
















































In addition, a control wood bark test (without rock) was installed 10 weeks after all the other tests
had begun. This control test consisted of approximately 10 kg of uncompacted wood bark placed
in a 22-litre plastic pail. A drainage outlet, installed at the bottom of the pail, allowed drainage water
to be collected in a receiving bucket. The receiving bucket was sampled in a similar manner to those
of the outdoor lysimeters.

3.3.2 Laboratorv Column Tests

The laboratory columns were constructed from standard 15 cm diameter PVC pipe. The pipe was cut
in 100 cm lengths and one end was sealed with a standard PVC cap. A hole was drilled in the bottom
of the column and a 0.95 cm  inch) male adapter compression fitting was installed. A geotextile
filter cloth was placed at the bottom of the column to prevent plugging of the drain and a water trap
was installed between the male adapter and the receiving container to prevent oxygen from entering
through the drain tube. The columns were then  with 20 kg of waste rock  of the total
volume). Finally, a 1-litre receiving bottle was used to collect the drainage water.

The waste rock in each column was subjected to cycles of eight weeks of wet condition followed by
eight weeks of dry condition. For comparison of the indoor column and outdoor lysimeter tests, the
amount of water added as  rain was calculated from the average annual precipitation of the
nearby municipality of Dorval,  This annual precipitation is 946.2 mm or 18.2 mm per week.
During the wet period, therefore, 650  of distilled water was added to each column every week.
Weekly sampling of drainage water involved measuring the total volume of water, determining the

 and total acidity (mg of  as well as taking two 200  unfiltered subsamples, one
acidified with hydrochloric acid for a final acid concentration of 2% (for ions analysis) and one 
acidified (for total organic carbon and chloride determinations). After sampling, each receiving bucket
was cleaned, rinsed with distilled water and re-connected to the column.

All the subsamples from Stratmat control, limestone addition 1% and 3% and water cover tests
collected during the second and seventh week of every eight week wet period were submitted for
metal and non-metal analysis. In addition, subsamples from the other preventing techniques collected
during weeks 1, 35, 41, 101, 105, 148 and 153 were also analysed for metals and non-metals.
Drainage water samples from week 150 and 153 were analysed for  and conductivity.

The Stratmat waste rock column tests started on July 4, 1991 with first samples taken on July 11,
1991. The Selbaie tests, on the other hand, were started on August 8, 1991 with first samples taken
on August 16, 1991.
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The installation of the laboratory column experiments was also in triplicate and consisted of the
following:

Stratmat Waste Rock

Control  Consisted of 20 kg of crushed waste rock as received (no cover, no additive).

1% Phosphate Rock Addition  Consisted of 200 g of phosphate rock mixed with 20 kg of
waste rock during filling of lysimeter.

3% Phosphate Rock Addition  Consisted of 600 g of phosphate rock mixed with 20 kg of
waste rock during filling of lysimeter.
1% Limestone Addition  Consisted of 200 g of limestone mixed with 20 kg of waste rock
during filling of lysimeter.

3% Limestone Addition  Consisted of 600 g of limestone mixed with 20 kg waste rock
during filling of lysimeter.

Wood Bark Cover  Consisted of a 15 cm layer of wood bark 20-30 years old from James
 Industries Inc. Approximately 900 g of uncompacted wood bark layer was placed

as received directly on 20 kg of waste rock.

Soil Cover  Consisted of a  cover: a top layer of 7.5 cm of tine sand (2.0 kg), a
middle layer of 15 cm of compacted, nearly fully saturated clay (3.6 kg) and a bottom layer
of 7.5 cm of coarse sand (2.0 kg). The clay was compacted in six 2.5 cm lifts directly in the
column. Unlike the outside drums, the small size of the laboratory columns did not permit
compaction to the same specifications.

Water Cover  Consisted of 1.0 m of water over 20 kg of waste rock. The depth of water
was maintained constant by using the same arrangements as the outside tests.

Selbaie Waste Rock

Control  Consisted of 20 kg of crushed waste rock as received (no cover or ameliorant
added).

3%  Rock Addition  Consisted of 600 g of phosphate rock mixed with 20 kg of
waste rock during filling of lysimeter.

A control wood bark test (without rock) was installed on 20 March, 1992 in the same manner as the
outdoor tests.
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3.3.3  Evaluation

The tests ended June 17, 1994 after 3 years of testing. Only the indoor tests were submitted to the
post-testing evaluation. One column from each triplicate set was dismantled and the rocks split in
three sections: top, middle and bottom. For each section, 25% of the rocks were frozen for
possible future examination. The remaining 75% was washed with deionized water until the resulting

 gave an acidity concentration close to the detection limit of 10  of  All the
 samples obtained from the washing of rocks  a particular column were combined  15

L) for ICP scan and ferric iron determination. The density of the washed rocks was also measured.

A sample of washed rocks from the Stratmat Control, Selbaie Control and the water covered
Stratmat columns were examined by scanning electron microscopy at the University of Western
Ontario to obtain information on the degree of alteration of the sulphide minerals. The rock samples
were also analysed using petrographic methods.

Mercury intrusion porosity was conducted on the Stratmat Control, Selbaie Control and the water
covered Stratmat rocks.

4.0 RESULTS

The total cumulative acid production for each test is graphed in Figures  and 4-3. The data
indicate some variations in the triplicates. The calculated Relative Standard Deviation (R.S.D.)
averaged 49% for the outdoor tests and 33% for the indoor tests. The higher variation for outdoor
triplicate tests was probably induced by natural weather. The limestone-amended indoor and outdoor
tests showed the highest variation of R.S.D. ranging from 65% to 138%; however, the other
techniques, such as phosphate addition and covers application, resulted in R.S.D. ranging from 5.8%
to 106%. Differences between replicate tests may have been due to slight variations in the mixing
of the chemical amendments or in the placement of the cover; even the control tests conducted with
well homogenized waste rocks resulted in R.S.D. values ranging from 3.6% to 55%. The magnitude
of the variation within a single set of replicates suggest that small differences in acid production
between prevention techniques may not be significant.

The average acid generation rates and the average percent acid reductions covering the entire 3 year
period of testing are summarized in Table  The results indicated that indoor and outdoor tests
showed the same trend. The best prevention technique tested was found to be the water cover with
an acid reduction of more than  followed by the limestone addition with an acid reduction of
94% to 98% acid reduction for 3% dosage rate and 82% to 84% for 1% dosage rate. The soil cover
results showed 98% acid reduction in the indoor tests and 46% in the outdoor tests. Deterioration
of the soil cover by natural weather is probably responsible for the reduced effectiveness observed
in the outdoor tests. The phosphate addition and the wood bark cover had only marginal effect on
acid reduction.
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Approximately 40 and 200 L of drainage water were collected during the testing period for the indoor
and outdoor tests, respectively. Samples of the drainage water were preserved and submitted to
metal and non-metal determinations. The results are presented in Appendix A (Tables I to LXI).
Metal and non-metal concentrations of the indoor tests were measured only on  collected in
the second and seventh week of every eight week washing period while acidity was determined every
week. To obtain a reasonable  of the sulphate, iron or zinc, the acidity measured 
plotted versus the measured concentrations of the ions mentioned previously and a strong correlation
resulted. This correlation was used to calculate sulphate, iron and zinc concentrations in samples not
submitted to ICP analysis and the total loading calculated.

Detailed results for each acid prevention technique are described in this section.
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INDOOR STRATMAT
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Figure 4-l : Acidity produced in indoor Stratmat tests
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OUTDOOR STRATMAT
CUMULATIVE ACIDITY
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Figure 4-3: Acidity produced in outdoor Stratmat and Selbaie tests
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4.1 Stratmat Control

4.1.1  Results

Acid production rate and 

The acidity measured in the drainage water from the indoor Stratmat control columns averaged 380 g
of  In addition, an acidity of 21 g of  was measured as the oxidation product stored
in the columns during the testing period, giving a total acid production of 401 g of The
average acid production rate was calculated at 130 mg of  during a testing period of
154 weeks. The outdoor Stratmat waste rock produced an average of 872 g of  the average
acid production rate was calculated at 41 mg of  for a testing period of 125 weeks.
The amount of pyrite oxidized in the indoor tests was calculated to be 320 g based on acidity
measurements and 305 g based on  released. This represents approximately 7.5% of the
pyrite initially present in the waste rock. The same calculation done for the outdoor tests resulted
in 2.1% of the pyrite being oxidized during the testing period. The results indicate that the oxidation
of the waste rock was 68% slower in the outdoor tests; variation in temperature is the most probable
reason for the lower acid production rate outdoors.

Acid production rates versus time for indoor and outdoor tests are presented in Figures 4-4 and 4-5,
respectively. The drainage water from the indoor tests started generating acidity early in the study
and the  dropped rapidly to 2.0. After 25 weeks, the acid production rate was near 100 mg of

 as shown in Figure 4-4. The acid production rate then remained constant from week
25 to the end of the study (week 154). Figure 4-5 shows that the oxidation stopped completely
during the winter time. In addition, the outdoor waste rock tests did not generate significant acidity
during the first summer and the  remained between 3.0 and 4.0.

The acid production rates of the waste rock in outdoor tests during the summer months of the second
and third year were similar to the acid production rates of the waste rock of the indoor tests at
respectively, 100 mg of  and 135 mg of 
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Figure 4-4: Acid production rate and  in indoor control Stratmat drainage water
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Figure 4-5 : Acid production rate and  in outdoor control Stratmat drainage water
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Metals and non-metals released

The complete chemical analysis results are presented in Appendix A, Tables I to III and  to
 Metals in the indoor and outdoor drainage waters were detected as early as the first week;

however, the metal concentrations in the outdoor tests remained low throughout the first summer,
as observed for the acidity results shown in Figure 4-5. The metal concentrations increased rapidly
in the indoor tests and stabilized around week 25. The major metals released indoor were: Fe (2000
 4000  Al (200  500  and Zn (50  200 Other species detected were SO, (5000
 15000  Mg (200  500  Ca (50  100  Mn (15  50  As (10  25  and
Si (40 

The drainage water for the outdoor tests showed wider variation in concentrations due to seasonal
temperature changes, but the same species were present at similar concentrations during peak acid
production rate which took place during summer time.

A few samples of drainage water were analysed for the results indicated that an average of 92%
of the Fe was oxidized to  (ferric state).

4.1.2  Results

The amount of acidity stored in the indoor columns was 21 g of  this amount of acidity was
added to the acidity measured in the drainage water to calculate the average total cumulative acidity
and the average acid production rate. The metal and non-metal loadings stored in the columns are
presented in Appendix A, Table LXI.

The density profile of the waste rock showed that the surface rocks were slightly denser (2.98 g/cc)
compared to the bottom rocks (2.74 g/cc). This suggests that the sulphide content of the bottom
rocks was slightly lower than that of the surface rocks. This may have been due to the column
configuration (Figure 3-2): reduced drainage of percolating acid at the bottom of the column may
have provided a longer contact time of the acid water with the bottom rocks and could have led to
a greater dissolution of sulphide minerals.

4.2 Stratmat Water Cover

4.2.1  Results

The water cover on Stratmat waste rock was found to be the most efficient technique tested.
Unfortunately, the outdoor lysimeters were severely damaged during the first winter, two lysimeters
were tom and the bottom valve of the third one was broken because of freezing. The outdoor column
water cover was therefore lost during the first winter. The lysimeters were repaired and refilled
immediately with water to  oxidation. To avoid further damage during the following winter,
the lysimeters were drained at the end of the fall; the water was kept and then returned to the
lysimeters the following spring. In addition, from June 1993 to the end of the study (November 1993

2 8



for the outdoor tests), no drainage water was collected from the water cover tests because of warm,
dry weather which resulted in more evaporation than precipitation. Analysis of the water cover
technique presented in this report was based mainly on the indoor tests because of the above
limitations in the outdoor tests. In addition, the laboratory offered a much better environment for
controlling parameters such as temperature, precipitation, evaporation and collection of the samples.
Nevertheless, partial outdoor results were collected and are presented in this section.

Acid production rate and 

The indoor water covered columns produced an average of 2.44 g of  including the acidity
stored in the water cover. However, the acidity from the water covered columns (indoor and
outdoor) was highly overestimated because the level of acidity in the effluent was normally below the
detection limit of the titration technique for measuring acidity. The detection limit was 50  of

 for the first 69 weeks, based on manual titration; a more accurate method using an automatic
titrator subsequently gave a lower detection limit of 10  of  The acidity of the drainage
water from the water covered column was found to be below this limit as well. For a conservative
estimate, the calculations assumed a value at the detection limit when no acidity was detected by
either titration method, This means that, for the first one and a third years,, the acidity was
overestimated at least five-fold. The acidities presented in this report for water covered columns are
therefore considered as maximum possible values.

 154 weeks, the average total acidity from the control columns (load in drainage water plus load
stored) was calculated to be 401 g  ; the average total (overestimated) acidity from the water
covered columns was calculated to be 2.44 g This represents a minimum efficiency of 99.5%
in reducing acidity in the effluent (see Table 4.2).

The acid production rate from the water covered rocks was below 1 mg of  for the
indoor and the outdoor tests. Figures 4-6 and 4-7 show that the acid production rate and  were
generally constant throughout the testing period and did not change significantly toward the end of
the tests. The  of the drainage water remained around 7.0.
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Figure 4-6: Acid production rate and  in indoor flooded Stratmat drainage water
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Figure 4-7: Acid production rate and  in outdoor flooded Stratmat drainage water
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Metals and non-metals released

The complete chemical analysis results are presented in Appendix A, Tables X to XII and XL to
XLII. Table 4.2 shows the total release of the components considered most important in this
investigation. The average percent decrease in release from the water covered columns (load in
drainage water + load in cover water) over the control  is also displayed for each component.

Table 4.3 Efficiency of the Water Cover Technique (Indoor Tests)

I
Acidity Fe

I I I I
 of I

I I I
CONTROL  Drainage I 380 445 114  8.31

Stored 21.2 I 3 1 . 9   

WATER COVER Drainage 1.24 5.34 0.031 0.080

Water Cover 1.20 3.97 0.041 0.15

REDUCTION 99.4% 97.9% 99.9% 97.2%

The ion concentrations in the effluent from the water covered columns did not vary as much as those
in the control tests, and could simply be averaged over each sampling set to obtain a reasonable
estimate of the release rate. Also, since the acidity of the water covered columns was normally below
the detection limit, it was impossible to obtain a correlation between acidity and other species, as
was the case in the control tests.

The total mass of released acidity, Fe, Zn and SO, for both the water cover and control columns is
presented in Table 4.2; they show that the acidity, Fe, Zn and  loading from the water covered
columns is much smaller than that from the control columns. It is clear from the data presented in
Table 4.2 that it is important to consider the amount of oxidation product retained in the water cover
itself (water column above the waste rock). The mass of acidity, Fe, Zn and  measured in the
water cover and in the drainage water are of the same order of magnitude. .

Figure 4-8 shows the release of Zn and Fe from the water covered test columns over time. Fe and
Zn concentrations in the effluent  the water covered columns did not exceed 1 .O  until after
one full year (Figure 4-8). Between 1 to 2 years, the concentrations of Fe and Zn remained between
1.0 and 4.0  From week 122, to the next sampling at week 131, the average Fe and Zn
concentrations more than doubled, and subsequently remained high. At the last sampling (week 
the average concentration had reached 4.7  for Fe and 6.6  for Zn. In comparison, average
Fe and Zn concentrations from the control test effluents ranged, respectively, from 2000 to 4000

 and from 50 to 200  and were at 1880 and 86  at the last sampling.
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From Figure 4-8, it seems there are two separate rates of  and Fe release from the water columns.
The first rate is constant until approximately 122 weeks of operation, while the second rate is active
from week 122 to the end of the test. The two rates will be discussed further in this section of the
report.
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Figure 4-8: Zn and Fe concentrations in indoor flooded Stratmat drainage water
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Lead release pattern was difficult to explain. Figure 4-9 shows that the concentration of  released
from the water cover columns generally followed the same trend observed for Fe and Zn.  was
detected in the drainage water around week 120 at an average concentration of approximately 2.0

 On the other hand, the control tests started generating Pb during the first month of the study,
as observed for Fe and Zn. Whereas the mass of Fe and Zn produced by the water cover was only
a fraction (1%) of the mass produced in the control tests, even with the stored oxidation product, the
water cover tests produced 5 times more Pb than the control tests. The average mass of Pb including
stored material was 38 mg for the control tests and 188 mg for the water cover tests. The rapid but
early and short release of Pb from the control tests suggests that a soluble Pb mineral was probably
initially present in the rock. The Pb released from the water covered rock was most likely a result
of oxidation, as was observed for Fe and Zn. The outdoor tests showed the same tendency, as
indicated in Tables   and XL  in Appendix A..

6

5

4

2

0

0 20 40 60 80 100 120 140 160

TIME (weeks)

Figure 4-9 Lead in Drainage Water from Indoor Stratmat Control Water Cover Tests

In addition, flushing time was long because of the large volume of water stored in the water covered
column; actually only 1.6 cover volumes of drainage were collected during the 154 weeks of testing.
It was therefore unlikely that the sudden release of metals would have been due to flushing of initial
pore water.
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Dissolved  in Water Cover

The dissolved oxygen (DO) concentration in the Indoor water covers was measured regularly after
130 weeks of operation, both at the surface of the water and near the waste rock-water interface.
The DO concentrations ranged from 6.1 to 7.4  near the surface and from 5.9 to 7.3  near
the bottom of the cover. These DO concentrations are equivalent to about 75% saturation. The
observed range in DO concentrations indicates a gradient of 0.1 to 0.2  per metre between the
top and bottom of the water cover and it was found to be consistent in all the three water covered
columns. This gradient cannot be used for flux calculations as the precision of the DO meter is of 0.1

 and is not considered accurate enough for measurements of such small differences.

Rate Calculations

Morin (1993) has proposed equations for calculating the flux of oxygen into waste rock. The
equations assume that the oxidation reaction is first order with respect to dissolved oxygen
concentration, and that the dissolved oxygen concentration in the water cover is homogeneous and
saturated throughout its depth. This is true only in well-mixed or well-aerated water covers. Other
tests, using a 1 m water cover over tailings (St-Arnaud, 1994) have shown a DO gradient from 5.5

 at the water surface, to 1.8  near the tailings surface.

The following equations can be found in either Morin (1993) or Lapakko ( 1994):

   (l-n) 
d

J = 

PR = 
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where: k
n
%PYR
d
J
DO(cover)

D
T
PR
FACT

first order rate constant 
porosity (volume over volume) 
percentage of pyrite in rock [ 19 %]
representative particle diameter (m)  to 0.051
oxygen flux at the water/waste rock interface (mg 0,  
dissolved oxygen concentration in water cover (mg 
assuming homogeneity throughout depth) 
dissolved oxygen diffusion coefficient (2x   
tortuosity (assume 3 for rock)
production rate of acid, Fe or SO, (mg  
stoichiometric factor which, when equation 1 is affecting the
system is equal to 3.33 mg  equivalent per mg 0, for acid
production, 1.6 for SO, production, and 0.465 for Fe production,
if it is assumed that all iron leaves the system in ferric form and
does not precipitate.

Using a porosity of 0.3, an average pyrite concentration of  a worst-case diameter of 0.025 m
and a DO concentration of 7  an oxygen flux of  mg 0,   is obtained. This is
equivalent to an acid production rate of  mg  equivalent   using equation 1.
The acid production rate cannot be compared to the experimental column results, as the measured
acidity was often below the detection limit. The production rates of Fe and SO, obtained from the
above equations are instead compared to actual rates in Table 4.3.

