fine surface detail.

A possible improvement of the experimental design would be to allow observation of the
thin sections with a microscopé without removal from the experiment. This would require
shallow containers, like petri dishes, with a continuous supply of oxygenated water, and the
proximity of a temperature-controlled room to a microscope. This would reduce the risk of
contamination, and allow observation of secondary minerals and microorganisms undisturbed by
transfer. This was not done for this study because of apparatus limitations and the length of time
the experiment was allowed to run. The longer the time, the more evaporation could take place,

so starting with a large volume of water was best.

5.3 Future Work

This thesis qualitatively examined the relative rates of sulphide mineral oxidation using
photomicrographs. The obvious next step would be to quantify the oxidation using a very
different experimental design. In order to measure significant changes in water chemistry, a larger
volume of sulphides would need to be oxidized. The sulphides could be crushed to maximize the
surface area. Visual comparison would not be tremendously useful in this instance, but chemical
analyses of the water, and XRD analyses of the sulphides and secondary minerals before and after
oxidation, as well as monitoring of pH and Eh throughout the experiment would provide useful
quantitative data on oxidation rates. A new method of rock sample sterilization would need to be
found in a quantitative experiment, because methanol has a slight tendency to oxidize sulphides.
For the study completed in this thesis, slight oxidation by methanol did not compromise the

results because it was qualitative differences between the treatments and among sulphide minerals
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that was of interest, and all samples were in the methanol for the same length of time, so they

were comparable to each other. In a quantitative study, hoWever, the only oxidation occurring
should be due to experimental conditions.

It would be beneficial to know what species of sulphide-oxidizing bacteria are active in
Nova Scotian ARD sites, as well as local predator-prey interactions. An understanding of these
relationships may help in the design of remediation techniques.

The experiment in this thesis could be expanded to include more sulphide textures and
sample locations, allowing a broader perspective. Applicability and certainty of experimental
results increase in proportion to sample size.

Preliminary evidence in this study (Appendix A), and previous work (e.g. Chen et al.,
1980; Kwong and Lawrence, 1994) indicate that trace metal type and concentration may have an
effect on the oxidation rate of sulphide minerals. An experiment that compares the oxidation rates
of sulphides with various trace element compositions in the Meguma Supergroup would shed
some light on this complex issue for this area.

The effects of matrix composition or aqueous environment chemistry were not examined
in this thesis. An experiment keeping sulphide mineralogy, texture and composition constant, but
varying matrix samples or water chemistry would clarify the role of these variables in the rate of
sulphide oxidation. One other variable that could be tested is the difference between the saturated

and unsaturated zones, with respect to sulphide oxidation rate.
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APPENDIX A: MICROPROBE DATA









A-3

Figure A-3: Sample CR-95-002. Preferentially oxidized lamellae within pyrrhotites of sample
CR-95-002 are compositionally indistinguishable from their host, eliminating the possibility that
compositional variations were the reason for stronger corrosion, unless trace elements below
detection limit are involved.

mineral Spot Cu Fe As S Total detail
#

pyrrhotite 091% | 46.67% | 0.00% | 52.42% | 100.00% | lamina

2
pyrrhotite 3 0.89% | 46.14% | 0.12% | 52.60% 99.75% | lamina
pyrrhotite 4 0.67% | 46.56% | 0.00% | 52.50% 99.73% | lamina
6 1.21% | 45.85% | 0.00% | 52.66% 99.72% | lamina

pyrrhotite 10 0.42% | 46.80% | 0.10% | 52.19% 99.51% | lamina

pyrrhotite

pyrrhotite 13 0.82% | 45.88% | 0.00% | 53.03% 99.73% | lamina

un-laminated rim 0.82% | 46.32% | 0.04% | 52.57% 99.74% n=6

laminated centre 0.73% | 46.40% | 0.11% | 52.57% 99.80% n=38§
pyrrhotite 1 091% | 46.20% | 0.15% | 52.44% 99.70% rim
pyrrhotite 7 1.01% | 46.59% | 0.09% | 52.30% 99.99% rim
pyrrhotite 8 0.59% | 46.31% | 0.15% | 52.59% 99.64% rim
pyrrhotite 9 0.78% | 46.27% | 0.09% | 52.52% 99.66% rim
pyrrhotite 11 0.35% | 46.99% | 0.17% | 52.37% 99.88% rim
pyrrhotite 12 0.70% | 45.94% | 0.00% | 52.91% 99.55% rim
pyrrhotite 15 0.62% | 46.59% | 0.09% | 52.70% | 100.00% rim
pyrrhotite 16 0.89% | 46.27% | 0.12% | 52.71% 99.99% rim
cobaltite 5 0.00% 7.64% 0.34 | 31.63% 73.32% incl.
chalcopyrite 14 2530% | 25.63% | 0.00% | 49.07% | 100.00% incl.




CR-95-002: probe points for the data on page A-3.




APPENDIX B: WATER CHEMISTRY OF ARD SAMPLE: BEFORE OXIDATION,
AFTER OXIDATION IN THE MICROBIAL TREATMENT, AND
AFTER OXIDATION IN THE STERILE TREATMENT



MDS ENVIRONMENTAL SERVICES LIMITED

Dalhousie University
Dept. of Earth Sciences
Halifax, NS,

Inorganics Manager

Sample : 97-H002961
Client ID RAJ-001
RCAp 30 Analytes Value Units LOQ Method
Sodium 65.0 mg/L 0.1 ICP-QOES
Potassium 1.0 mg/L 0.1 ICP-0OES
Calcium 14.6 mg/L 0.1 ICP-0OES
Magnesium 6.7 mg/L 0.1 ICP-OES
Alkalinity (as CaCO3) <1 mg/L 1. COBAS
Sulfate 146. mg/L 2. COBAS
Chloride 97.0 mg/L 1.0 COBAS
Reactive Silica (as Si02) 23.2 mg/L 0.5 COBAS
~Ortho Phosphorus (as P) < 0.01 mg/L 0.01 COBAS
Nitrate + Nitrite (as N) < 0.05 mg/L 0.05 COBAS
Ammonia (as N) < 0.05 mg/L 0.05 COBAS
Iron 2.99 mg/L 0.02 ICP-0ES
Manganese 1.36 mg/L 0.01 ICP-OES
Copper 0.06 mg/L 0.01 ICP-OES
Zinc 0.11 mg/L 0.01 ICP-OQES
Color < 5 TCU 5. COBAS
Turbidity 0.1 NTU 0.1 NEPH.
Specific Conductance 850. umhos/cm 1.00 ELECTRODE
PH 3.4 Units 0.1 ELECTRODE
Dissolved Organic Carbon 0.8 mg/L 0.5 U.V.-0ox
RCAp 30 Computed Analytes
'Hardness (as CaC03) 64.0 mg/L 0.1 CALCULATED
Bicarbonate (as CaCO3) < 1 mg/L 1.0 CALCULATED
Carbonate (as CaC03) <1 mg/L 1.0 CALCULATED
TDS Calculated 354 mg/L 1.
'RCAp 30 Computed Indexes
Cation Sum 4.53 meq/L CALCULATED
Anion Sum 5.80 meq/L CALCULATED
~'Ion Balance 12.2 % CALCULATED
Langlier Index @ 4C -7.31 CALCULATED
‘Langlier Index @20C -6.91 CALCULATED
Saturation pH @ 4C 10.7 Units Calculated
Saturation pH @ 20C 10.3 Units Calculated
Report To: Date Received: Feb , 1997
Don Fox Date Reported: Feb A9, 1997

BEFORE OXIDATION



MDS ENVIRONMENTAL SERVICES LIMITED

Sample : 97-H002961
Client ID : RAJ-001

Comments : Cation sum does not include contribution from metals.

Inorganic Analytes Value Units LOQ Method
Aluminum 8700 ug/L 10. ICP-MS
Report To: Date Received: Feb A1, 1997

Don Fox Date Reported: 19, 1997
Dalhousie University

Dept. of Earth Sciences Inorganics Manager

Halifax, NS, Je

Arenovich %f

Page: 2



MDS ENVIRONMENTAL SERVICES LIMITED

Saturation pH @ 20C 9.

Sample : 97-H002962
Client ID RAJ-002
RCAp 30 Analytes Value Units LOQ Method
Sodium 95.0 mg/L 0.1 ICP-0ES
Potassium 12.4 mg/L 0.1 ICP-OES
Calcium 102. mg/L 0.1 ICP-OES
Magnesium 10.8 mg/L 0.1 ICP-OES
Alkalinity (as CaCO3) <1 mg/L 1. COBAS
Sulfate 297. mg/L 2. COBAS
Chloride 184. mg/L 1.0 COBAS
Reactive Silica (as Si02) 22.2 mg/L 0.5 COBAS
Ortho Phosphorus (as P) < 0.01 mg/L 0.01 COBAS
Nitrate + Nitrite (as N) < 0.05 mg/L 0.05 COBAS
Ammonia (as N) < 0.05 mg/L 0.05 COBAS
Iron < 0.02 mg/L 0.02 ICP-0OES
Manganese 6.40 mg/L 0.01 ICP-0OES
- Copper < 0.01 mg/L 0.01 ICP-OES
Zinc 0.10 mg/L 0.01 ICP-O0OES
Color < 5 TCU 5 COBAS
Turbidity 0.2 NTU 0.1 NEPH.
Specific Conductance 1350 umhos/cm 1.00 ELECTRODE
pH 4.7 Units 0.1 ELECTRODE
Dissolved Organic Carbon 3.8 mg/L 0.5 U.V.-ox
RCAp 30 Computed Analytes
Hardness (as CaCO3) 299. mg/L 0.1 CALCULATED
Bicarbonate (as CaC03) <1 mg/L 1.0 CALCULATED
Carbonate (as CaCO03) <1 mg/L 1.0 CALCULATED
TDS Calculated 724. mg/L 1.
RCAp 30 Computed Indexes
Cation Sum 10.5 meq/L CALCULATED
"Anion Sum 11.4 meq/L CALCULATED
- Ion Balance 4.29 % CALCULATED
Langlier Index @ 4C -5.20 CALCULATED
'Langlier Index @20C -4.80 CALCULATED
Saturation pH @ 4C 9.90 Units Calculated
50 Units Calculated