Also included in Table 4.3 is the result of regression analysis on partial Fe data from Figure 4-8. The
overall release rate, designated as “Experimental”, was calculated using all the data and resulted in
a correlation coefficient of 0.77. Linear regression done on the first 122 weeks’ data is called Rate
1, and resulted in a correlation  of 0.98, while Rate 2 (122-154 weeks), gave a correlation
coefficient of 0.97. These regression results suggest that separating the Fe release into two separate
rates is more representative than the overall result. The difference between the two rates is more than
an order of magnitude. This large increase occurred at the same time as the initial  drop, but
cannot be related directly to  as the  recovered in the last sampling round whereas the Fe
release continued to increase.
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Table 4.4 Chemical release rates  

Water Cover  Predicted max

Water Cover  Predicted min

Water Cover  Experimental

Percent of Predicted max 

Diameter

2 5

5 0

25-50

F e

4525 3 6

Fe Rate  Weeks O-122

Fe Rate  Weeks  154

The calculated Fe release rates fit reasonably well, they are actually between the two divided rates.
Sulphate release rates are nearly 50 times higher than predicted. This high sulphate release is
probably due to a separate source, such as the dissolution of sulphate solids already present in the
waste rock. The initial characterization showed that 0.11% of the original rock contained sulphate;
this represents a total mass of 22 g, while the total sulphate (both collected and stored in the water
cover) accounts for only 9.3 1 g. This means that not all the soluble SO, in the rock dissolved.

The metal and non-metal loadings stored in the column are presented in Appendix A, Table LXI.

4.3 Stratmat Limestone (3%)

Testing Results

Acid production rate and 

Acidity measured in the drainage water  the indoor Stratmat waste rock treated with a limestone
dosage of 3% averaged a cumulative value of 8.57 g of  This amount of acidity was added
to the 0.53 g of   the oxidation product stored in the column. After 154 weeks,
the total average acidity production was 9.10 g of  which represents an acid reduction of
97.7% relative to the control tests. The acid production rate was calculated to be 2.96 mg of

 /kg/week. The drainage water from the outdoor 3% limestone amended Stratmat rock, on
the other hand, produced an average of 49.3 g of  with the calculated average acid production
rate being 2.32 mg of  /kg/week for a testing period of 125 weeks. The acid reduction was
94.3%.
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In spite of the high acid reduction, two of the indoor replicates showed a sharp drop in  from
week 140. The  decreased from 7.0 to 3.0 within a few weeks. A similar drop in  was
observed in one of the outdoor test replicates after week 100. The acid production rate showed
exactly the same trend for the indoor and outdoor tests (Figures 4-10 and 4-l 1). The effectiveness
of the 3% limestone was near 100% for 100 weeks, after which period it dropped sharply to 
probably due to depletion of the limestone.
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Figure 4-10: Acid production rate and  in indoor 3% limestone-amended Stratmat drainage water
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Figure 4-l 1: Acid production rate and  in outdoor 3% limestone-amended Stratmat drainage water
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To evaluate whether the limestone reacted and neutralized the oxidation products or was just washed
out by regular water addition or ram, SO, concentrations measured in the drainage water were used
to calculate the actual acid production rate of the waste rock. Since SO, is formed by the oxidation
of sulphide mineral, according to reaction  and does not react with limestone, the SO,
concentration was used to calculate the real amount of pyrite oxidized during the testing period.
Acidity measured on the drainage water was, however, used to calculate the apparent acid production
rate.

Figure 4-12 shows that the estimated amounts of pyrite oxidized in the indoor and outdoor control
tests based on either acidity or sulphate are similar. The figure, also indicates that limestone
treatment reduced the amount of pyrite oxidized significantly and that the limestone not only
neutralized the oxidation products but also delayed pyrite oxidation by approximately three years.
The sulphate loading measured in the drainage water was overestimated because of dissolution of
sulphate solids already present in the waste rock. The initial characterization showed that 0.11% of
the original rock contained sulphate. Since sulphate was used to calculate the amount of pyrite
oxidized, the results described in Figure 4-12 can be considered to represent a maximum possible
mass of pyrite oxidized. Even by assuming that all the sulphate was produced by oxidation, only
55 g and 180 g of limestone were consumed in indoor and outdoor tests respectively, to neutralize
the oxidation products. These consumed amounts of limestone were equivalent to 9.1% and 3.5%
of the total mass added to the waste rock.

Since the effectiveness of the limestone was decreasing toward the end of the tests, it was concluded
that the limestone was not consumed but may have either being  through the formation of
ferric hydroxide or washed through regular water addition.
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Figure  12 Effect of 3% Limestone Addition on Acid production rates

Metals and Non-Metals Released

The results of complete chemical analysis of metals and non-metals released during the tests are
presented in Appendix A, Tables VII to IX and XXXVII  Metal concentrations in the
drainage water from the 3% limestone amended indoor and outdoor tests were near the detection
limit for most of the testing period. Zinc, however, was released early in the study as shown in
Figure 4-13, Zn concentrations of approximately 20  were found in the drainage water of the
indoor tests as early as week 55. The outdoor tests released Zn even earlier; around week 20 the
concentration of Zn in the drainage water in one of the replicates was as high as the Zn concentration
in the control tests.  150 
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Figure  13 : Zn concentrations in indoor and outdoor 3% limestone-amended Stratmat drainage waters
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Post-Testing Results

The amount of acidity stored in the indoor columns was only 0.53 g of  this amount of acidity
was added to the acidity measured in the drainage water to calculate the average total cumulative
acidity and the average acid production rate. The metal and non-metal loadings stored in the column
are presented in Appendix A, Table LXI.

The density profile of the waste rock showed that the surface rocks were slightly denser (2.92 g/cc)
compared to the bottom rocks (2.78 g/cc). This difference in density can be explained by preferential
leaching of sulphide minerals at the bottom of the column, as already noted.

4.4 Stratmat Limestone (1%)

Testing Results

Acid production rate and 

The acidity measured in the drainage water from the indoor 1% limestone amended Stratmat waste
rock averaged a cumulative value of 65.6 g of  This amount of acidity was added to the
3.82 g of  measured as the oxidation product stored in the column. After 154 weeks, the total
average acid production was 69.4 g of  which represents an acidity reduction of 82.7% relative
to the control tests. The acid production rate was calculated to be 22.5 mg of 
Drainage waters from the outdoor Stratmat waste rock columns produced an average of 139 g of

 with the calculated average acid production rate being 6.53 mg of  /kg/week over a
testing period of 125 weeks. This represents an acid reduction of 84.1% relative to the control tests.

In spite of the relatively high acid reduction, two of the indoor replicates showed a sharp decrease
in   week 50. The  decreased  7.0 to 3.0 within a few weeks. A similar decrease in

 was observed in two replicates of the outdoor tests. Acid production rates showed similar trends
in indoor and outdoor tests, as indicated in Figures 4-14 and 4-15. The effectiveness of the 1%
limestone was near 100% during 50 weeks but subsequently dropped sharply to an average of 60%
towards the end of testing, probably because of limestone depletion.
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In order to evaluate whether the limestone reacted and neutralized the oxidation products or was
 or was just simply washed out by regular water addition or rain, the calculations performed

previously for the 3% limestone dosage were repeated for the 1% limestone. Figure 4-16 shows that
the limestone treatment reduced the amount of pyrite oxidized significantly and that the limestone not
only neutralized the oxidation products but also delayed pyrite oxidation by approximately one year.
As mentioned previously, the sulphate loading measured in the drainage water and attributed to pyrite
oxidation was overestimated because of dissolution of sulphate solids initially present in the waste
rock. The initial characterization showed that 0.11% of the original rock contained sulphate. Even
by assuming that all the sulphate was produced by oxidation, only 25 g and 18 1 g of limestone would
have been consumed in indoor and outdoor tests, respectively, to neutralize the oxidation products.
These amounts represent 12.5% and 10.5% of the mass of limestone added to the waste rock. The
reduction in limestone effectiveness towards the end of the tests suggests that it was either 
or was simply washed out by regular water addition, as was noted for the 3% dosage.

1000

800

 600

 400

200

0

LIMESTONE I % (based on

CONTROL (based on S04)

Indoor Outdoor
Figure  16 Effect of 1% Limestone Addition on Acid production rates

Metals and Non-Metals Released

The complete results of chemical analysis conducted on drainage waters from the 1% limestone
amended Stratmat rock are presented in Appendix A, Tables IV to VI and XXXIV to XXXVI.
Although measured acidity was found to be at the detection limit during the first year, most of the
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metals present in drainage waters from the control unamended rock were also found in those of the
indoor and outdoor 1% limestone amended rock, early in the tests. Zinc concentrations are graphed
in Figure 4-17 to illustrate the fact that substantial concentrations of metals were detected in the
drainage water early in the study. These results indicate that the 1% limestone was not as effective
as the 3% in reducing acid production and metal release from the Stratmat waste,
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Figure 4-17:  concentrations in indoor and outdoor 1% limestone-amended Stratmat drainage waters
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Post-Testing Results

The amount of acidity stored in the indoor columns was 3.82 g of  this amount of acidity was
added to the acidity measured in the drainage water to calculate the average total cumulative acidity
and the average acid production rate.

Metal and non-metal loadings stored in the column are presented in Appendix A, Table LXI.

The density profile in the 1% limestone amended column did not indicate any significant difference
between the surface rocks (2.89 g/cc) and the bottom rocks (2.80 g/cc), as was observed in the other
tests.

4.5 Stratmat Phosphate (3 %)

Testing Results

Acid production rate and 

The drainage water from the indoor Stratmat waste rock treated with 3% phosphate produced an
average cumulative acidity of 137 g of  This amount of acidity was added to the 6.80 g of

 estimated as oxidation product stored in the column. After 154 weeks, the total average
acidity production was 144 g of  which represents an acid reduction of 64.2%. The acid
production rate was calculated to be 46.6 mg of  The drainage water from the
outdoor Stratmat waste rock columns, on the other hand, produced an average of 266 g of 
The calculated average acid production rate was 12.5 mg of  during 125 weeks of
testing which was equivalent to 69.5% acid reduction, relative to the control tests.

The indoor replicates showed a sharp drop in  from 7.0 to 3.0 during weeks 5 to 20. The acid
production rate (Figure  18) increased steadily throughout the testing period to approximately 75
mg of  /kg/week at the end of testing which established an acid reduction of only 42%. Similar
results were observed for the outdoor tests, although the  reduction was not as sharp as the 
reduction in the indoor tests. One of the replicates in the outdoor tests (Figure 4-19) showed a rapid
drop in  and an acid production rate similar to the control tests. Based on these results, the
effectiveness of the 3% phosphate addition was considered marginal.
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53



Metals and Non-Metals Released

The complete results of chemical analysis obtained on drainage waters from the 3% phosphate tests
are presented in Appendix A, Tables XIX to XXI and XLIX to LI. Metals in the indoor and outdoor
drainage waters were detected as early as week 6; however, the metal concentrations in the outdoor
tests remained low throughout the first summer as observed for the acidity results shown in Figure
4-19. The major metals released indoors were: Fe (1000  3000  Al (100    and

 (50  100  Other ions and elements detected include: SO,  (3000  8000  Mg
(100  200  Ca (300  500  Mn (15  50  As (10  and Si (20  40 

Drainage waters  the outdoor tests showed wider variation in species concentrations than those
 indoor tests due to seasonal temperature changes, although the same species were found in both

sets of tests.

Figure 4-20 shows that calcium concentrations in the drainage water from the 3% phosphate amended
rock were higher than those from the control tests. The source of Ca could be the dissolution of the
carbonate mineral initially present in the phosphate rock (10% by weight). The dissolution of this
carbonate mineral could account for the 69.5% acid reduction observed in the phosphate treated tests.

A few samples of drainage water were analysed for the results of which indicated that an
average of 92% of the Fe was oxidized to Fe  (ferric state).
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Post-Testing Results

The amount of acidity stored  the indoor columns was 6.80 g of  this amount of acidity was
added to the acidity measured in the drainage water to calculate the average total cumulative acidity
and the average acid production rate.

Metal and non-metal loadings stored in the column are presented in Appendix A, Table LXI.
The density profile in the 3% phosphate column showed that the surface rocks were slightly denser
(2.91 g/cc) compared to the bottom rocks (2.78 g/cc), suggesting preferential sulphide leaching at
the bottom, as previously noted.

4.6 Stratmat Phosphate (1%)

Testing Results

Acid production rate and 

The drainage water  the indoor Stratmat waste rock treated with 1% phosphate dose produced
an average cumulative acidity of 342 g of  This amount of acidity was added to the 15.6 g
of  measured as the oxidation product stored in the column. After 154 weeks, the total
average acidity production was 358 g of  which represents an acid reduction of 10.8%. The
acid production rate was calculated to be 116 mg of  The drainage water from the
outdoor Stratmat waste rock columns produced an average of 726 g of  with the calculated
average acid production rate being 34.2 mg of  over a 125 week testing period. The
corresponding acid reduction was 16.7% relative to the control.

Acidity and  observed in the indoor and outdoor 1% phosphate tests were almost identical to the
results found for the control tests. Figures 4-2 1 and 4-22 illustrate that 1% phosphate addition had
no effect on acid production from the Stratmat waste rock.
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Figure 4-2 1: Acid production rate and  in indoor 1% phosphate-amended Stratmat drainage water
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Figure 4-22: Acid production rate and  in outdoor 1% phosphate-amended Stratmat drainage water
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Metals and non-metals released

The complete chemical analysis results are presented in Appendix A, Tables XVI to XVIII and XLVI
to XLVIII. Metal concentrations in the indoor and outdoor drainage water were detected early in
the study and at concentrations similar to the control tests.

Post-Testing Results

The amount of acidity stored in the indoor columns was 15.6 g of  this amount of acidity was
added to the acidity measured in the drainage water to calculate the average total cumulative acidity
and the average acid production rate.

Metal and non-metal loadings stored in the column are presented in Appendix A, Table LXI.

The density of the 1% phosphate amended waste rock was higher for surface rocks (2.95 g/cc) than
for the bottom rocks (2.76 g/cc). This density variation may reflect greater leaching of sulphide
minerals at the bottom of the columns, as previously explained for the control columns.

4.7 Stratmat Soil Cover

Testing Results

Acid production rate and 

Drainage waters from the indoor Stratmat waste rock covered with the three-layer soil cover
produced an average cumulative acidity of 6.50 g of  This amount of acidity was added to
the 1.51 g of  measured as the oxidation product stored in the column. After 154 weeks, the
total average acidity production was 8.01 g of  which represents an acid reduction of 98.0%.
The acid production rate was calculated to be 2.61 mg of  /kg/week. The drainage water

 the outdoor Stratmat waste rock columns, on the other hand, produced an average of 466 g of
 with the calculated average acid production rate being 21.9 mg of  for a

testing period of 125 weeks. The acid reduction was 46.6%.

In spite of the high acid reduction observed in the indoor tests, the  fluctuated continuously
between 3.0 and 7.0; however, the acid production rate remained low throughout the testing period
with small variation but no clear trend, as shown in Figure 4-23. The outdoor test results showed that
the effectiveness of the soil cover decreased significantly after the second winter. The acid
production rates increased consistently during the third summer to reach an approximate average
value of 100 mg of  /kg/week which was similar to the acid production rate in the control tests,
as illustrated in Figure 4-24. These results indicate the compacted clay layer for the indoor tests
probably remained intact even after 154 weeks of testing. The laboratory conditions did not involve
adverse climatic cycles such as  and thawing and low to high evaporation rates. This suggests
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that, for the outdoor tests, most of the oxygen and water influx was probably occurring by sidewall
passage, following freeze-thaw. Visual examination of the compacted clay following the testing
period revealed that a layer of moss was growing between the compacted clay and the side of the
lysimeters which would undoubtedly allow air to penetrate.
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Metals and non-metals released

The complete chemical analysis results are presented in Appendix A, Tables XIII to XV and 
to XLV. Metals in the indoor and outdoor drainage water were detected as early as week 6, however
the metal concentrations in the outdoor tests remained low throughout the first summer 
to the acidity results shown in Figure 4-24. The major metals released indoors were:
Fe (10  200  Al (10  100  and Zn (10  100  Other species and elements
detected include:  (500  2000  Mg (20  100  Ca (100  400 
Mn (15  30  As   and Si (10  30 

The drainage water for the outdoor tests showed wider variation in species concentrations due to
seasonal temperature changes and higher metal concentrations, obviously because of deterioration
of the compacted clay layer, as described previously. A few samples of drainage water were analysed
for Fe” or  the results of which indicated that 30 to 80% of the Fe was oxidized to Fe  (ferric
state).

Post-Testing Results

The amount of acidity stored in the indoor columns was 1.51 g of  this amount of acidity was
added to the acidity measured in the drainage water to calculate the average total cumulative acidity
and the average acid production rate. Metal and non-metal loadings stored in the column are
presented in Appendix A, Table LXI.

The density profile of the soil covered Stratmat waste rock was essentially uniform throughout the
column with the surface rocks averaging 2.86 g/cc and the bottom rocks 2.88 g/cc. This suggests
uniform leaching of sulphide minerals in the column.

4.8 Stratmat Wood Bark Cover

Testing Results

Acid production rate and 

The drainage water from the indoor Stratmat waste rock covered with wood bark produced an
average cumulative acidity of 499-g of  This amount of acidity was added to 25.9 g of 
measured as the oxidation product stored in the column to obtain a total average acid production of
525 g of  over the 154 weeks of testing. This represents an increase of 30.7% in acidity
relative to the control, unamended rock and an acid production rate of 170 mg of  /kg/week.
The drainage water from the outdoor Stratmat waste rock columns produced an average of 235 1 g
of  with the calculated average acid production rate being 111 mg of  /kg/week over
the 125 week testing period. This represents an increase of 170% in acidity, relative to the control.
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The application of the wood bark cover resulted in an obvious increase in the acid production rate,
as shown in Figures 4-25 and 4-26. The  of the drainage water from the indoor and outdoor tests
decreased to 2.0 much more rapidly than the  of the drainage water from the Stratmat control
tests. The acidity was also much higher than that of the control tests, especially during the first
summer of the outdoor tests, when the wood bark covered rock generated a peak acid production
rate of 200 mg of  /kg/week, compared to only about 4.0 mg of  /kg/week produced
by the control unarnended rock.

To provide a probable explanation for the increased acid production, the population of the iron
oxidizing bacteria,  ferrooxidans, was enumerated for one control test and one wood
bark cover test (week 11). The results were 50 x   for the control test and 147 x 

 for the wood bark test, indicating only a slight increase in the bacteria population. A strong
bactericide solution (0.02% thymol solution) added to the wood bark in both indoor and outdoor
tests at week 100, however, resulted in a sharp decrease in acid production rate, as shown in Figures
4-25 and 4-26. This strongly suggests bacteria were playing a major role in acid generation in the
wood bark covered rock.

In addition to the above, a control test containing only wood bark (without rock) was monitored in
parallel with the wood bark cover tests in order to evaluate the quality of the leachate. Metal
concentrations measured in the drainage water were less than 0.5  (Appendix A, Table XIV (a)).
The neutral  and low acidity displayed in Figure 4-27 show that no acid was generated from the
wood bark. This rules out any possibility that low  due to organic acids may be accelerating acid
generation in the wood bark covered rock.
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Figure 4-27: Acidity and  of drainage water from wood bark (indoor, no rock)

Metals and Non-Metals Released

The complete results of chemical analysis obtained on drainage waters from the rock covered with
wood bark are presented in Appendix A, Tables XXII to XIV(a) and LII to LIV.

Post-Testing Results

The amount of acidity stored in the indoor columns was 25.9 g of  this amount of acidity was
added to the acidity measured in the drainage water to calculate the average total cumulative acidity
and the average acid production rate.
Metal and non-metal loadings stored in the column are presented in Appendix A, Table LXI.

As was observed in some of the other tests, the density profile in the wood bark column indicated
only slightly higher values for the surface rocks (average of 2.78 g/cc) than the bottom rocks
(average of 2.73 g/cc). This suggests sulphide mineral leaching was probably uniform throughout
the column.
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4.9 Selbaie Control

Testing Results

Acid production rate and 

Drainage waters from the indoor Selbaie waste rock control tests produced an average cumulative
acidity of 103 g of  This amount of acidity was added to the 1.31 g of  measured as
the oxidation product stored in the column to give a total average acid production of 104 g of 
over 148 weeks and hence an acid production rate of 35.3 mg of  /kg/week. The drainage
water  the outdoor Selbaie waste rock columns produced an average of 120 g of during
115 weeks of testing from which the average acid production rate was calculated to be 6.16 mg of

 The amount of pyrite oxidized in the indoor tests was calculated to be 83.2 g from
acidity measurements and 75 g based on the amount of sulphate released. An average sulphate
concentration of 3000  was observed in the tests, as presented in Appendix A, Tables XXV to
XXVII. This sulphate production was calculated to be equivalent to approximately 0.5% of the mass
of pyrite initially present in the waste rock. Calculations similar to those done for the outdoor tests
indicated only 0.1% of the pyrite was oxidized during the testing period.

The above results clearly indicate that the acid production rate of the Selbaie waste rock was 83%
slower in outdoor tests than in the indoor tests. As mentioned previously for the Stratmat control
waste rock, the variation in temperature is the most probable reason for the lower outdoor acid
production rate. Figure 4-28 shows that oxidation essentially stopped during winter time. In
addition, the outdoor waste rock tests did not generate significant acidity during the first summer
when the  ranged between 5.0 and 6.0. The drainage water from the indoor tests started
generating acidity early in the study and the  dropped rapidly to 2.5. After 60 weeks, the acid
production rate was near 25 mg of  /kg/week for two of the replicates; the acid production
rate remained constant from that week till the end of the 148-week study, as shown in Figure 4-29.

Metals and Non-Metals Released

The complete results of chemical analysis are presented in Appendix A, Tables XXV to XXVII and
LV to LVII. Metals in the indoor and outdoor drainage water were detected as early as week 5.
The metal concentrations in the indoor drainage water increased to reach steady values around ‘week
60. The major metals released indoor were: Fe (100  1000  Al (5  50  and Zn (100 
500  Other species detected were SO,” (2000  5000  Mg (50  100  Ca (50 
100  Mn (15  50  As (-1.0  and Si (5 

The drainage water for the outdoor tests showed wider variation in concentrations due to seasonal
temperature changes; concentrations were, however, similar during peak acid production in the
summer. A few drainage water samples were analysed for the results of which indicated that
an average of 92% of the Fe was present in the ferric  state.
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Figure 4-29: Acid production rate and  in indoor control Selbaie drainage water
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 Results

The amount of acidity stored in the indoor columns was 1.3 1 g of this amount of acidity was
added to the acidity measured in the drainage water to calculate the average total cumulative acidity
and the average acid production rate.

Metal and non-metal loadings stored in the column are presented in Appendix A, Table LXI.

At the end of testing, the average density of the Selbaie control surface rocks (4.26 g/cc) was found
to be similar to that of the bottom rocks (4.23 g/cc), suggesting a uniform sulphide mineralogy
throughout the column.

4.10 Selbaie Phosphate (3%)

Testing Results

Acid production rate and 

Drainage waters  the indoor Selbaie waste rock treated with phosphate dosage of 3% produced
an average cumulative acidity of 25.5 g of  This amount of acidity was added to the 2.16 g
of  measured as the oxidation product stored in the column to give a total average acid
production of 27.7 g of  over a testing period of 148 weeks. This represents an acid
reduction of 73.7% and an acid production rate of 9.31 mg of Drainage waters
from the outdoor columns, on the other hand, produced an average of 5 1.3 g of with the
calculated average acid production rate being 2.63 mg of  for a testing period of 115
weeks. This is equivalent to a reduction in acid production of 57.4% relative to the control.

Acidity and  data obtained from the indoor and outdoor columns were almost identical to those
observed in the control tests. Figures 4-30 and 4-31 illustrate that 3% phosphate addition had a
marginal effect on acid reduction.
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Figure 4-30: Acid production rate and  in indoor 3% phosphate-amended Selbaie drainage water
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Metals and non-metals released

The complete results of chemical analysis of the 3% phosphate tests are presented in Appendix A,
Tables XXIII to XXX and LVIII to LX. Metals were detected in the indoor and outdoor drainage
waters early in the tests and at concentrations similar to those of the control tests.

Post-Testing Results

The amount of acidity stored in the indoor columns was 2.16 g of  this amount of acidity was
added to the acidity measured in the drainage water to calculate the average total cumulative acidity
and the average acid production rate.

Metal and non-metal loadings stored in the column are presented in Appendix A, Table LXI.

The density profile obtained in the 3% phosphate columns indicated that the surface rocks were
similar in density (4.14 g/cc) to the bottom rocks (4.23 g/cc),  uniform sulphide leaching
throughout the length of the column.



DISCUSSION

The results of the three-year study indicate that, although a water cover may not completely prevent
oxidation, it will reduce acid generation considerably. In fact, when considering both feasibility and
effectiveness, it  the most promising  control technology yet known to the industry. The rate
of oxidation is decreased in two important ways: first, the oxidation will begin much later if fresh
rock is covered (two and a half years in this case), and second, the oxidation will continue at a
considerably reduced rate, due to the oxygen diffusion barrier the water presents. The delay before
oxidation begins  probably proportional to the neutralization potential of the rock. If oxidized waste
rock is covered with a layer of water, it is likely that the alkaline materials will be depleted and that
the oxidation will begin immediately.

There were many indications that the water covered waste rock began to oxidize after two and a half
years of operation. The consistent drop in  for all three columns, the increase in metal
concentrations in the effluents (especially  and Pb which were leached out of the control columns
early), and the increase in the Fe release rates are clear indications of early stages of oxidation. The
cause of this sudden decline in effluent quality is  to define, but one possibility is the depletion
of a buffering mineral initially present in the waste rock. The original rock  determined during
the initial characterization, was approximately 8.5. This value agrees with the data from the water
cover effluents which showed that between weeks 20 and 120, the average  from the water
covered columns was above 8.0. The deionized water used to simulate precipitation generally had
a  near 5.5. Oxygen diffusion from the surface of the water column, and low  water used to
simulate precipitation, may have been causes for alkaline mineral depletion.

The sudden decline in effluent water quality could also be caused by bacterial activity. A dissolved
oxygen concentration of 6  near the surface of the water column above the waste may be
sufficient for aerobic bacteria to survive. The bacteria   which is the species
normally  for  sulphide oxidation, is acidophilic. Thus, this strain of bacteria will
not be active at a  above 4 or 5 and, since the  of the effluent from the water covered rock had
not been that low, it is unlikely that bacteria played an important role in the initial acid generation.
A subsequent decrease in  could mean an increase in bacterial activity in the future.

Lead was released from the water covered columns at the same time as the  decreased. It is
important to note that the Zn and Pb concentrations measured in the effluents from the water covered
rock would be too high to be released directly into the environment and may therefore necessitate
treatment. In reality, however, the release rates could be higher or lower, depending on the retention
and dilution of water.

The effectiveness of the water cover may be improved by increasing the depth of the water cover, or
with the application of an organic layer on top of the waste. With an organic layer, the oxygen may
be consumed by biodegradation before it reaches the sulphides. The practical implementation of a
water cover scheme presents some other questions (for example, maintaining the required depth of
water and long-term stability of holding structures) which still have to be addressed through

7 5



hydrological and engineering studies. Laboratory studies such as those presented in this report may
be useful prior to implementation in providing preliminary information for design.
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CONCLUSIONS

Several techniques have been investigated for their relative effectiveness in preventing and controlling
sulphide oxidation and acid production from two mine waste rocks. The waste rocks were obtained
from the Stratmat mine in New Brunswick and the Selbaie mine in Quebec. The techniques tested
were water cover, soil cover , wood bark cover, 1% and 3% limestone addition and 1% and 3%
phosphate addition. Acid production rates and  obtained on drainage water from each technique
were compared to those from the control, uncovered and untreated rock to provide information on
relative effectiveness. Metal, sulphate and other major ion concentrations were also monitored in the
drainage waters. Based on the results from three years of monitoring of indoor and outdoor
experiments, the following may be concluded:

1 .

2.

3.

4.

5.

6.

7.

The Stratmat rock produced more acid (130  than the Selbaie rock
(41 

Post-testing investigation results (Appendix B) suggest the presence of greater
amounts of impurities in the form of silicate gangue minerals may explain the
difference in acid production.

Water cover was, by far, the most effective technique for preventing sulphide
oxidation and acid generation. Water cover was greater than 99% effective, followed
by 3% limestone addition (  1% limestone  3% phosphate (67%) and 1%
phosphate (14%).

Soil cover gave very different results in indoor and outdoor tests-98% effective in
indoor tests and 47% in outdoor tests. Sidewall passage of oxygen and water
aggravated by external weather conditions would explain the difference in
effectiveness.

Wood bark cover was found to be the least effective technique. In fact it accelerated
acid production and yielded a 170% increase in acid production over the control in
outside tests. Indoor tests gave a 3 1% increase over the control.

Drainage waters from the Control Stratmat rock were characterized by high
concentrations of iron (2000-4000  sulphate (5000-15000  aluminium
(200-500  and zinc (50-200 

Drainage waters from the Control Selbaie rock were characterized by lower
concentrations of iron (100-1000  sulphate (2000-5000  aluminium
(5-50  and zinc (100-500 

7 7
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APPENDIX A

DRAINAGE WATER QUALITY

(Centre de  Noranda)



TABLE I Drainage Water from Inside Stratmat Control Test (Replicate  Started July 11, 1991)

5.00 224 I 37.4 I 6.60
62.7 7.44

I I

199 24.2 6.22 I

6.55 I I

174 18.7 6.44 I

528 23 .8  139 0.35 10.9 4470  5.00 514 41.8 11.2 

 I Pb I sc Te I  Zn  Cl HP04 NO3 



TABLE II Drainage Water from Inside Stratmat Control lest (Replicate  Started July 11, 1991)



TABLE Drainage Water from Inside Stratmat Control Test (Replicate  Started July 

 Al   Cal  cdl  I Cr  Na  Ni  K Mn
I   I   I   I   I   I   I  
I I I I

 I   I  
I

 I1 0 . 025 I 0 . 020 0.02 33.4 38.1 12.1 1.15
6 0.41 0.25 163  I 0.031 0 . 025 0 . 093 15.4 13.2 4.20 411
18 I    1.21  442  1.00  6.57  124  16.6  209  110 
24  I 264  I 9.64 I 286 0.69 I I I 5.93 I 1520 5.00 I 219 I 57.83 5 1 7531 3 0 . 060.5 1.461 I 10.5 I 5120 5.00 788 91.4 32.5

41  198  12.5  129  0.33  3.96  1850  5.00  207  

5.00 254 32.9
46.2 151 0.77 I 10.2 I 5600 5.00 695 67.1

5.74 2280 5.00 275 34.5 9.96

543 26.8 0.43 0.43  0.025 11.8 3997  5.00 533 41.2 6 . 1 :

  0.005 5.93 1616 1.00 217 16.9 0.32 0.048 

1
6
18
2 4
3 5
41
5 3
5 7
6 8
7 3
8 5

101
105
116
117
121
132
137

148
153

Drainage Water from Inside Stratmat Control Test (Replicate   and  February 



TABLE IV Drainage Water from inside Stratmat 1% Limestone Test (Replicate  Started July 11, 1991)

W E E K Al A S cd Cr cu K Mn Na Ni

,
I 0.25 55 7 I I< 8.7518.7 82.50.25 I I I I 2 8 . 1 7.70

  CM I  I  ,  , I 
8 8 0.81  

  85.8 , 
4.91 272 5.0073 39.5 1380.31 43.3505 7.28

0.08 3.24 1 7 1 5.0088 81.4187 2.01 19.0 7.01
n    A9  

1 0 1
5.00 55.0

355
8.87

0.12 8.24 882 5.00  

I   6.08 I
 I 101 I 1.04 

273 I 0.15 0.27

188
88.8
9.98
73
- - -



TABLE V Drainage Water from Inside Stratmat 1% Limestone Test (Replicate  Started July 

WEEK A l A S ca cd C r cu K M n N a N i

542 0.14  1.63 6.51 84.4 32.4 7.01 

4.14 853   103 18.8 7.12 

5 . 0 0 2 1 7 2 4 . 2 6 . 1 7 0 . 1 6

1 4 1 6 5 . 0 0 1 5 . 0 6 . 1 6 0 . 0 5



TABLE VI Drainage Water from Inside Stratmat 1% Limestone Test (Replicate  Started July 

WEEK Al A S I I cd I  Cr I  Fe  K  Mg Mrl I Na  Ni 1

II I   I   I   I     I   I   I   I   I        
I I , I I I I

2 4 0.40  0.25 76.8  0.025  0.0:

I 0.32 0.25 0 . 025 I I <
0 . 28 0 . 25 255 0 . 025 I < 0 . 025 I <

0.47  0.25 0.033 0.18 1.15  

105 0.42  0.25 391  0.025 I 0.10 I 0.45   I

121 0.41  0.25 538  0.025 0.11 0.45  5.00 32.8 7 . .

1.91 0.25 558 0 . 048 0 . 087
I  I_  I  I    I

WEEK  Pb  SO4  Sb I  Si   I Zn  Fe I  Cl  HP04  NO3 
I   I  I  I  I  I  I   I  I  I  I  I 

6 0.25 230 I< 0.50 I 0 . 025
18 0.25 334 I< 0.50 I I I
2 4 0.25 I 203 0.50 I I 0 . 025 I I I I I
3 5



TABLE VII Drainage Water from Inside Stratmat 3% Limestone Test (Replicate  Started July 

WEEK Pb I so4 sb I se I Si   I   Fe+3 Cl  HP04  NO3

I        I    I  I  I  I  I  I 
I I I



TABLE Drainage Water from Inside Stratmat 3% Limestone Test (Replicate  Started July 

WEEK Al AS C a c d Cr K Mn
ma/L

Na Ni

 6  1.14  0.25 97  0.025 I 0.025 0.99 9.5 12.4 2.38 10.9
1 8 I 0.62 0.25 I 117 I< 0.025 0.025 0.30 6.12 10.7 0.71 8.48
24 0.39 0.25 80.2 0.025 0.025 0.025 5.00 8.20 0.069 7.29

25 0.025 0.025 c 5.00 12.2 0.49 8.45
025 5.00 8.8 0.060 7.79

35 0.35 0.25 146 0.0,
4 1 0.38 0.25 96 0.025 I 0.025 0.
53 0.44 < 0.25 150 0.045 I 0.055 0.068 5.00 14.2 0.40 7.35
57 0.36 0.25 129 0.025 0.025 0.032 5.00 10.8 0.26 8.10
68 0.41 0.25 353 0.028 0.025 0.038 c 5.00 3 9 5.94 7.09
73 0.32 0.25 305 0.025 0.025 0.025 5.00 27.4 2.96 7.70

48 12.4 7.17
00 29.5 4.30 6.92



TABLE IX Drainage Water from Inside Stratmat 3% Limestone Test (Replicate  Started July 

     

II   
I I I I

0.51 0 . 25 131 0 . 025
18 0 . 40 0 . 25 134 0 . 025 0 . 025 I 0 . 15 8.4
2 4 0 . 28 0 . 25 82.1 < 0 . 025 0 . 025 0 . 025 5 .

0 . 255 7 0 . 50 136 0 . 025 0 . 025 I 0.21 I<
8 8 0 . 39 0 . 25 288 0 . 043 0 . 025 0 . 053 5 . 00 28 . 0 4 . 49 8 . 07
7 3 0 . 37 0 . 25 318 0 . 038 0 . 18 0 . 025 5 . 00 28 . 8 3 . 53 9 . 70
8 5 0 . 29 0 . 25 490 0 . 088 0 . 17 0 . 15 5 . 00 59 . 4 14.4 8 . 98
9 0 0 . 29 0 . 25 154 0 . 039 0 . 24 0 . 025 5 . 00 35 . 2 8 . 83 7 . 78
101 0.51 0 . 25  587 0 . 10 0 . 0 : 5 . 00 82 . 3 20 . 2 7 . 27
105 0.51 0 . 25 594 0 . 028 0.81 0 . 08 5 . 00 42 . 4 12.0 7 . 79

WEEK  Pb  I  ' so4  I Sb  I Si    I   Fe+3 I Cl   HP04  NO3
  I   I       I   I   I   I     I   I  

I I

II  
I I I I I I I I I I I

I

0 . 30 < 0 . 50 13 . 5 0 . 14 0 . 25 24 . 9 0 . 84 I
148 4 . 23 4030 0 . 50 0 . 50 28 . 2 0 . 10 0 . 25 72 . 0 458 I
153 2 . 14 2282 0 . 25 0 . 50 20 . 7 < 0 . 10 0 . 25 23 . 7 134

I



 X Drainage Water from Inside Stratmat Water Cover Test (Replicate  Started July 

4 1 I 0.44  0.25 I 35.7  0.025  0.025 0 . 1 7  5.00 

73 0.29 0.25 38.5 0.025 I
85 0.31 0.25 34.6
90 0.28 0.25 35.8 0.025 I 0.025 5.00 8.67

0 . 2 5  0 . 2 5  3 7 . 0   0 . 0 2 5  

153 0 . 6 5  0 . 2 5  4 0 . 3   0 . 0 2 5  

WEEK  Pb  SO4 Sb  Se Si Te    Fe+3 Cl  HP04  NO3



TABLE XI Drainage Water from Inside Stratmat Water Cover Test (Replicate  Started July 

 7.91
I 33.7 I< 0 . 025 0 . 025 0.14 5.00 7.98 6.42 7.16



TABLE XII Drainage Water from Inside Stratmat Water Cover Test (Replicate  Started July 11, 1991)



TABLE X(a) Water Quality Profile from Inside Stratmat Water Cover Test (Replicate  Started J uly 

TABLE Xl(a) Water Quality Profile from Inside Stratmat Water Cover Test (Replicate  Started July 

TABLE XII(a) Water Quality Profile from Inside Stratmat Water Cover Test (Replicate  Started July 

I I I I I I I
1 3 2 3 . 6 1 1 2 2 0 . 5 0 I 6 . 2 1



TABLE Drainage Water from Inside Stratmat Clay Cover Test (Replicate  Started July 

TABLE XIV Drainage Water from Inside Stratmat Clay Cover Test (Replicate  Started July 11; 1991)

TABLE XV Drainage Water from Inside Stratmat Clay Cover Test (Replicate  Started July 



TABLE XVI Drainage Water from Inside  1% Phosphate Test (Replicate  Started July 

2.75  0 .50  34 .8  0 .38  0 .25 179  

TABLE XVII Drainage Water from Inside Stratmat 1% Phosphate Test (Replicate  Started July 11, 1991)

TABLE Drainage Water from Inside Stratmat 1% Phosphate Test (Replicate  Started July 



TABLE XIX Drainage Water from Inside Stratmat 3% Phosphate Test (Replicate  Started July 11, 1991)

WEEK  Na  Ni  Pb  SO4  Sb  Se  Si  Te      Fe+3

I I I I I I I I I I I

0.50 40.6 0.10 0.25 136 II

TABLE XX Drainage Water from inside Stratmat 3% Phosphate Test (Replicate  Started July 11, 1991)

105 I I I I I I I I I
146 234 8.21 375 0.16 0.24 0.025 10.8 2993 5.00 218 19.7

153 80.9 2.84 336 0.055 0.12 0.025 4.09 1198 5.00 80.9 8.25

TABLE XXI Drainage Water from Inside Stratmat 3% Phosphate Test (Replicate  Started July 11, 1991)

WEEK  Al  As  Ca  Cd  Co  Cr I Cu I Fe I K  Mg  

 



TABLE Drainage Water from Inside Stratmat Wood Bark Cover Test (Replicate  Started July 11, 1991)

W E E K N a N i P b S O 4 S b S i Z n F e + 3

m a / L m a / L

4 1 6.34 0.21  0.25 2 0 1 6 9  3.41  0150 60.9 0 . 5 ;

TABLE XXIII Drainage Water from Inside Stratmat Wood Bark Cover Test (Replicate  Started July 

WEEK Al As   c d l  Cr I Cu I Fe K I   I  Mn

I  I  I  I  I  I  I  I  I  I  I 

I I I I I I I I

W E E K N a N i P b so4 S b se S i T e Z n F e

m a / L

TABLE XXIV Drainage Water from Inside Stratmat Wood Bark Cover Test (Replicate  Started July 

WEEK N a N i so4 S b se S i T e Z n F e



TABLE XXIV(a) Drainage Water from Inside Blank Wood. Bark Test (Started July 

 WEEK Na



TABLE Drainage Water from Inside Selbaie Control Test (Replicate  Started August 8, 1991)

,   
  

 147 5.23  

TABLE XXVI Drainage Water from Inside Selbaie Control Test (Replicate  Started August 8,1SSl)

TABLE XXVII Drainage Water from Inside Selbaie Control Test (Replicate  Started August 8, 1991)



TABLE XXVIII Drainage Water from Inside Selbaie 3% Phosphate Test (Replicate  Started August 8, 1991)

W E E K A l A S  C r cu K M n

I

 9 9 7.36  0.25 0.22  0.025  0.025 8.40 

  ! 0.025

W E E K N a N i P b so4 S b se S i F e + 3

.