Report To:
Don Fox
Dalhousie University
Dept. of Earth Sciences
Halifax, NS,

Inorganics Manager

Date Received: Feb /11, 1997
Date Reported: F 18, 1997

J?t A£enovich C}ng
4

- AFTER OXIDATION IN THE MICROBIAL TREATMENT



MDS ENVIRONMENTAL SERVICES LIMITED

Sample
Client ID

97-H002962
RAJ-002

Inorganic Analytes

Aluminum

Units

ug/L

LOQ

10.

Method

ICP-MS

Report To:
Don Fox
Dalhousie University
Dept. of Earth Sciences
Halifax, NS,

Inorganics Manager

Date Received:
Date Reported:

Feb Y1, 1997
8, 1997

Je

Arenovich

Page:

2



MDS ENVIRONMENTAL SERVICES LIMITED

Sample : 97-H002963
Client ID : RAJ-003

Dalhousie University
Dept. of Earth Sciences
Halifax, NS,

Inorganics Manager

Jer

RCAp 30 Analytes Value Units LOQ Method
Sodium 112. mg/L 0.1 ICP-OES
Potassium 1.7 mg/L 0.1 ICP-0ES
Calcium 79.6 mg/L 0.1 ICP-0ES
Magnesium 14.9 mg/L 0.1 ICP-0OES
Alkalinity (as CaC03) <1 mg/L 1. COBAS
Sulfate 260. mg/L 2. COBAS
Chloride 191. mg/L 1.0 COBAS
Reactive Silica (as Si02) 36.6 mg/L 0.5 COBAS
Ortho Phosphorus (as P) < 0.01 mg/L 0.01 COBAS
Nitrate + Nitrite (as N) < 0.05 mg/L 0.05 COBAS
Ammonia (as N) 0.19 mg/L 0.05 COBAS
Iron 1.60 mg/L 0.02 ICP-OQES
Manganese 6.00 mg/L 0.01 ICP-OES
Copper < 0.01 mg/L 0.01 ICP-OES
Zinc 0.22 mg/L 0.01 ICP-OES
Color 7. TCU 5. COBAS
Turbidity 2.3 NTU 0.1 NEPH.
Specific Conductance 1370 umhos/cm 1.00 ELECTRODE
pH 4.5 Units 0.1 ELECTRODE
Dissolved Organic Carbon 6.9 mg/L 0.5 U.V.-0ox
RCAp 30 Computed Analytes :
‘Hardness (as CaCoO3) 260. mg/L 0.1 CALCULATED
Bicarbonate (as CaCO3) < 1 mg/L 1.0 CALCULATED
Carbonate (as CaCo03) <1 mg/L 1.0 CALCULATED
TDS Calculated 697. mg/L 1.
RCAp 30 Computed Indexes
Cation Sum 10.2 meq/L CALCULATED
Anion Sum 10.8 meq/L CALCULATED
“Ion Balance 3.14 % CALCULATED
Langlier Index @ 4C -5.51 CALCULATED
Langlier Index @20C -5.11 CALCULATED
Saturation pH @ 4C 10.0 Units Calculated
Saturation pH @ 20C 9.61 Units Calculated
Report To: Date Received: Feb A1, 1997
Don Fox Date Reported: 18, 1997

Arenovich ngfs
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AFTER OXIDATION IN THE STERILE TREATMENT



MDS ENVIRONMENTAL SERVICES LIMITED

Sample : 97-H002963
Client ID : RAJ-003
Inorganic Analytes Value Units LOQ Method
Aluminum 7400 ug/L 10. ICP-MS
Report To: Date Received: Feb/11, 1997
Don Fox Date Reported: F 18, 1997

Dalhousie University
Dept. of Earth Sciences
Halifax, NS,

Inorganics Manager

A

Jeafy Arenovich

Page: 2



APPENDIX C: HEXAGONAL PYRRHOTITE XRD ANALYSIS
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Thin section XRD analysis of RJ-96-003. Matches are both patterns for hexagonal pyrrhotite.