TABLE XXIX Drainage Water from Inside Selbaie 3% Phosphate Test (Replicate  Started August 8, 1991)

TABLE XXX Drainage Water from inside Selbaie 3% Phosphate Test (Replicate  Started August 

9 9 9.98  0.25 210 0.40  0.

1.48  5.00 53.8 19.8 



TABLE Drainage Water from Outside Stratmat Control Test (Replicate  Started July 



TABLE Drainage Water from Outside Stratmat Control Test (Replicate  Started July 

 A l  As I ca  cd  ccl  Cr  cu  Fe  K
I

 Mg
I I

N a N i

  

5 2 . 7

1 2 . 2 2 8 . 5 1 7 . 7 1 5 . 9

I 9 9 . 5 2 8 . 3

- -  2 5 . 7

, 1 2 . 3

5 . 0 0 I 1 1 . 9 8 . 3 8 1 2 . 3

1 1 . 3 5 . 4 6

4 5 . 6 1 0 . 0
7 8 . 0

‘6  5.00  145  18.3  6.54  0.11



TABLE Drainage Water from Outside Stratmat Control Test (Replicate  Started July 10, 1991)

WEEK  A l AS C r G U F e K Mn Ni
ma/L

1 4.04 176 0 . 020 0 . 020 5.36 39.7 36.7 14.2 34.3
3 6.92 0.25 72.3 0 . 035 0.16 2.31 13.6 10.1 5.01 14.5
5 10.2 0.25 116 0 . 072 0.53 6.74 23.1 39.6 20.6 30.2
6 15.2 0.25 166 0.14 1.11 3.67 33.3 72.3 39.6 41.7
1 1 6.11 54.4 0 . 025 0.67 6.62 5.00 13.3 7.31 13.2

 4°C  

7.37 47.3 26.4
I  

5.00 I 32.2 20.9 12.2
9 27.1 10.4

, , 1 20.6
0.73 0.21 I 3.65  5.00 26.3 6.27



TABLE Drainage Water from Outside Stratmat 1% Limestone Test ( Replicate  Started July 



TABLE XXXV Drainage Water from Outside Stratmat 1% Limestone Test ( Replicate  Started July 

WEEK Ni Pb SO4 Sb Se S i T e Z n Fe+2 Cl

2 7 0 0 7.93 45.5 0.050 14.0

, , , 2 3 4 1 0.50 1 2 8
 I I  I   1.12  27””   0.50 95.2

1 8 . 8 199 0.050 1 4 . 0
7 2 I 1 . 0 5 I 3 0 0 1 0 . 5 104 0.84 25.0

30.3



TABLE Drainage Water from Outside Stratmat 1% Limestone Test ( Replicate  Started July 

WEEK Ni P b SO4 Sb Se S i T e Fe+2 Cl HC03 

1 0.46 1540 4.14 1 . 3 7 40.5 1 7 . 7
3 I c 0.25 575 c 0.50 2.03



TABLE Drainage Water from Outside Stratmat 3% Limestone Test ( Replicate  Started July 



TABLE Drainage Water from Outside Stratmat 3% Limestone Test ( Replicate  Started July 



TABLE Drainage Water from Outside Stratmat 3% Limestone Test ( Replicate  Started July 

0.020 2 . 22 71 . 2 88 . 8 22 . 0 39 . 2
I I I I I

42 . 0 86 . 8 18 . 7 26 . 2
I 45 . 0 I 77 . 5 I 19 . 2 29 . 5

49 1 . 37 0 . 25 500 0 . 0 :
53 1 . 34 0 . 25 486
54 348 10 . 8
57 1 . 35 0 . 25 489 0.063 0.025 0 . 16 10 . 4

 62  1.17  0.25  475  0.074  0.025  0.029
II 1 7 1 0 I

7.4572 363
92 0 . 79 0 . 25 371 0.025 c 0.025
95 0 . 79 0 . 25 416 0.020 0.025
101 0 . 48 0 . 25 750 0.069 0 . 0
103 0 . 30 0 . 25 645 0 . 10 0.060

66C

125 I  0.38  0.25



TABLE XL Drainage Water from Outside Stratmat Water Cover Test   Started July 

WEEK Ni P b SO4 Sb Se S i T e Fe+2 

1 0.90



TABLE XLI Drainage Water from Outside Stratmat Water Cover Test ate  Started July 

0 . 091 5 . 00 0 . 50 0.018 8 . 58
0.025 0.082 5 . 00 0 . 50 0.005 8 . 42

118
125 4 . 84 0 . 25 60 . 7 0.050 0 . 031 0.025 1.01 0 . 38 8 . 75 16 . 0 7 . 83 17 . 78

WEEK Ni Pb SO4 Sb Se Si Te Zn Fe+2 Cl

1  0.25

40 0.025 0 . 25 4 . 87 0 . 25 0 . 50 0 . 42 0 . 10 0 . 25 0 . 17
44 I 1 . 82 0.050 I
49
53 c 0.025 0 . 25 8 . 28 0 . 25 c 0 . 50 0 . 92 0 . 10 0 . 25 0 . 12
54 3 . 62 0 . 28 0.050 < 1 . 00

57 0.025 0 . 25 74.1 0 . 25 c 0 . 50 3 . 58 0 . 10 0 . 25 2 . 98
62 0.025 0 . 25 4 . 75 0 . 25 c 0 . 50 0 . 38 0 . 10 0 . 25 0.025

 

72 I 130 I I 3 . 40 I 8 . 60 0.080 27 . 0
 I I I  . I I I I I I

 0.025  5.50  0.25  0.50 12 . 4  0.10  0.25  23.9 I I



TABLE Drainage Water from Outside Stratmat Water Cover Test (Replicate  Started July 



TABLE Drainage Water from Outside Stratmat Clay Cover Test (Replicate  Started July 10, 1991)

TABLE Drainage Water from Outside Stratmat Clay Cover Test (Replicate  Started July 10, 1991)

TABLE XLV Drainage Water from Outside Stratmat Clay Cover Test (Replicate  Started July 10, 1991)



TABLE Drainage Water from Outside Stratmat 1% Phosphate Test (Replicate  Started July 10, 1991)

WEEK  Al  As I Fe  KC d c o c u

I  I  

I I I I
 I 

I I

0 . 2 2 6 . 7 2 376 3 . 9 0
I

2 0.020 0 . 0 2 0 2 . 6 5 5 9 . 6

0 0 . 0 4 0 0 . 5 3 1.98 12.7

0 . 2 7 0 . 4 9 4 . 5 5

5 0 . 3 8 0 . 3 3 6 . 5 7 67.1 8 . 5 0
2 0 79  

TABLE Drainage Water from Outside Stratmat 1% Phosphate Test (Replicate  Started  10, 1991)

WEEK Ni P b SO4 S b S e Si Te

 

Z n Fe+2 Cl P

- - -1 1 1 9

I
 817   400 I

8800  38.2 1 1 8 . 0
. I

TABLE Drainage Water from Outside Stratmat 1% Phosphate Test (Replicate  Started July 10, 1991)



TABLE Drainage Water from Outside Stratmat 3% Phosphate Test (Replicate  Started July 10, 1991)

TABLE L Drainage Water from Outside Stratmat 3% Phosphate Test (Replicate  Started July 10, 1991)

TABLE Drainage Water from Outside Stratmat 3% Phosphate Test (Replicate  Started July 10, 1991)



TABLE Drainage Water from Outside Stratmat Wood Bark Cover Test (Replicate  Started July 10, 1991)

TABLE Drainage Water from Outside Stratmat Wood Bark Cover Test (Replicate  Started July 10, 1991)

0.20
4.00

0.03
 7.80 1.00 8.83

49.0 1.12
280 26.2

TABLE LIV Drainage Water from Outside Stratmat Wood Bark Cover Test (Replicate  Started July 10, 1991)

2.81
681
99.4
1390 48.8

67 1630 39.8 404 0.87 0.76
72 761 19.3 190 0.31 0.45

115  1603  55.1  260  1.25  1.09  

1 1.68 811 I I I I 12.2 0.85 4
1 1 I < 025 17700 I 4

44 3500 41.9 ,
36700 116 616

67 35000 105 709
73  1



TABLE L V Drainage Water from Outside Selbaie Control Test (Replicate  Started August 

TABLE L V I Drainage Water from Outside Selbaie Control Test (Replicate  Started August 14, 1991)

TABLE Drainage Water from Outside Selbaie Control Test (Replicate  Started August 



TABLE Drainage Water from Outside Selbaie 3% Phosphate Test (Replicate  Started August 

TABLE L I X Drainage Water from Outside Selbaie 3% Phosphate Test (Replicate  Started August 14, 1991)

TABLE L X Drainage Water from Outside Selbaie 3% Phosphate Test (Replicate  Started August 14, 1991)



TABLE LXI ions!Stored in the Waste Rock (mg)

L O C A T I O N T E C H N I Q U E A C I D I T Y  ( L o a d )

a CaC03 

� Including Water Cover (23.0 
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1.0 POST-TESTING CHARACTEFUZATION

1.1 Introduction and Objectives

After 2.96 years of the indoor column leach tests, the Stratmat Control, Selbaie Control and the

Stratmat Water Cover  were disassembled and split into top, middle and bottom sections.

Approximately 1.2 kg of rock, obtained from each section, was washed and sampled for 

and porosity measurements, surface and mineralogical analyses, and simulated leaching. The

objectives of the post-testing study were to:

 

(d)

identify and characterize weathered surfaces and mineral coatings and salt deposits on the

rock samples,

compare the mineralogy of oxidized and unoxidized or partially oxidized rock samples,

re-interpret the drainage water quality data and relate them to the surface and bulk

mineralogy in both the Stratmat and Selbaie rocks, and

provide an explanation for the difference in acid generation between the Stratmat and

Selbaie rocks, by focusing on rock structure and minerolgy and leach data.

The rock samples analyzed were Stratmat Control  flooded Stratmat  and

Selbaie Control (LWR25). The Stratmat and Selbaie Control rocks had been cyclically leached

with deionized distilled water and allowed to dry during laboratory column testing for nearly

three years. The flooded Stratmat rock was permanently placed under water and also leached with

deionized water during the same period.

1.2 Mercury Intrusion Porosimetry

The  distribution of the rock samples was measured by mercury intrusion using a

Micrometrics Poresizer Model 93 10. The principle of the mercury porosimeter is similar to the

rise of water in the pores of rocks and soils by capillary action:



2

where h = height of capillary rise;   surface tension of water; and   capillary radius. The

relationship indicates that the smaller the capillary radius, the greater the capillary rise. In

mercury porosimetry, a non-wetting fluid, mercury, is used. Positive presure, rather than suction,

is used to force the mercury into rock pores. The size of pore tilled is a function of the pressure

applied, and from this the total volume of different pore size distribution can be calculated.

The rock sample was oven-dried to remove excess water and then placed in a penetrometer cell

installed in the poresizer. Mercury was intruded into the pores of the sample by an applied

pressure that reached 207  (30,000 psi). The volume of mercury forced into the pores was

measured by the change in electrical capacitance of the falling mercury column in the

penetrometer. The capacitance changes were converted to volume changes, using appropriate

conversion factors. Applied pressures and other test parameters were used to calculate pore

diameters. Porosity was also calculated from the porosimetry data.

1.3 Water Absorption

Two types of water absorption tests were carried out on the rock samples. Normal absorption

was obtained by determining the mass difference between an oven dry sample and the same

sample soaked in water for 24 hours. Vacuum saturation was determined from the mass

difference between an oven dried sample and the same sample boiled in water for approximately

four hours (Hudec, 1989).

1.4 Bulk Density

Bulk density was determined by measuring the volume of rock samples using a volumetric water



displacement method and the oven-dry mass:

Bulk Density = Mass of oven dry rock sample
Volume of rock sample soaked for 24 hours

Additional bulk density data were obtained from calculations performed as part of the porosimetry

tests.

1.5 Results

1.51  Distribution

Control and Flooded Stratmat Rocks: The results of mercury intrusion porosimetry are

compared in Figs l-l and l-2 for samples of Stratmat Control  and flooded Stratmat

(LWR-22) rocks. The data indicate there is a wide distribution of pore sizes  

although smaller pores  10  seem to be dominant. The Control Stratmat rock which was

allowed to oxidize and then leached during the three years of testing has nearly 50% more of the

   pores than the Stratmat rock flooded or covered with water during the same period.

The results also indicate more  10  pores in the the Control rock than in the flooded rock.

Flooded Stratmat and Control Selbaie The laboratory leach test results previously

discussed indicated sulphide oxidation and acid generation from the Control Selbaie rock was

much lower than the Control Stratmat rock. As noted, some oxidation of the flooded Stratmat

rock occurred and resulted in acid generation during the three-year testing period, although the

quantity of acid produced was significantly smaller than the Control or uncovered rock. From

the limited acid production in both the flooded Stratmat and Control Selbaie rocks, it was inferred

a comparative study of the bulk and surface mineralogy and structure of the two rock types would

provide insight into their differences in acid generation.

Porosimetry data obtained on the flooded Stratmat (LWR-22) and Control Selbaie (LWR-25)
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rocks are presented in Figs. 1-3 and l-4. The results indicate a similar number of 0.007-100 

pores in both rock types, suggesting that  distribution has limited influence on the rates

and extent of acid generation.

1.5.2 Porosity, Bulk Density and Water Absorption

Table 1.1 summarizes total intrusion volume, percent water absorption and bulk density measured

on the flooded Stratmat, Control Selbaie, and Control Stratmat rocks.

Rock Sample Total Intrusion Water Bulk Porosity
Volume Absorption Density

(x 10” 

Flooded Stratmat Top 2.2-2.4 0.44-0.62 2.83-2.86 0.006-0.008

Flooded Stratmat Bottom 1.6-2.2 3.03-3.08 0.006-0.007

Control Selbaie Top 1.6-2.4 0.23-0.48 0.009

Control Selbaie Bottom 0.8-1.8 0.25-0.35 4.40-4.73 0.006-0.009

Control Stratmat Top 8.5-9.4 0.30-1.78 2.86-3.11 0.024-0.030

Control Stratmat Bottom 4.0-5.0 0.38-0.98 2.72-2.73  l-0.014

Table 1.1: Total Intrusion Volume, Absorption and Bulk Density of Stratmat and Selbaie
Rocks

The above data indicate the total intrusion volume and porosity of the flooded Stratmat and

Control Selbaie rocks are similar. Total intrusion volume average  x 10”  for rock

samples from the top section of each laboratory column and 1.6 x 1   for bottom samples.

The porosity of the flooded Stratmat rock is about 0.006-0.008 for both top and bottom samples,

while that of the Selbaie rock is 0.009 at the top and 0.006-0.009 at the bottom. The average
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absorption for the flooded Stratmat rock is 0.53% at the top and 0.42% at the bottom of the

column. The absorption for the Control Selbaie rock is slightly lower and average 0.396% at the

top and 0.30% at the bottom. Total intrusion volume, porosity and water absorption of the

Control Stratmat rock are all higher than those measured for the other two rocks. The average

total intrusion volume is 9.0 x   the porosity 0.027 at the top and 0.012 at the bottom

and water absorption approximately 1% for top and bottom samples. The porosity and absorption

values reported for the flooded Stratmat and Selbaie rocks are typical of dense crystalline rocks.

The bulk density of the flooded and Control Stratmat rocks has average values of 2.72-

3.06 The Control Selbaie rock is much denser than both the flooded and Control or

leached Stratmat rocks and has an average bulk density in the range of 4.15 to 5.09 

The above results would suggest that a more extensive sulphide mineral oxidation and leaching

of oxidized products has resulted in the formation of a higher number of voids in the Control

Stratmat rock than the flooded Stratmat and Control Selbaie rocks. The increased pores would

lead to a higher porosity and water absorption.

2.0 Surface and Bulk Mineralogy

2.1 Introduction

The principal purpose of the surface and bulk  study was to discern any differences

in pyrite morphology and distribution of surface and gangue minerals present in the Stratmat and

Selbaie rocks. These differences would shed light on the reason(s) for the different acid

production rates observed in the two rocks during the three-year laboratory leaching tests. The

study involved several experimental analysis.

2.2 Experimental Methods

2.2.1 Petrography

Thin sections were analyzed using transmitted and reflected light techniques. The microscope
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used was a Zeiss Axioplan equipped with a 10x ocular and 5x to  objectives. All thin

section photomicrographs shown in this report were taken using the 5x objective.

Three sets of pyritic waste rock, each consisting of a series of three samples were analyzed for

this report. Sample sets LWR22 and  originated from the Stratmat site, Bathurst, N.B..

The third set,  was from the Selbaie mine site, Quebec.

2.2.2 Scanning Electron Microscopy

Scanning electron photomicrographs were taken  the lower stage of an IS1 DS 130

microscope. Energy dispersive X-ray  measurements were made with a  Northern

EDX analysis software.

Representative rock samples from each of LWR22, LWR02 and  were taken as received

and mounted on an aluminiurn SEM stub. The surface of each grain was lightly coated in gold

to increase their conductivity. The samples from LWR22 were to be the blank for which LWR02

were to be compared. Analysis of  showed that the surface was oxidized. In order

to determine what the unreacted rock was like, the rock samples were split in half to reveal a

pristine rock.

2.2.3 X-ray Fluorescence

Trace element analyses of the rock samples were determined using a Philips PW  1450 sequential

wavelength X-ray Fluorescence (XRF) spectrometer. Representative rock samples, weighing

greater than 25 g, were chosen from each of LWR02, LWR22 and LWR25. The rock samples

were crushed to a fine powder using a tungsten carbide rock crusher. Eight gram samples were

used for each analysis. The samples  “ALL” are equal mixtures, by weight, of each of

the Top, Middle and Bottom samples from a particular LWR series.

2.2.4 X-ray Diffraction

Representative rock samples were chosen from the Top of LWR22, LWR02 and LWR25. The
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surfaces of the rock samples were scrapped with a diamond scribe until the altered surface of the

rock was completely removed. The scrapped material was ground into a fine powder with an

agate mortar and pestle. The remaining rock was wrapped in plastic and crushed with a sledge

hammer. The crushed rock was also ground to a fine powder with a mortar and pestle. Powder

diffractograms were recorded from each the altered surface and bulk of each of the rock samples.

2.2.5 X-ray Photoelectron Spectroscopy

The X-ray photoelectron spectrometer was a modified Surface Science Laboratories SSX-100,

with a monochromatized AI  X-ray source and base pressure of  Ton in the analytical

chamber (CHANEY, 1987). The XPS take-off angle (ASTM,  measured with respect to

the sample surface, is The high vacuum dosing chamber had a base pressure of 3x1  Torr.

The spectrometer work function was adjusted to give a value of   for the Au 

peak of metallic gold. The energy dispersion was set to give an energy difference of 

 between the Cu and Cu  line. Fractured pyrite specimens had an Fe  binding

energy of 707.00f0.05  and a S disulphide peak binding energy of  

 et al., 1990; NESBITT and MUIR, 1994). Low energy (O-6  electrons were

applied to the surface using a flood-gun in order to neutralize local surface charging (PRATT

et al., 1994; KNIPE et al., 1995).

The survey scans were recorded using a 600 or 300  spot size depending on the sample size

and a fixed-pass energy of 160  while narrow scan spectra were recorded using a 300 or 150

 X-ray spot and a fixed pass energy of 50  or 150  in order to achieve acceptable signal

noise in a reasonable length of time.

The LWR02 sample ‘was a single pyrite crystal removed from the exterior of a rock sample; a

photomicrograph of the crystal surface can be seen in Fig. 2  10. The  sample used for

XPS analysis was a chip (5mm X 5mm) from the exterior of a rock sample. This same crystal

and rock chip were also used in the Auger analyses (see below).



2.2.6 Auger Electron Spectroscopy

Auger survey spectra and depth profiles were recorded on a Perkin-Elmer PHI 600 scanning

Auger microprobe. The base pressure of the analytical chamber was  Pa (while sputtering).

Survey analyses were recorded under the following conditions: 1) electron beam acceleration

potential of 3.0  or 5.0  2) electron beam current of 20  3) spot size of 1  4)

sample tilt of  5) kinetic energy range of 30 to 1030  and the energy resolution of the

cylindrical mirror analyzer was  = 1.2 percent. No charging was detected at this low beam

current. Depth profile conditions were as above and in addition a 2   ion beam was

 over a surface area of 2x2 mm for a period of 10 to 20 s. Sputter rates were determined

for pyrrhotite by PRATT et al. (1994) to be    this sputter rate was determined on

the same instrument and under identical conditions to those above. Analysis for carbon KLL,

 LMM, oxygen  and iron (Fe  at 703  and, in some cases, silicon (KLL)

and potassium (KLL) were recorded for several (3 -6) points on each surface.

2.2.7 Secondary Ion Mass Spectroscopy

Secondary ion mass spectroscopy (SIMS) was used to determine trace elements present in pyrite

grains from LWR22 and LWR25. In addition to trace analyses, the distribution of the trace

elements could also be determined from SIMS maps. Rock samples from the LWR22 and

LWR25 series were fractured in two pieces and single pyrite cubes were chosen from these

interior surfaces. The single pyrite grains were mounted in a graphite epoxy and polished to

produce a fresh pyrite surface. The polished surfaces were liberally coated with gold to increase

the samples conductivity.

All SIMS measurements were performed using a  IMS 3f secondary ion microscope

(microprobe). Separate surface analyses were performed using a   and Cs’ primary

ion beam. The mass spectra of secondary ions were recorded from 1 to 250 A.M.U.; all imaging

was done using an  primary ion beam..
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2.3 Results and Interpretation

2.3.1 Petrography

Stratmat  LWR22: Samples from the top, middle and bottom are all foliated white mica

schists, consisting of similar mineralogies: mainly sericite (tine  

 quartz  and pyrite  Minor amounts of K-feldspar

   and apatite  also occur in the rock

sample (see Table 2.1).

Foliations in the rocks are defined by the platy sericite mineralization (Fig. 2  la). Sericite is

also found in randomly oriented anhedral masses, possibly a metasomatic product of feldspar

alteration (Fig. 2  1 b) Quartz occurs as an anhedral polycrystalline masses located in the pressure

shadow regions adjacent to pyrite grains (Fig. 2  la). Generally, K-feldspar is present as

ragged phenocrysts heavily altered to sericite. Pyrite appears as euhedral cubic grains (Fig.   c).

The pyrite grains contain few inclusions, fractures and have well defined straight edges (Fig.

 The pyrite cubes have an average width  pm.

Stratmat Control  The samples originating from the bottom and middle are essentially

the same as those described above, for LWR22. The top sample, however, is significantly

different and will be described in detail.

 is a friable strongly banded rock ‘with considerable (10%) sulphide mineralization.

The minerals identified are sericite, chlorite  unidentified clay

minerals, quartz, pyrite and sphalerite  Foliations in the rock are defined by the platy

minerals, i.e. chlorite, and the unidentified clay minerals (sericite) (Fig.  The clay

minerals appear to occur as sericite alteration products (Fig. 2 -2b; Table 2.1).

The pyrite grains have a range of shapes, from euhedral cubes to anhedral masses (Fig. 2 

All pyrite grains have ragged edges and rounded corners. Grain size is also distinctly bimodal

with one group   and the other group   The smaller grain size fraction also

tends to be more heavily altered (Fig. 2  The sphalerite is found as ragged anhedral masses



in close association with the smaller sized pyrite.

10

 L WR25: The LWR25 samples from the top, middle and bottom are all virtually identical.

The rock samples contain massive pyrite with quartz veining along fractures. Associated 

the quartz veining is a  ankerite  component. In thin section, the sample

consists of massive sulphide formed by an agglomeration of small   pyrite cubes (Fig.

2 

Sample Mineral Modal Volume (Percent)

STRATMAT
FLOODED

. STRATMAT
CONTROL

SELBAIE Pyrite
CONTROL

Ankerite

Sericite
Quartz
Pyrite
Chlorite
K-feldspar

Apatite

Sericite

Chlorite
Clays
Pyrite
Sphalerite
K-feldspar

Apatite

3 5
10

5 0
10
15
10
10
3

9 0
10

Bottom

6 0 6 5
1 0 10
2 5 2 0

6 5
1 0

2 0

4 0
10

4 0

9 0
10

9 0
1 0

Table 2.1 Summary of mineralogical composition of mine waste rock samples,



Fig. 2  1 a:  showing foliation, sericite (fine   phase) and

polycrystalline quartz. Opaque phases are pyrite. Sample 

Fig. 2  1 b: Photomicrograph showing sericite after feldspar. Opaque phases are pyrite. Sample

Fig. 2  1 c: Photomicrograph showing euhedral pyrite. Sample 

Fig. 2  1 d: Photomicrograph showing euhedral pyrite. Sample 





Fig. 2 -2a: Photomicrograph showing foliation, sericite and polycrystalline quartz. Opaque phases

are pyrite. Photomicrograph representative of  and 

Fig. 2 -2b: Photomicrograph showing foliation, sericite, chlorite (bluish colour), unidentified clay

minerals (small grains a dark colour) and polycrystalline quartz. Opaque phases are pyrite.

Sample 

Fig.  Large size group pyrite grains with ragged edges and rounded comers. Sample

Fig. 2-2d: Small size group pyrite grains. Shapes tend to be anhedral and ragged. Sphalerite is

the low dark gray phase. Sample 





Fig. 2 -3a: Photomicrograph showing massive pyrite and quartz veining. Note the well formed

cubes in the upper right hand corner. Sample 

Fig. 2-3b: Photomicrograph showing massive pyrite and quartz veining. Sample 
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2.3.2 Scanning Electron Microscopy

Results: Scanning electron photomicrographs  were taken from the surface of each of the

rock sample. The surface of  (as received) is shown in Figs. 2 -4 and 2 -5. The

interior of grains of LWR22 and these fractured grains reveal the pristine rock; these

photomicrographs for   and  can be found in Figs. 2 -6

to 2  8, respectively. Photomicrographs for   and  

be found in Figs. 2 -9 to Figs. 2  12. The surface of a single pyrite crystal 

showing the tiny pits and the area between the pits are shown in Fig. 2  1  respectively.

Photomicrographs showing the surface of   and  can

be found in Figs. 2  13 to 2  15, respectively.

Interpretation

Stratmat  L WR22: Scanning electron photomicrographs of LWR22 (Fig. 2 -4) show a

surface which has been mildly altered with respect to the highly altered LWR02 series. Many

of the pyrite grains are surrounded by clays/micas and are covered with a considerable amount

of detrital material. The pyrite grains are somewhat rounded, but, in general, show no obvious

pitting. Having said this, one grain was found which showed very small pits beginning to form

on pyrite twin plains (Fig.:!-5). No pits analogous to this were found on any other parts of the

same crystal.

If the images in Fig. 2 -4 are compared with photomicrographs taken from a fresh surface from

the same rock (Fig. 2  it can be seen that the grains from the rock interior have sharp edges

and are unreacted. The micas appear fresh and unreacted. EDX analyses performed on pyrite

grains from both interior and exterior can be found in Table 2.2.

The observations made above for the top of LWR22 can also generalized to the samples from the

middle and bottom of the LWR22 series. Micas and potassic feldspar make up much of the

gangue supporting the euhedral pyrite grains. The exterior faces of the rock showed a similar

overall chemistry, but different mineralogy from the freshly fractured surfaces. The pyrite grains
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from the exposed surface were rounded with low levels of 0, K, Al and    pyrite 

The surrounding gangue minerals are fine  and in some cases are enriched in Mg; the

minerals having high concentrations of Mg are probably chlorite.

 FLOODED  TOP

Element

Figs.

Pyrite Grain (Exterior) Pyrite Grain (Interior)
Atom % Atom %
Fig. Fig. 

0

Na

Al

Si

S

Fe

31.7

2.2

1.7 ---

5.2 1.2

8.0 1.9

2.5

21.2 71.8

27.5 25.03

Table 2.2: EDX analyses from the surfaces of pyrite which were reacted (i.e., from the grain
exterior) and those from the pristine surface (i.e., grain interior), Stratmat Flooded (LWR22)

Stratmat Control L The photomicrographs in Figs. 2  9 to 2  12 show the surfaces of

the rock samples are extensively reacted. These photomicrographs can be compared with those

of Figs.   and  which are taken from grains that were unreacted.

It is apparent that gangue minerals have all been altered to fine grain silicates, possibly chlorite.

The pyrite grain in the upper left corner of Fig. 2 -9a is characterized by two textures: first,

much of the pyrite grain is highly pitted (Fig 2  and striated, while a second area is

characterized by a flaky crust which is  off the surface. Higher magnification images of
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both these areas can be seen in Figures 2   and 2  respectively. Both of these textures 

be observed in Figure 2 -9d which shows a spa11 pealing off the surface and that under the spa11

the mineral surface is also pitted. The observations made above would suggest that the 

material is not passivating the surface from further oxidation and that the  is not’ well

attached to the surface. Another spa11 area can also viewed down its length in Fig 2 -9e. The

results of the EDX analyses for the pyrite, the  and the rosettes shown in Fig. 2   are

summarized in Table 2.3. The composition of the  is consistent with a mixture of iron

sulphate or iron oxide and pyrite. The chemical composition and the morphology of the rosettes,

in   is consistent with that of jarosite 

STRATMAT CONTROL (LWR02) TOP

Element Pyrite     Length Rosette
Atom % Atom % Atom % Atom % Atom %

Figs. 2.3-9%

0 4.6 43.7

--- 2.5

--- 4.3

Al 1.6

--- 0.9

Si --- 0.6

S 70.6 25.1

Fe 24.8 21.3

46.3 44.3 56.9

3.3 3.6

4.2 --- ---

2.2 2.8

1.7 3.0 5.9

1.7 6.3 0.9

21.3 26.0 16.7

19.5 14.1 19.5

(1) magnification 
(2) magnification 

Table 2.3: EDX analyses for the surfaces of the photomicrographs in Fig. 
STRATMAT CONTROL (LWR02) TOP
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Figure 2  10 shows the surface of another pyrite crystal. The surface can be characterized by

three different morphologies. First, the surface is covered in a fairly uniform, although not

 manner by highly prismatic etch pits (see Fig. 2  10). The etch pits appear to be oriented

with respect to the natural crystallographic direction; the pits have formed in the (110)

crystallographic direction. It is not possible to see the bottom of the pits and some may have

formed in the (111) crystallographic direction. Second, between the pits one can see a fairly flat

and homogeneous surface. At very high magnification (50  see Fig.  it is apparent that

the surface is not pitted but has small nodules and other areas which are etched parallel to the

(110) pits (Fig 2  Third, areas between the pits are raised and appear to be  deposits,

which are possibly iron oxides. Scanning electron photomicrographs and EDX analyses for

 show very similar trends and compositions to  described above. The

composition of the gangue minerals and the highly pitted pyrite can be found in Table 2.4. The

EDX analyses would indicate that at least two different gangue minerals are present, possibly one

or two different  and a feldspar 

The photomicrographs in Fig. 2  12 were taken from the surface of  series. The

photomicrographs in Fig.  show two very different surface morphologies. The surface

in (a) shows what appears to be a clump of fine  clays which have formed or precipitated

on the surface of the rock; the composition of the clays would suggest an iron aluminosilicate

containing traces of magnesium and potassium. The large prismatic crystal in the centre right

of the photomicrograph is gypsum  Similar gypsum crystals can be found also

in Figs. 2  

The large pyrite cube in Fig. 2  12b can be seen at increasing magnification in Fig. 2   -e).

It is immediately apparent that this pyrite crystal is highly pitted and eroded. The pyrite surface

appears to have lost much of its texture and may be covered in fine  clays as can be

observed in Fig. 2  In this clay material, a number of very fine needle like crystals are

forming. These crystals are not apparent in the gangue minerals.
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 CONTROL (LWRO2) MIDDLE

Element Pyrite Gangue Gangue 
Atom % Atom % Atom %
2-1 2-l lb

0

Na

Al

Si

S

Fe

2.4

1.9

0.6

---

0.8

67.1

27.2

38.4 5 7

4.6 ---

12.5 4.5

1.7 4.5

41.7 20.3

--- 3.4

1.1 8.0

Table 2.4: EDX analyses for the surfaces of the photomicrographs in Fig. 2-1 
MIDDLE)

EDX analyses for the fine  clay (a) the gangue minerals (b) and surface of the pyrite

crystal at two different locations can be found in Table 2.5.

 LWR2.5: In general, the chemistry of the samples from the  series is much

simpler and more homogeneous than that of samples from LWR02 and LWR22. The

photomicrographs in Figs. 2  13 to 2  15 all show the same general features. The surface of the

rocks have considerably more pyrite present. Also, the pyrite in the LWR25 series seems to be

finer  (3 -20  diameter) by about an order of magnitude, when compared to the

LWR22 series (66-300  diameter).
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STRATMAT CONTROL (LWR02) BOTTOM

Element

Figs.

Clay Gangue
Atom % Atom %

2-12b

Pyrite 
Atom %
2-12c

Pyrite 
Atom %

0 50.2 41.8 4.5 37.2

Ca 1.0 5.6 ---

4.0 7.1 2.9

Na 4.2 2.5 4.6

Al 6.4 8.4 2.8

1.9 1.5 1.0

Si 8.8 10.8 --- 2.0

S 11.7 12.0 69.4 35.6

Fe 11.9 10.3 26.1 13.9

Table 2.5: EDX analyses for the surfaces of the photomicrographs in Fig. 
(STRATMAT CONTROL (LWR02) BOTTOM).

Typically, the pyrite grains are either coated with a material (Figs.2   2    2  15d)

similar in appearance and composition to the spalls in the LWR02 series or they are bare and

very lightly etched (Figs. 2   2  Surrounding the pyrite, one can identify a few

different mineral morphologies. A tine  clay or chlorite surrounds and coats much of the

pyrite. Also, the pyrite is often found in association with large, euhedral gypsum crystals

(Fig. 2  

The EDX analyses for the various images in Figures 2  13 to 2  15 can be found in Tables 2.6

and 2.7.
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(a) SELBAIE CONTROL  TOP

Element

Figs.

Gangue Pyrite
Atom % Atom %
2-13a

Atom %
Coliform
Atom %
2-13e

0 39.3 20.1 31.1 30.6

1.8 2.0 1.8 1.8

Na 3.4 3.7 4.3 3.3

Al 0.8 1.0 1.4 1.6

Ca 4.1 0.4 0.2

Si 8.5 1.2 2.1 4.9

S 22.5 45.7 29.9 10.1

Fe 19.8 26.4 29.0 47.5

(b) SELBAIE CONTROL (LWR25) MIDDLE

Element

Figs.

Gangue
Atom %

Pyrite
Atom %

Spall
Atom %

Pyrite
Atom %
2.3-14f

Atom %

0 31.4 3.4 22.6 21.2 14.6

2.1 --- --- m e - ---

Na 4.0 --- ---

Al 1.2 ---

Si 9.9 0.1 0.3 2.1 2.3

S 27.5 71.0 51.3 48.5 33.2

Fe 23.8 25.5 25.7 28.3 . 49.9

Table 2.6: EDX analyses for the surfaces in photomicrographs in Fig. 2-l 3, 23-14
 MIDDLE).
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SELBAIE  BOTTOM

Element

Fig.

Gangue Pyrite
Atom % Atom %

Pyrite
Atom % Atom %

Spa11 *
A t o m  %

0 38.6 26.4 5.4 30.9 51.2

1.2 0.6 0.2

Na 3.3 1.0

Al --- --s 0.5 0.3

Si 9.7 1.6 0.8 1.0 24.1

S 24.3 45.5 67.9 37.4 5.2

Fe 22.9 25.4 25.9 29.7 19.1

* EDX analysis of one of the white nodules on the spall.

Table 2.7: EDX analyses for the surfaces in the photomicrographs in Fig. 
LWR25 BOTTOM).

15 (SELBAIE



Figure 2 -4: Scanning electron photomicrographs taken from the surface of LWR22; the area in

(a) is a low magnification (150X) photomicrograph of the same area shown in (b), at higher

magnification (600X).





Figure 2 -5: Scanning electron photomicrographs of the twin planes on the surface of a single

pyrite crystal chosen from  The twinning can be clearly seen in (a) at a magnification

of 10  The photomicrograph in (b) is a very high magnification (100  photomicrograph
,

of one of the pits near the centre of the photomicrograph in (a).I





Figure 2-6: The mineralogy of a fractured rock from  series can be seen in (a-d).

The photomicrographs in Figs. 2  were taken from the same area of LWR22 at 150X and

 magnification, respectively. Similarly, the photomicrographs in Fig. 2  were taken

from a separate area of the surface and show the morphology of the pyrite crystals.



Figure 2 -7: The photomicrographs in Figs. 2  were taken from the reacted surface of

 at   and  magnification, respectively. The morphology/mineralogy

of a freshly fractured rock from  series can be seen in Figs. 2  





Figure 2 -8: The mineralogy of a freshly fractured rock from the  series can be

seen in Figs. 2  The photomicrographs in Fig. 2  are taken from the surface of

a rock which was reacted with environment; the surface morphology of a reacted pyrite grain can

be seen in (f,g).





Figure 2 -9: Photomicrograph (a) shows a low magnification overview of a typical area on the

surface of a rock  The photomicrographs in (b-d) show high magnification images

of the surface of the pyrite grain on the upper left side of (a). The photomicrograph in (e) shows

a cross -section down the length of the altered pyrite grain in (a). Fig. 2  9 shows rosettes on

another area of the rock surface.





Figure  10: The photomicrographs in Fig.   show the surface of a single pyrite grain

 that was very highly pitted; (b) shows the morphology of the surface between the

pits. This same pyrite grain was used for the XPS and Auger analyses.





in Fig.Figure  11: The mineralogy of the surface from series c a n b e seen in Fig.

2  11 T h e photomicrographs in Figs. 2   were taken from a separate area on the

same grain, at increasing magnification, showing the surface morphology of the pyrite.

on the





Figure 2  12: The mineralogy of the surface of can be seen in Fig. 2  

these photomicrographs were taken from separate areas on the surface. The photomicrographs in

Figs. 2  1 l(b-e) were taken from a separate area on the rock surface; the surface of the grain

in the centre of (b) is shown at increasing magnification in (d) and (e).





Figure 2  13: The overall mineralogy and textures of the rock surface  is shown in

(a). Figures (b-e) show higher magnification images of specific grains shown on the right hand

side of (a). Figure  shows some euhedral gypsum crystals growing on the rock surface.





Figure 2  14: Figures (a-c) show images of the rock/pyrite surface at increasing magnification

 2.6  and 5.0  respectively) of  Figures (d-f) show images of the

rock/pyrite surface at increasing magnification  2.3  and 13.2  respectively); these

iniages were taken at another location on the same rock.



a d

. . . .



Figure 2  15: Figures (a-c) show images of the rock/pyrite surface at increasing magnification

  and 5.9  respectively) of  Figures (d,e) show images of the

pyrite and spa11 at increasing magnifications 664X and 11.1  respectively; the image in (e)

is a high magnification of the  formed on the surface of the large pyrite crystal in the

centre  of (d).



e
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2.3.3 X-ray Fluorescence

Results. Trace metal analyses were performed on each of the samples using X-ray fluorescence.

The trace metals analyzed were: Pb, As, Zn, Cu, Ni, Co, Mn, Cr, V and Ba; the raw data for

each rock sample can be found in Table 2.8.

Interpretation. The whole rock samples in  have significantly higher concentrations of

Pb, As,  Cu and Co, while Ni Mn Cr and V are about the same in all rock samples. The rock

samples chosen from LWR02 and  are significantly higher in Ba than found in 

These results are probably not all that surprising based on the mineralogy  by both

petrography (Table 2.1) and scanning electron  The rocks containing very high

levels of sulphides would be very good hosts for transition metals as metal sulphides, like Pb

(galena,  Zn (sphalerite,  and Cu (copper sulphides) either as separate phases such as

is the case with sphalerite or in solid solution with the dominant pyrite phase. The alkali and

alkaline earth elements such as K, Ba or Ca would be expected to be found in, or associated with,

the silicate minerals. The data in Table 2.1 clearly indicate that the Stratmat rocks (samples

LWR02 and LWR22) are much richer in silicate minerals than the Selbaie rock (sample LWR25).

It is important to know what trace metals are present in the whole rock analysis, but XRF does

not provide specific information about the location of the trace metals. We can surmise that the

zinc is associated with sphalerite (Table  but are the other trace metals present in a separate

phase? If these trace metals are in solid solution, with the pyrites, then the chemistry of the pyrites

from the two locations (i.e., Stratmat and Selbaie) may be fundamentally different. It has never

been clearly established in the literature whether the solid state chemistry of the pyrite will affect

the leach rate.

It would be very valuable to confirm whether the trace metals from the whole rock analyses are

associated with the sulphide phase or with the more abundant silicate phase. If these metals are

associated with sulphides then this may provide a clue as to the different leach rates in similar

environments.
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2.3.4 X-ray Photoelectron Spectroscopy

Results: Surface stoichiometry and high resolution narrow scans were recorded from the surface

of Stratmat Control rock (LWR02) and Selbaie Control rock  The surface

stoichiometry will show the presence of all elements with atomic mass greater than  and

concentrations greater than XPS survey scans can be found in Fig. 2  16 and the surface

stoichiometry data can be found in Table 2.9. The high resolution narrow scans for Fe  S

 and 0  and fitted data are shown in Figs. 2  17 to 2  19, respectively. The gold (Au 

in the LWR02 survey scan (Fig. 2   is associated with the mounting material and is not from

the sample itself.

Interpretation: The photoelectron survey scans in Fig. 2   show the elements present on

the surfaces of LWR02 and LWR25. As was mentioned in the experimental section the LWR02

sample was a single pyrite grain (Fig.  while the LWR25 sample was a chip from the

surface of one of the rocks. The XPS and EDX may seem to provide redundant data; however,

 is much more surface sensitive than EDX. The sampling depth of the EDX is l-3 

 A), while the sampling depth for the XPS is  A). In terms of surface

analysis, the EDX is a near-bulk technique, while the XPS provides a true measure of the

surface chemistry (HOCHELLA, 1988).

The surface of the pyrite crystal from  is very depleted in iron and, but seems to be

covered in silicates, carbon and oxygen. In contrast, the surface of LWR25 contains. relatively

high levels of Si, 0 and Al, and has much less carbon. The atom % of each of the elements on

the surface can be found in Table 2.9.

The survey analyses only provide semiquantitative information regarding elements on the surface

and their relative concentrations. The higher resolution narrow scans (Figs. 2  17 to 2  19)

provide information about the relative abundance of various chemical species. Fig. 2  

shows the Fe  spectra for  and LWR25, respectively. The fitted data can be found

in Table 2.10. The ratios of  -S, Fe(III)  S and  -0 are greatly different for the two

samples. The surface of LWR02 is covered in considerably more ferric oxyhydroxide
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 and ZETARUCK,  while the surface of LWR25 has considerably more of

the ferric iron bonded to sulphur (PRATT et al., 

A comparison of the S  data for LWR02 and LWR25, in Fig. 2  17 and Table 2.10, appears

to indicate very different surface chemistry. The sample in LWR02 has greater than 50% of the

sulphur as sulphate, while the surface of LWR25 is dominantly pyritic sulphur, that is, disulphide,

with only minor quantities of oxysulphur species  et al., 1990,; KARTHE et al., 1993

and PRATT et al., 

The 0  spectra (Fig. 2  19) provide very little new information. The 0 1  spectrum in Fig.

  is typical for that of an iron oxide or iron sulphate. The spectrum in Fig. 2-l  is too

badly distorted by charge broadening to derive any useful information. The overall structure of

the peak, however, qualitatively indicates similar oxygen species exist on both sample sets, that

is, oxide, hydroxide and attached water. The more pronounced shoulder on the high binding

energy side of Fig. 2-l  demonstrates near equal quantities of   and  (53 1 

The water peak at 533  is greatly attenuated which qualitatively indicates the Selbaie rock

(LWR25) is less hydrated than the Stratmat Control rock (LWR02).

The foregoing observations would suggest that any alteration products of the  sample

were very thin   or that the oxidation products are unevenly distributed about’the surface.

The alteration of the LWR02 sample is either much thicker or that the alteration covers

considerably more of the surface.
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Figure 2-16: X-ray photoelectron survey scans for (a) LWR02 and (b)  The quantified
data can be found in Table .



Element

Fe

S

Si

Al

N

C

0

Ca

XPS
Atom %

3.30 10.06

5.19 7.96

12.04 5.10

6.16 6.92

---

2.95 1.61

35.66 20.04

33.29 46.95

1.42 ---

1.36

3 9

Table 2.9: Atomic % of elements detected on the surfaces
of rock samples. The  analysis was performed on a
single pyrite crystal.
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Figure 2-17: Fe  Photoelectron data for (a) LWR02 and (b) LWR25. The spectra were fitted
for  sulphide,  sulphide, and  oxide and the species are  on the
figure.
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Figure 2-18:   Photoelectron spectra for (a) LWR02 and (b) LWR25. The fitted spectra
show sulphide,  and oxysulphur species.
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Figure 2-19: 0  photoelectron spectra  from the surfaces of (a) LWR02 and (b)
LWR25. Only (a) was fitted. Charge broadening has made (b) impossible to fit.



Species B.E. Atom %

disulphide 162.5 34.4

polysulphide 164.4 7.5
(sulphur)

oxysulphur 1 6 9 58.1

707.1 31.6

Iron(III)-S 709.2 18.2

iron(III)-0 or 711 50.2
iron(III)-SO,”

oxide 10.4

hydroxide 5 3 2 58.7

water 5 3 3 31.0

4 3

LwR25

B.E. Atom %

162.5 50.1

1 6 4 8.4

165-169 41.5

707.1 43.2

709.2 49.7

710.5 7.1

------------------------------

am- -..-

--- ---

Table 2.10: The relative percentages of surface species were calculated from the fitted 
 and 0  data for the surfaces of of (a)  Top and (b) LWR25 Top.
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2.3.5 Auger Electron Spectroscopy

Results: The surface stoichiometry and depth profiles were recorded from the surface of 

 and  The surface stoichiometry will show the presence of all elements with

atomic mass greater than Li and concentrations greater than  The survey scans can be

found in Figs. 2-20, 2-22 and 2-24 and the relative concentrations can be found in Table

2.11. The Auger depth profiles for LWR22, LWR02 and LWR25 (i.e., the change concentration

of elements with depth) can be found in Figs. 2 -21, 2 -23 and 2 -25, respectively.

Interpretation: The survey analyses were performed on at least three spots on the surface of each

sample. One can see by comparing the two spectra from each sample that the chemistry of the

surface of each sample is quite. variable. For example, the spectra from the surfaces of

 and  seem to indicate that the chemistry is dominantly iron sulphides and

iron oxides, respectively. A considerable length of time was spent analyzing various areas of the

surface in order to insure that the analyses were representative.

Stratmat Flooded LWR22: Survey scans were recorded on the surface of LWR22 at three

different locations. The data indicate that iron and sulphide are not the only elements present,

but Si, Cl, K, C, Ca, N, 0 and Zn were also detected. It is not that unusual to find C and little

0 on the surface as they are regular vacuum contaminants during analysis. The Auger depth

profile at two of the locations are presented in Fig. 2-21 (see Table 2.1  which shows the

distribution of S, Fe, 0, Ca and  with depth,  to 80 A. The distribution of Fe appears flat

and its concentration does not appear to change much with depth indicating uniform distribution

of Fe, as would be expected in pyrite. The   and 0 signals are flat and surprisingly do not

change with depth. These elements would be expected to occur at the surface in precipitates

formed from leaching solutions. Their persistence to such great depths as shown in Fig. 2-21

may result from the fact that the lines for these elements overlie the C line; the ability of the

computer to distinguish the C signal from the K and Ca signals may artificially elevate the levels

of these elements at depth. The C and S signals change in an antipathetic manner.
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The presence of nitrogen on the surface of these minerals at these levels (Table 2.11) is highly

unusual. Unless these rocks have been exposed to high levels of inorganic compound like

nitrates, one must assume that the source of the nitrogen is organic, such as an amino acid. This

leads to the obvious question, could the nitrogen on the mineral surface be an indication of

bacterial presence? From a careful examination of the survey scans from the LWR02 and 

samples, it is apparent that only the Stratmat samples contain measurable quantities of N.

One can conclude that the pyrite crystal analyzed here has not been altered to any great depth.

No elements have been selectively leached from the surface and no easily identifiable overlayer

has formed. Although, this type of analysis will provide no indication of congruent dissolution

of the iron and sulphur from the surface.

Stratmat Control LWR02: Auger survey scans were recorded on three areas of the pyrite grain

shown in Figure 2  10. The analyses at points  and  on the pyrite surface, see Figure 2 -23

and Table 2.11, show that two distinct areas are present on the surface, an iron sulphide and an

iron oxide, respectively. The area analyzed in Figure  (analyses   are typical of

the flat regions between the etch pits (see Figure 2  1 Ob), while the area analyzed at point  is

typical of the platy material found between the pits (see Figure 2  1 Oa). The data for area 

is typical for a silicate (data not shown).

The depth profile for points  and  show that the surface is covered.with what appears to be

an iron oxide or a mixed iron oxide/iron sulphate. The thickness of the iron oxide, in Figure

2 -23a (point  is only about 25 A, while the thickness of the iron oxide, Figure 2 -23b (point

 is in excess of 600 A. The profile for point  shows a relatively flat iron profile, while the

near surface is very depleted in sulphur, indicating that sulphur has been lost to the environment.

Under the oxide layer is a region of slight sulphur enrichment, typical of what has been reported

for pyrrhotite (PRATT et al. 1994,  et al. 1995).

   The Auger survey scans for the Selbaie samples are shown in Figure

2-24 and the data is summarized in Table 2.11. The survey scans recorded from the surface of

a pyrite grains show that the surface is covered with a iron oxide  15  thick) and that the
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iron sulphide mineral lies below this iron oxide. The surface is also very depleted in sulphur

indicating that sulphur has been lost to the environment. Even though the depth profiles appear

similar, the profile Figure  is much more depleted in sulphur than the surface in Figure

 -25a. Based on the data in Table 2.11, the surface is not very homogeneous, although more

so than that of the Stratmat samples. The data in Figure 2-25 indicate that the pyrite surfaces

are much less altered than in the case of the Stratmat samples. Lastly, the lack of nitrogen on

the surfaces of the Selbaie pyrite may indicate a lower level of biological activity on these

surfaces.
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Figure 2-22: Auger survey scans recorded at two different points on the surface of a single
pyrite crystal chosen from LWR02 Top; the surface of the
Figure 2-10.

single pyrite grain is shown in
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Figure 2-23: Auger depth profile throughout the near surface of LWR02.  points analyzed
were the same as  LWR02 survey scans.
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Figure 2-24: Auger survey scans recorded  two separate points on the  of LWR25
T o p .

 : . . . .    
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Figure 2-25: Auger depth profiles recorded through near surface of  Top.
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Table 2.11: Atomic % of elements detected on the surfaces of rock samples. Analyses for
LWR22 and LWR02 were performed on single pyrite crystals.
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2.3.6 X-ray Diffraction

Results:  from the altered surface and underlying bulk rock are shown for

LWR22, LWR02 and LWR25 in Figs. 2-26 to 2-29. The material scrapped from the rock

surface and the bulk rock are  as (a) and (b) in the Figure so that the alteration products

can be readily identified. A summary of the identified minerals can be found in Table 2.12.

Interpretation: When the X-ray diffractograms of the surface oxidation/alteration products are

compared to those of the bulk rock sample one can potentially identify which mineral phases are

participating in the alteration reaction. In addition, the remobilization of chemical species and

elements should provide valuable information into the reaction chemistry.

Stratmat  L WR22: The diffractograms in Figure 2 -26 indicate that the  of the rock

is composed mainly of illite. Having reviewed the diffraction pattern for five different illites, it

was found that the illite with composition  matched the XRD pattern

almost precisely. Both quartz and pyrite were also identified in the surface alteration products

and in the bulk rock. The minerals identified by XRD are in reasonable agreement with the

mineral phases identified by petrographic means (Table 2.1). Some of the trace minerals like

apatite, and  were not identified by XRD.

XRD analyses of the surface alteration products indicate that the surface oxidation products could

not be detected (Table 2.12). Since the surface alteration can be seen in hand samples, some

alteration must have occurred. The  analysis also failed to detect significant

differences between the fresh and altered surfaces, one must conclude that the alteration products

are very thin and of an insufficient quantity to be detected by 

Stratmat Control The XRD data in Figure 2-27 shows the diffraction patterns of the

surface alteration products and the bulk rock. Illite, pyrite and quartz (see Table 2.12) are the

minerals common to both samples. Again, these minerals are in agreement with the petrographic

study described previously. In addition, the XRD pattern for the bulk LWR02 sample show

lower peak illite heights than those of the  sample, suggesting that silicate minerals
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present in the Stratmat rock are used up in neutralizing acid resulting from sulphide oxidation.

The data from the surface clearly shows that clinochlore and jarosite are important alteration

products of the rock surface that has been exposed to oxidation and leaching. Of the eight

different clinochlore minerals whose spectra were compared to that of the alteration product, three

gave reasonable matches (see Table 2.12). Two separate samples were run and compared to

determine if the XRD spectra and hence the alteration products on LWR02 surface are

representative of the LWR02 series. It appears that clinochlores that formed on the two surfaces

had similar diffraction patterns, although not identical, but both clinochlores have the same

chemical formulae Minor phases of talc and gypsum have also been

identified as likely alteration products.

It should be noted in the one LWR02 bulk sample that the diffraction pattern for the pyrite peaks

were abnormal. The ratios of the intensities did not agree with all the other samples or with the

ASTM standards. The peak at 66.5” (20; data not shown) is approximately 20% of its usual

intensity. This may be an experimental abberation or an indication that the pyrite is somewhat

anomalous.

Selbaie  The XRD data taken from the surface and bulk from the  samples are

virtually identical. Pyrite and quartz are the major phases detected. Minor phases of clinochlore,

calcite and ankerite were detected only in the bulk phase. Based on the relative peak intensity

of these minor phases, their significance is questionable.

2.3.7 Secondary Ion Mass Spectroscopy

Results: Secondary ion mass spectra (SIMS) were recorded from the surface of single pyrite

crystals (Figs. 2 -29 or 2-30); these crystals were selected from the fresh surface of  or

LWR25. The mass spectra were recorded using a  and  primary ion beams. The
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Figure Z-26: XRD diffractograms from (a) the scraped surface and (b) the bulk rock sample
 TOP)
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Sample

LWR22

LWR02

LWR25

Surface

Bulk

Surface

Bulk

surface

Bulk

Mineral

illite

quartz

pyrite

illite

quartz

pyrite

quartz

illite

clinochlore

pyrite

jarosite

(trace)

quartz

pyrite

illite

clinochlore

pyrite

quartz

pyrite

quartz

ankerite
(trace)

calcite
(trace)

Symbol

ill

ill

ill

talc

PY

ill

a

a n k

cal

Formula

2

2

F e s ,

 5-586

ASTM Card 

26-911

s-490

S-490

6 - 710

5-490

26-911

7 - 165

22-827

S-490

26-911

7 - 78

6 - 710

S-490

6 - 710

S-490

12 - 88

Table 2.12: Minerals identified in the XRD diffractograms from the surface alteration products
and bulk rock for the Top samples of LWR22, LWR02 and LWR25.
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two different primary ions were used, since the elemental sensitivity, and hence the detection

limit, of a particular secondary ion can vary by orders of magnitude from one primary ion to

another. It is the relative differences in intensity at each mass that is of particular interest here.

Photomicrographs of the pyrite grains analyzed by SIMS were taken using an optical microscope

(see Figures 2 -3 1 a,b and 2 The dark  rectangles or squares on the bottom right

corner of the pyrite grains (Fig. 2-3 la) shows the crater created when the primary ion beam

strikes the sample surface. The SIMS maps or images show the distribution of ions, of a

particular mass, over the sample surface. SIMS maps of ions with masses of 24, 27, 28 and 32

can be found in Figs. 2-32 and 2-34 for pyrite grains from LWR22 and LWR25, respectively.

Similarly, SIMS maps of ions with masses of  and 208 can be found in Figs. 2 -33 and

2-36 for pyrite grains from LWR22 and  respectively.

Interpretation: SIMS data are generally used to study trace element distribution in solids, but

in general, are not quantitative. In this case, the SIMS data were recorded from the same matrix

and mounted in exactly the same manner, and therefore, the relative peak intensities for a

particular element will give relative concentrations.

The question is raised; what are the differences in the solid state chemistry of the pyrites from

Selbaie and Stratmat? If one pyrite is very pure, while another has significantly higher levels of

impurities, then the two pyrites may have very different leaching characteristics. Figure 2-29

shows SIMS data. recorded from the two different pyrite crystals. Careful analysis of the data

shows that LWR22 seems to have higher levels of impurities. When the same type of

comparison is made between the two SIMS spectra in Figure 2  30, it is apparent that the pyrite

crystal from LWR22 contains much-more Al, Ca, As,  (mass 90  this may or may not

be Zr) and slightly more Pb than LWR25.

It is known that LWR22 contains higher concentrations of various impurities, but how are these

impurities distributed? Maps were recorded of the surfaces of the two pyrite crystal to determine

the distributions of certain masses. It was decided to examine the relative distribution of the

following masses:   56, 75, and 208  imaging the surfaces at these masses
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should indicate the relative distributions of Mg, Al, Si, S,  Fe, As, and Pb.

 Flooded L WR22: A comparison of the photomicrographs in Figure 2 -3 1 and the SIMS

maps in Figs. 2 -32 and 2  33 can provide elemental information regarding some  the visible

features in the photomicrographs. The imaged area, indicated by a red arc in the lower right

comer of Fig. 2 -3 1, is compared to the SIMS map of masses 32 (sulphur) and 56 (iron) 

one can immediately distinguish the edge of the pyrite grain; this provides a good frame of

reference to begin relating features on the photomicrographs to those in the SIMS images.

One can immediately see that the iron and sulphur are reasonably well distributed over the

analyzed area. There are some small areas on the surface which contain Mg, Al, Si and  yet

are devoid of iron and sulphur and these areas represent inclusions of a separate mineral phase,

either a pyroxene or an amphibole. The Ca map shows a strong delineation from the upper right

to the lower  and this feature can be correlated with a scratch on the surface of the pyrite (see

Figs. 2 -3 lb and 2 -33a). The Pb map (Fig. 2-33d) shows that Pb is randomly or evenly

distributed throughout the pyrite grain and that its presence is independent of any obvious surface

feature. The As map (Fig. 2  is certainly the most interesting; the distribution of As in the

pyrite appears to be distributed in patches, which are independent of secondary mineral phases.

One can see that As is very depleted around the entire perimeter of the pyrite grain. This would

suggest that the As was in some manner removed from the outer surface of the grain. It must

be pointed out that this pyrite grain was removed from the pristine interior of the rock sample

and that its exposure to aqueous solutions is unlikely. Also, one can see that large areas on the

interior of the pyrite grain also are devoid of As and that many of these areas which are depleted

in As appear to be interconnected by areas of low As.

Selbaie L A comparison of the photomicrographs in Figure 2  34 and the SIMS maps in

Figs. 2 -35 and 2 -36 can provide elemental information about some. of the visible features in

the photomicrographs. The imaged area, which is indicated by a red arc in the lower right comer

of Fig. 2-34, is compared to the SIMS map of masses 32 (sulphur) and 56 (iron)  one can

immediately distinguish the edge of the pyrite grain. The photomicrograph of the pyrite grain

will show that this grain has a considerable number of inclusions. In general, the Mg, Al and
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Si maps have corresponding regions of higher concentrations and this is probably indicative of

secondary mineral inclusions such as amphiboles and pyroxyenes. The distribution of  is

somewhat more prevalent than was found in the LWR22 series. Much of this Ca appears to be

associated with inclusions within the pyrite.

Careful examination of the  and Fe maps (Figs.  and 2 -36b) will show that some of the

inclusions contain suiphur but not iron. This would indicate that other sulphides phases are

present, possibly  or  (Figs. 2-36d). The Pb map shows several areas which appear to

correspond to regions of low iron. The Pb in the pyrite from the LWR22 series appeared to be

totally random, while in this case the Pb is found in very definite bands in the surface. This

would indicate that either a separate galena phase is present or that Pb is substituting for Fe in

the pyrite structure (i.e., 

The distribution and prevalence of As (Figs.  is very much different in this sample than

in the last. Both the SIMS images and the mass spectra (Figs. 2-29 and 2-30) indicate that the

level of As in the  series is much lower. This is quite the opposite of the X-ray

fluorescence data (Table  which indicates that the LWR25 sample contain about twice the

amount of As as the LWR22 series. It may be concluded from these data that either more of the

As in the Selbaie LWR25 sample is located in the gangue or that the As concentrations vary

greatly from grain to grain. Also, the As in the LWR25 sample is located mainly along the grain

exterior. The SIMS maps from the LWR22 grain showed that the As was depleted from the

grain boundaries.
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Figure 2-30: Secondary ion mass spectra of unaltered pyrite crystals chosen from LWR22 and
LWR2.5; the primary ion beam used was 



Figure 2 -3 1: Photomicrographs of the pyrite grain from the LWR22 series that was used for

SIMS imaging. The pyrite grain in the centre of (a) is shown at higher magnification in (b). The

black area (crater) in the lower right comer of the pyrite grain in (a) was created by the SIMS

primary ion beam; for the purpose of scale, the diameter of this crater is  250  The arc

(drawn in red) in the bottom right comer of the pyrite grain in (b) shows SIMS analysis area for

the purpose imaging.





Figure 2-32: SIMS maps or images are shown in (a-d). These maps correspond to the same area

outlined in the bottom right comer of the pyrite grain shown in Figure 2-31. Each map shows

the distribution of secondary ions, of a particular mass, as a function of position of the analyzed

surface. The masses that are imaged in this figure are (a) 24, (b) 27, (c) 28 and (d) 32 





Figure 2-33: SIMS maps or images are shown in (a-d). These maps correspond to the same area

outlined in-the bottom right corner of the pyrite grain shown in Figure 2-3 1. Each map shows

the distribution of secondary ions, of a particular mass, as a function of position of the analyzed

surface. The masses that are imaged in this figure are (a) 40, (b) 56, (c) 75 and (d) 208 





Figure 2-34: Photomicrographs of the pyrite grain from the LWR25 series that was used for

SIMS imaging. The pyrite grain in the centre of (a) is shown at higher magnification in (b). 

black area (crater) in the lower left comer of the pyrite grain in (a) was created by the SIMS

primary ion beam; for the purpose of scale, the diameter of this crater is  250  The arc

(drawn in red) in the bottom  corner of (b) shows the SIMS analysis area for the purpose

imaging.





Figure 2-35: SIMS maps or images are shown in (a-d). These maps correspond to the same area

outlined in the bottom right comer of the pyrite grain shown in Figure 2-34. Each map shows

the distribution of secondary ions, of a particular mass, as a function of position of the analyzed

surface. The masses that are imaged in this figure are (a) 24, (b) 27, (c) 28 and (d) 32 





Figure 2-36: SIMS maps or images are shown in (a-d). These maps correspond to the same area

outlined in the bottom right corner of the pyrite grain shown in Figure 2-34. Each map shows

the distribution of secondary ions, of a particular mass, as a function of position of the analyzed

surface. The masses that are imaged in this figure are (a) 40, (b) 56, (c) 75 and (d) 208 
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3.0 Leaching Simulations

Leaching of the rocks were simulated in tests involving the exposure of a known mass of rock

to acidified distilled water and then monitoring the concentrations of leached cations and 

versus elapsed time. Test samples were cut using a water-cooled diamond saw to remove

oxidized faces. Three tests, involving the bulk Stratmat and Selbaie rocks and pyrite crystals

separated from a sample of crushed Stratmat rock, were performed. Each sample was crushed

to pass sieve No. 40 (0.425 mm). Using the estimated percent pyrite in the Selbaie and Stratmat

rocks, the required amount of sample was placed in a glass beaker so that the mass of pyrite in

each of the three test samples were the same. The equivalent mass of pyrite used was 3.42 g.

Leach solutions were prepared by acidifying 2 L of distilled water with sulphuric acid to a 

of about 2.3. One liter of leach solution was added to each beaker containing a test sample and

then leached by stirring at 6 rpm using a teflon paddle similar to the system used by  et al.

(1989). Each beaker was sampled over a period of time (approximately 75 days) and analyzed

for  and dissolved iron, lead, copper and zinc by atomic absorption spectrophotometry.

3.1 Results

The results of the simulation leach tests performed on the flooded Stratmat and Control Selbaie

rocks and pyrite crystals isolated from the flooded Stratmat rocks are presented in Figs. 3-1 to

3-6. The  of the the pyrite and the Selbaie rock  averaged  2.20 and was only 0.1

units below the  of the starting leach solution. The average  of the Stratmat rock was

 2.25 during the first 40 days of leaching and increased slightly to 2.30 at the end of the 75 days

(Fig 3-l).

Iron concentrations in the  reached 2  in the pyrite, 24  in the Stratmat rock

and 53  in the Selbaie rock during 75 days of leaching (Fig. 3-2). The rate of release of

iron from the two rocks was similar during the first 20 days of leaching. After the 20th day, the

Selbaie rock released iron at a rate that was nearly five times that of the Stratmat rock. Since

samples used in the leach simulation tests were all thoroughly washed and therefore devoid of
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products or coatings from any previous oxidation, the iron concentrations in the  would

be derived from pyrite dissolution or leaching. The iron data suggest that pyrite in the Selbaie

rock was more leachable than the pyrite in the bulk Stratmat rock, under the aggressive

conditions  of 2.3) used in the simulation tests. Pyrite isolated from the Stratmat rock did

not dissolve or leach as rapidly as the pyrite in the bulk rock which suggests that gangue minerals

(mostly silicates such as illite) have a major influence on acid generation in the Stratmat rock.

Zinc and lead concentrations observed in leachates from the simulation tests are plotted against

iron concentrations in Figs 3-3 and 3-4. Zinc release does not correlate with iron release and,

therefore, pyrite leaching in the Stratmat rock  as shown in Fig 3-3. A lead-iron

release relationship seems to characterize the Stratmat  the low lead concentrations

(0.1-0.25  are close enough to the detection limit to probably render such a relationship

inconclusive. Figure 3-4 indicates strong correlations between zinc and iron release and lead and

iron release in the Selbaie rock (LWR25). Zinc release from the pyrite isolated in the Stratmat

rock was quite low and nearly constant during the first 20 days of leaching, but increased slightly

and correlated with iron release during the following 55 days (Fig 3-5).

Copper concentrations in the leachates from the Stratmat and Selbaie rocks and the pyrite are

presented in Fig. 3-6. With the exception of the first six days’ data, copper concentrations were

nearly constant  0.1  in the two rock leachates but were very close to zero in the 

from the pyrite during the 75 days of leaching.

4.0 DISCUSSION

The post-testing surface and bulk mineralogical and chemical data discussed in Section 2 indicate

the flooded Stratmat rock consists of 66-300  euhedral pyrite grains held in a matrix of gangue

minerals which comprise a micaceous clay mineral (most probably illite), quartz and minor

chlorite and K-feldspar. The bulk composition is illite, quartz and pyrite (in order of abundance).

Pyrite grains at the surface of the rock are only slightly altered and surrounded by clays, with a

few of the grains showing signs of pitting. The interior of the Stratmat rock contains fresh,
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unreacted pyrite grains with sharp edges. Auger electron spectroscopy indicate the atomic

composition of the surface of the flooded Stratmat rock consists of  nitrogen.

The Control Stratmat rock, having been much more extensively oxidized and weathered, contains

pyrite grains at the surface that are striated and much more heavily pitted than the flooded rock.

The pyrite grains are coated with spalling flaky crusts. The spall material does not appear to be

passivating the rock surface from further oxidation. The surface coating consists of a 25-600 

thick iron oxyhydroxide layer and iron sulphate (possibly jarosite), gypsum and iron

aluminosilicates containing K and Mg. Surface minerals identified include quartz, illite,

clinochlore, pyrite, gypsum and talc. In comparison to the flooded rock which was only slightly

oxidized or weathered, the Control Stratmat rock yielded lower illite peak heights on x-ray

The reduced quantities of illite and other silicates would suggest their

consumption in acid neutralizing reactions following sulphide oxidation. Sulphur is depleted in

the surface 10 A. Nitrogen was also detected on the Control Stratmat rock (1.1-2.2 atomic

percent).

The Selbaie rock contains massive pyrite with quartz veining along fractures. A small ankerite

component is associated with the quartz veining. Much of the pyrite is still present in the Selbaie

rock, indicating less extensive oxidation and leaching than the Control Stratmat rock. The

euhedral pyrite grains in the Selbaie rock are finer-grained (3-20  than the Stratmat rock and

are only lightly etched. The pyrite is associated with euhedral or prismatic gypsum crystals and

coated with tine-grained clayey material similar to chlorite. Iron oxide coating on the surface

is only 15 A. Little or no nitrogen was found in the atomic composition of the rock surface.

The secondary ion mass spectroscopy (SIMS) data indicate the pyrite in the unoxidized Stratmat

rock contains higher levels. of impurities (aluminium, calcium, arsenic and lead) than the

unoxidized Selbaie rock. The source of these impurities would include silicates present in the

gangue minerals. Lead, in particular, is found to be randomly or evenly distributed throughout

the pyrite grain and not related to any surface feature. Arsenic is distributed in patches within

the pyrite grain but depleted around the perimeter of the grain. The Selbaie rock, on the other

hand, is observed to contain pyrite grains with a number of inclusions including magnesium,
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 and silicon, suggesting the presence of secondary mineral inclusions such as

amphiboles and pyroxenes. The  distribution map consists of several areas where iron is

depleted but dominated by lead. Lead is found in well defined bands in the surface of the pyrite

grain, unlike the randomly-distributed lead present in pyrite grains from the Stratmat rock. This

would indicate either a separate galena  phase or Pb substituting for Fe in the pyrite

structure (that is,  in the Selbaie rock.

The oxidized or Control Stratmat rock has a slightly higher Pb concentration than the unoxidized

or  rock, indicating that Pb was not leached during the three years of testing. This

conclusion is consistent with drainage water quality data presented in Table 3.1.

Copper Lead zinc Iron Acid production
(mg  

Stratmat I 10.9  0.25 6 0 9 4470 2.5

Stratmat II 10.9 0.25 431 4390 2.2 1 2 6

Stratmat III 13.5 0.25 5 0 6 5 5 0 0 2.2

Selbaie I 21.3  0.25 2 3 5 5 3 8 2.8

Selbaie II 45.3  0.25 4 9 2 1682 2.8 3 5

Selbaie III 45.3  0.25 2 6 1 6 7 6

Table 3.1: Maximum metal concentrations  and  of drainage water (Indoor Column
Tests)

The data indicate the Stratmat rock produced more acid than the Selbaie rock. Maximum iron

and zinc concentrations were also higher in the Stratmat drainage water than those in the Selbaie

drainage water. Copper concentrations were, on the other hand, higher in the Selbaie drainage

water and lead was undetected in both drainage waters throughout the laboratory column tests,

indicating that lead present in both Selbaie and Stratmat rocks was not leached during the leach

tests.
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The above results are, however, different  those of the simulation leach tests which were

conducted under more aggressive leaching conditions (leach solution  of  2.3 and rock

samples with particle sizes  No. 40 or  mm). In the simulation tests, some Pb was released

from both the Stratmat and Selbaie rocks, with the Selbaie rock yielding higher  Pb

concentrations after the initial 20 days of leaching. The higher iron and metal release rates may

observed in the simulation tests may be explained by the finer particle size of  0.425 mm

compared to the 25-50 mm particles leached with deionized, distilled water.

The surface analytical and simulation leach data would suggest that Pb, As, Zn and Cu may be

in solid solution with the pyrite in the Selbaie rock and are released upon leaching of the pyrite.

In the Stratmat rock, these elements may, on the other hand, be present as separate sulphide

phases along with pyrite in a matrix of predominantly silicate  minerals such as illite,

chlorite and K-feldspar and/or Disintegration of the matrix would expose these sulphides

to oxygen and leaching fluids. Under the more aggressive simulated leaching, the pyrite in the

Selbaie rock dissolved and yielded more Fe (along with metals such as Pb and Zn) than pyrite

in the Stratmat rock. In fact, single pyrite grains isolated from the Stratmat rock dissolved only

slightly and produced Fe concentrations of  2  (compared to  25  for the whole rock

including the gangue minerals), during the 75 days of leaching. This would suggest that gangue

minerals have a major influence on acid generation in the Stratmat rock. The nitrogen detected

on the surface of the Stratmat rocks could be derived from an organic source such as an amino

acid. If this is true, the nitrogen data would indicate a higher level of biological activity and on

the surface of the Stratmat rock than on the Selbaie rock. Increased biological activity, especially

that of iron-oxidizing bacteria, could increase sulphide oxidation rate. Although the Selbaie rock

is denser and contains more fine-grained pyrite than the Stratmat rock, both rocks have essentially

similar pore size distribution and porosity.

The results of the post-testing study suggest that pyrite content and morphology, rock density,

grain size and porosity cannot explain the difference in acid production between the Stratmat and

Selbaie rocks, observed during the three-year column leach tests. The presence of higher

concentrations of impurities such as silicate minerals in the gangue contained in the Stratmat rock

appears to be a more likely explanation for the difference in acid production. Bacteria could also

be playing a role in the difference in acid generation.
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5.0

1 .

CONCLUSIONS

The Stratmat rock produces nearly four times more acid than the Selbaie rock 

laboratory leaching (deionized distilled water) of 25-50 mm particles.

2. The difference in acid production can be explained by the presence of greater amounts of

impurities in the form of gangue minerals (predominantly silicates such as illite) present

in the Stratmat rock.

3. During 75 days of more aggressive laboratory leaching (dilute sulphuric acid solution at

 of 2.3) of -0.420 mm particles, the Selbaie rock released more iron, zinc and lead than

the Stratmat rock.

4 . The Selbaie rock contains  pyrite in solid solution with other sulphides 

and  The pyrite and the associated with sulphides exposed a larger surface area when

particle size is small, resulting in a higher rate of leaching.

5. At the end of the three years of leaching, the flooded Stratmat rock showed higher

amounts of residual acid-consuming silicates (mainly illite) than the control Stratmat rock.

The surface coating reached 600  in some samples.

6. Oxidation products present on the surface of the Stratmat rock consist of iron sulphate

(possibly jarosite), gypsum and iron aluminosilicates containing  and Mg.

7. Predominantly iron oxide coating present on the surface of the Stratmat rock is only

15  thick.

8. The unoxidized Stratmat and Selbaie rocks have similar porosities (0.006-0.009)

and pore size distribution (O.Ol- 100 The oxidized Stratmat rock is more porous with

porosities in the range of 0.01 l-0.030 and a higher proportion of 0.01-100  pores.
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Summary

Thin section and chemical analyses were performed on eight rock samples from the

Noranda Technology Centre’s lysimeter experiments in order to determine their

mineralogical content and geochemical composition. Six samples from the Stratmat site,

Bathurst, New Brunswick are variably sheared, sericitized and  

composed of  quartz and pyrite with minor amounts of micro&e,  chlorite,

dolomite, chalcopyrite, sphalerite and magnetite. A single sample from Salbaie, Quebec

consists of dominantly pyrite and quartz with minor amounts of  and chlorite. Two

treatment materials were also studied. The first, a limestone from Montreal, consists of

 and micritic  with minor amounts of quark. Limestone fragments are coated

with microbreccia cemented with an iron-rich matrix. The second treatment material is a

phosphorite from New Brunswick which is composed of  cryptocrystalline

hydroxyl-apatite with lesser amounts of quartz and carbonate. The phosphorite appears to

contain abundant organic material which may have important implications for the

phosphorite’s long term ability as a acid neutralizer.
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1 .O 

A comprehensive mineralogical and geochemical study has been undertaken to

determine the characteristics of mine waste and treatment materials being used in the

Noranda Technology Centre’s lysimeter experiments. These experiments are designed to

determine the efficacy of various treatment materials as neutralizers of acid mine drainage.

 modelling of effluents, which is being performed at this time, are studying the

aqueous reactions which are occurring in the lysimeters. In order to completely characterize

the water-rock interactions taking place it is necessary to have complete mineralogical and

geochemical information on the various rock materials involved.

This report describes results from thin section, chemical analyses and microprobe

work performed on the above materials.

2.0 Sample Material and Preparation

2.1 Sample Material

Six samples of coarsely crushed mine waste rock were received for this study. Five

of these samples originated from the Stratmat site, Bathurst, N.B. (Stratmat  while the

sixth was from Salbaie, Quebec. Approximately five kilograms of each waste rock sample

were received.

The five samples from Stratmat ‘consist of gray-green, variably sheared, sericitized

and pyritited, greenschist  meta-rhyolite (meta-rhyolite is here classified as a 

grade metamorphosed, felsic volcanic rock). Minor rock types also found in these samples

include several pieces of quartz-chlorite vein as well as one piece of concrete. The Salbaie

sample consists of massive sulphide with appreciable quartz veining and visible sphalerite

mineralization. Table 1 summarizes the lithological composition of the above six samples.

Two samples of treatment materials, each weighing approximately three kilograms

were also studied. The samples were a finely crushed pink limestone from Montreal and

1



Table 1

Stratmat 1

stratmat 2

Stratmat 3

 4

Stratmat 5

 of  Rock  Types

Moderately sheared., 
pyritiied  (mr)

Moderately sheared, chbritic mr

Heavily sheared, sericii mr

Quartz Vein

Moderately sheared,  mr

Moderately sheared, sericitic
pyritic mr

Moderately sheared, chbriiic
pyritii mr

Moderately sheared, chbritic mr

Quartz Vein

Moderately sheared, sericitic
pyritic mr

Moderately sheared, chbriiic mr

Heavily sheared, sericitii mr

Quartz Vein

Moderately sheared, sericitic
pyritii mr

Moderately sheared, chbriiic
biititic, pyritii mr

Moderately sheared, chbritic mr

Quartz Vein

Moderately sheared, 
pyritii mr

Moderately sheared, 
biititic, pyritii mr

Moderately sheared,  mr

Massive  with quartz
veining

Quartz Vein

74%

19%

5%

4%

58%

11%

24%

3%

71%

21%

5%

3%

78%

15%

6% 

1 %

80%

15%

4%

1 %

98%

2



beige, hydraulically-processed phosphorite from New Brunswick.

 Sample Preparation

In order to obtain a representative geochemical analysis for each sample all eight

samples were prepared as follows:

1. Sample was split into  equal portions and one half was crushed using a
jaw crusher;

2. The coarsely crushed material was split using a  and one half was finely
crushed using an alumina disc mill;

3. The finely crushed material was split and one half was ground to powder
using a hardened steel puck grinder;

4. A sample of approximately 100 g of this powder was submitted for
geochemical analysis.

A single piece of waste material from each Stratmat and the Salbaie sample was

taken for thin sectioning. Samples were chosen such that each thin section represented an

apparently different lithology. It should be noted, therefore, that the geochemical analyses

(Section 4.0) represent the overall composition of the larger waste rock sample while the

thin section descriptions represent the lithology of only one piece of waste rock from each

of the larger samples. For this reason the thin sections are identified by the sample names

 to avoid confusion.

Thin sections of single pieces of treatment material, i.e. limestone and phosphorite,

could not be made because of their small grain size and low durability. To avoid this

problem several grains of each treatment material were first mounted in epoxy which

allowed them to be then made into a polished thin section.

3.0 

3.1 General Statement

The eight samples are divided into three groups: the Stratmat samples 

 the Salbaie sample (NOR6); and the treatment materials  The

3



following are brief descriptions which  to introduce the more detailed mineralogy

described in the next section.

The Stratmat samples can be classified as  which have undergone

 amounts of  (potassium metasomatism) and pyritization (addition of iron

and sulphur) as a result of hydrothermal fluid circulation during the formation of the

accompanying massive sulphide deposit. After mineralization the host lithologies were

deformed during the  deformation episodes characteristic of the  Camp. This

resulted in the variable degrees of shear present in the Stratmat samples.

The Salbaie sample (NOR6) consists of massive pyrite, again of volcanogenic origin,

which must have been deposited as a stratiform sulphide layer. After deposition this

massive pyrite was extensively fractured and an episode of  deposition accompanied

by ankerite, sphalerite and chalcopyrite filled these fractures.

The limestone treatment material consists of  and micritic calcite with variable

amounts of silt-sized quartz grains. Limestone fragments are coated with iron-enriched

microbreccia  of man-made origin. Phosphorite consists of a mixture of massive

and brecciated, extremely fine hydroyxl-apatite with variably amounts of sand-sized quartz

grains. Table 2 lists the minerals found in each sample along with each minerals’

composition.

3.2  

39.1 NOR1 (from Stratmat 1)

In hand  NOR1 is a graygreen muscovite-pyrite schist with a pronounced

foliation. In thin section the sample consists of platy and acicular preferentially-oriented

 10 to   in size (Fig. 1). Massive radiating areas of muscovite represent

pseudomorphs after potassium feldspar and  phenocrysts. Pyrite and quartz are

the only other major phases present with pyrite occurring as subhedral to euhedral grains

4



Table 2

Summary of   of Mine  Samples

sample

NOR1 (from Stratmat 1)

NOR2 (from Stratmat 2)

NOR3 (from Stratmat 3)

NOR4 (from Stratmat 4)

NOR5 (from Stratmat 5)

NOR6 (from Salbaie)

NOR7 (Limestone)

NOR6 (Phosphate)

Muscovite
Chbriie
Pyrite
Quartz
Magnetite
Chabopyrite
Sphalerite
Bornite

Muscovite
Microcline

Quartz
Pyriie

Sphalerite

Muscovite

Microcline

Ferroan Dolomite
Quartz
Pyrite

Muscovite
Microcline

Quartz
Pyrite
Chalcopyriie
Magnetite

Muscovite

Microcline

Quartz
Pyrite

Chlorite
Ankerite
Quartz
Sphalerite
Chabopyrite
Pyrite

Calcite
Quartz

Bitumen
Carbonate

CuFeS,

CuFeS,

CuFeS,

5



up to 1000  in size. Quartz (20  300 pm) is closely associated with pyrite where it occurs

as pressure shadows (pressure shadows result when a rock containing a competent mineral

such as pyrite is deformed). Other phases of minor importance in this sample include

isolated patches of subhedral chlorite (10  200  associated with pyrite, magnetite as

 polycrystalline aggregates  pm), and trace amounts of 

 pm) as exsolutions in pyrite. Sample NOR1 is an excellent example of a thoroughly

 and pyritized metavolcanic, the original phenoctysts and groundmass having been

completely replaced by secondary minerals.

3.2.2 NOR2 (from Stratmat 2)

NOR2 is a finegrained, relatively massive white to beige rock with spaced greenish

foliations. In thin section it is composed of very fine equant quartz,, microdine and

plagiodase about 20  in size as well as isolated microcline and rare plagioclase

phenocrysts up to 600  in size. Phenocrysts contain abundant flecks of muscovite

indicating that they have undergone the beginning stages of potassium metasomatism. The

greenish foliations consist of  anhedral seams of muscovite (up to 800  Pyrite,

occurring as subhedral crystals (up to 500 pm), is only a minor phase in this sample. Other

minor phases present are sphalerite and  which are associated with a single

quartz vein cutting the sample. The well-preserved primary textures and the relative lack of

pyrite indicates that this sample is  which has undergone very limited

hydrothermal alteration.

 NOR3 (from Stratmat 3)

In hand sample  consists of a moderately to poorly-foliated beige to green

schist containing minor sulphides. In thin section  sample has zones composed of finely

intergrown quartz, microdine and plagioclase (about 20  in size) with isolated microcline

and plagioclase phenocrysts much like sample  however, in other areas, extensive

replacement by anhedral masses of  and  pyrite has occurred (Fig. 3).
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Ferroan dolomite occurs as rims around pyrite (Fig. 3) most likely as a replacement phase.

Minor phases present  magnetite and biotite. This sample is an example of 

 which has undergone incomplete potassium metasomatism. It has abundant areas

where the  texture was preserved but other areas where metasomatism was

extensive.

39.4 NOR4   4)

NOR4 is a strongly banded gray to beige schist with abundant pyrite mineralization.

In thin section it can be seen that this sample displays the two extremes in potassium

metasomatism and deformation. The beige bands consist of well-preserved 

composed of very fine-grained (20  100 pm) equant intergrowths of quartz, plagioclase and

 as well as phenocrysts of microdine  4). Microcline phenocrysts  

contain abundant replacement muscovite. The grayish bands are zones of well-foliated,

platy muscovite with associated crystals of pyrite (up to 1000 pm). Pyrite has adjacent

pressure shadows of quark indicative of continued deformation after pyrite growth. Minor

phases present include chalcopyrite and magnetite. This sample shows shearing controlled

. by earlier metasomatism. Areas of potassium metasomatism created zones of weakness

which were then preferentially sheared during deformation.

32.5 NOR5 (from  5)

Sample NOR5 is a massive, green, soft rock with considerable pyrite (1520%). In

thin section it consists of platy muscovite either as very fine-gained masses aligned in

sheared areas or as a strawlike sheaths which have replaced microcline phenocrysts (20 

200  The second most abundant phase is pyrite which occurs as subhedral to euhedral

grains (50  2000 pm) containing rings of solid indusions. Quartz occurs as anhedral

 masses associated with pyrite. Most of the quartz grew due to pressure

shadowing during deformation. Minor phases include biotite and chalcopyrite. This sample

is similar to NOR1 except that the degree of deformation is less.

9



32.6 NOR6 (from Saibaie)

Sample NOR6 is massive sulphide composed predominantly of pyrite but with minor

amounts of  associated with extensive quartz veining. In thin section the sample

consists of pyrite formed by agglomerations of small pyrite cubes. The massive pyrite has

been extensively fractured (Fig. 6) and  with coarse quartz and ankerite (up to 2000

  7). Minor amounts of coarse brown  with exsolved blebs of chalcopyrite

 disease”) are present in the quartz veins (Fig. 8); An iron-rich chlorite is a

very minor vein phase in this sample.

32.7 Limestone Treatment Material

The limestone treatment material consists of previously crushed, rounded pebbles

which are pink in  and up to 2 cm in diameter. in thin section the mineralogy is simple

consisting of over 90% calcite with the remainder being quartz. Trace amounts of very fine

magnetite/hematite and sericite were observed. Two types of limestone fragments are

present; fragments composed of sparry calcite (up to 1000  Fig. 9) and fragments

containing up to   quartz grains (Fig. 10). Most fragments were coated with

microbreccia which was cemented with a reddish, iron-rich matrix  9). Because this

microbreccia is present only on the outside edges of the pebbles it is concluded that it was

created during processing and not natural in origin.

32.6 Phosphorite Treatment Material

The phophorite treatment material consists of processed, rounded pebbles which are

up to 1 cm in diameter and  in  In thin section this material is composed of three

distinct textures: wispy, brown-orange, cryptocrystalline material with very minor quartz;

breccia-textured material with large sand grains of quark (up to 2000  Fig. 1  and very

finegrained, crystatiine material with abundant black inclusions (Fig. 12). Blue-green

fluorescence in these black areas during microprobe work indicates the presence of

hydrocarbons. The morphology of some of these hydrocarbon-rich areas suggests

11



pseudomorphs after fossiliferous material.

3.3 Electron  Analyses

Electron microprobe analyses were performed on selected minerals from each polish

thin section in order that these may be used to calculate the overall mineralogical

composition of the waste and treatment rocks. A CAMEBAX electron microprobe, operated

at 15  with a specimen current of 20  was used. Electron beam was  to 2

 for silicates and 8  for carbonates and phosphates. Results are listed in Tables 3 

8. In total 110 points were analyzed with 73 analyses used in this study. The remainder

were test results and standards. Only minerals considered highly variable in composition

were analyzed. These include  biotite, chlorite, plagioclase, microdine.

carbonates, and phosphates. Minerals such as quartz, pyrite and chalcopyrite are invariably

stoichiometric and therefore it was considered unnecessary to analyze them.

Figure 13 and Tables 1  6 show the composition of the phyllosilicates present in

samples NOR1   can be seen that all  are phengitic in composition (they

contain high Si to Al and a significant ferromagnesian component). Biotites from NOR3 and

NOR5 are high in aluminium relative to end member biotite. Chlorite in NOR1 and NOR3

are on the high aluminium  of clinochlore. All this is consistent with growth from a felsic

precursor. The tectosilicates, microcline and  are extremely pure end member

feldspars with no significant calcium component as is expected for a highly evolved

greenschist  metavolcanic. The carbonates from NOR3 are highly manganoan

ferrodolomites while those from NOR6 (Salbaie) are ankerites. Although the high

ferromagnesian content of dolomite in NOR3 is somewhat difficult to explain, the ankeritic

composition of Salbaie carbonates is not. Mineralizing fluids would have been highly .

enriched in  and thus ankerite would have been stable over calcite or dolomite.

1 5
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 13. Mole proportions of di-,  and quadrivalent cations in phyllosilicate minerals
projected from H. Numerals on circles represent NOR sample number. Open circles are

 Black circles are biotite. Gray circles are chlorite. Black squares represent 
member mineral compositions of  (Mu), pyrophyllite (Py),  (Ce), amesite
(Am),  (Cl), chamosite (Ch), biotite (Bi) and talc (Ta).

Electron microprobe analysis of carbonate in the limestone treatment material shows

it to be almost pure calcite (Table 7, Pt. l-5). However, analysis of the fine-grained matrix

of the  indicates a high concentration of iron (which explains the red coloration

of the limestone).  armouring of the limestone  may have potential importance to

the long term abilii of the limestone to neutralize acid.

Analysis of selected points in the phosphorite indicates that the compositions are

very dose to hydroxyl-apatite. The extremely fine-grained nature of the phosphate crystals

make it difficult to get a dean analysis and therefore there appears significant  and

 in these analyses. In order to verify the presence of hydroxyl-apatite a X-ray diffraction

scan was performed. This scan verifies the presence of apatite as well as quartz (Appendix

25



1).  the phosphate was amorphous no apatite peaks should appear on the X-ray diffraction

4.0 Geochemical Analyses

4.1 Analytical Techniques

For major and minor element analyses 0.200 g of rock powder were fused with 1.2

g of  and then dissolved in  ml of 5%  This solution is then analyzed using

an inductively-coupled plasma atomic emission spectrometer (ICP-AES). Trace element

analysis for all other elements except gold were performed by leaching 1 g of rock powder

with  ml of aqua regia and then analysis of the solution by ICP-AES. For gold, 10 g of

rock powder are leached with aqua regia and then analysis by atomic absorption

spectroscopy. Carbonate and total sulphur were determined by the induction method and

 was determined by titration. The results from these geochemical analyses are reported

in Table 9. It should be noted that the  reported includes only the  component in

silicates, carbonates and phosphates and not in  The iron from sulphides is

incorporated into the  value.

42 Geochemlcal Results

The following interpretations can be made on the Stratmat samples based on the

geochemical results:

1. The Stratmat samples are essentially identical in  The major
variation is a minor spread in the  values  As  decreases
there is a corresponding increase in  (10.23 to 15.14%) and total S (7.95
to 10.8%). This is expected because as pyritization and potassium metasomatism
increases a rock typically loses more quartz.

2.  contents are very low while  contents are quite high. This is clearly
indicative of the breakdown of feldspar and the addition of 

3. CO, contents are very low and therefore the analyses may not be reliable. This
indicates that the waste material itself has little ability to neutralize acid generation
from the 

4. Except for  Ag and As, trace element contents are below detection limit.
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However, analyses of effluents show measurable concentrations of Cu, Pb, Ni,
and Cd. It may be necessary to analyze for these elements by another technique.

5. If     and S are added together these totals would
comprise over 95% of the rock. Therefore it can be safely concluded that the
Stratmat samples if taken as a single lithology can be represented by 
pyrite-quartz schist. Other phase do not contribute significantly to the compostion.

The following observation can be made on the Salbaie sample:

1. The sample is composed of almost 50% S by weight with the remainder being
Fe and Si. This supports the observed mineralogy of massive pyrite with quartz
abundant  veining.

2. Carbonate is slightly enriched over the Stratmat samples. This would suggest
that the Salbaie waste rock may initially have some ability to neutralize acid. This
interpretation is supported by the near neutral  found in the effluents of the
Salbaie control experiments relative to the acidic  from the Stratmat controls.

3. The Salbaie sample is enriched in Cu, Pb, Zn and Ag but the remaining 
elements were below detection limit. Again, it is suggested that another technique
be used to analyze for these elements.

The following observations can be made about the treatment materials based on the

geochemical results:

1. The limestone composed of dominantly of end member calcite and minor
quartz. The origin of the iron-rich matrix of the  is perhaps due  the
dissolution of calcite leaving a residual cement of ferric hydroxide. This is typical
behaviour displayed by carbonates when exposed to groundwater.

2. The phosphorite contains a significant amount of carbonate, however no
carbonate phases were observed. This may suggest an irregular distribution of
carbonate minerals in the phosphorite.

3. Interestingly, the phosphorite contains a high Zn and Ag content. These
elements may be associated with the abundant hydrocarbons found in thin
section.

49 Weight and Volume Percent Composition of  and Treatment Rock

Estimates of the amount of each mineral present were made by combining the

electron microprobe analyses with the whole rock geochemical data. This is done by using

a least squares fitting technique where the matrix equation

is solved. The column vector X represents the molar proportion of each mineral in the rock.
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The column vector B represents the molar proportion of the major elements contained in

the rock. The coefficient matrix A contains the stoichiometric coefficients for each major

element in each mineral. The coefficients in the A matrix are assumed for simple minerals

(such as quartz and pyrite) and measured, using the electron microprobe, for complex

minerals (such as muscovite and plagioclase). The B vector is calculated from the whole

rock analysis. Therefore the vector of unknowns, X, contains the mole proportions of each

mineral. The matrix equation is solved by first multiplying both sides by  giving

The both sides of this equation are multiplied by  to give

which equals

therefore  

Equation (5) is the least squares solution for the number of moles of each mineral

in the rock. This type of calculation was performed for the five Stratmat samples using the

average muscovite compostion from Stratmat l-3 and the carbonate composition of

Stratmat. Microcline, chlorite and biotite were not included because they are not significant

phases and their introduction would serve only to increase error.  and carbonate must

be used if  and C are included in the B vector. For Salbaie and the treatment rocks

the above technique was not used because of their simple mineralogy. Results from these

calculations can be found in Table 10 and an example of the matrix calculation is given in

Appendix 2.

Inspection of Table 10 shows that the predicted mineral content of the Stratmat is

dominated by muscovite, quartz and pyrite (in order of abundance) with minor  and

carbonate (note that accessory phases such as microcline,  chlorite, etc. were not

included in these calculations). When compared with the actual C content measured in

whole rock analyses it would appear that the least squares fit method overestimates the
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Table 10

Weight and Volume Percent Mineralogical Compostion of Waste Rock
and Treatment Materials

Stratmat 1 Quart.2
Muscovite

Dobmite
Pyrite
Total

Stratmat2 Quartz

Dolomite
Pyrite
Total

Stratmat3 Quartz
Muscovite

Pyrite
Total

Stratmat 4 Quartz
Muscovite

Dobmite

Total

Stratmat 5 
Muscovite

Pyrite
Total

Pyrite

Chbrite
Quartz

Weight Normalized
Weight 

31.6 33.5 2.65
43.1 45.7 2.83

3.5 3.7 2.63
1.0 1.1 2.90

15.1 16.0 4.95
94.3 100.0

2.96

27.6 29.4 2.65
44.3 47.2 2.83

5.7 6.0 2.63
1.2 1.3 2.90

15.2 16.1 4.95
93.9 100.0

Density= 2.96

30.2 31.8
43.8 46.1

2.9 3.1
1.0 1.0

17.1 18.0
95.1 100.0

Density= 2.99 

2.65
2.83
2.63
2.90
4.95

28.1 29.6
42.1 44.4

5.2 5.4
0.9 1.0

18.6 19.6
94.9 100.0

3.01 

2.65
2.83
2.63
2.90
4.95

25.1 26.8
43.3 46.2

3.9 4.2
0.8 0.9

20.6 22.0
93.7 100.0

3.05 

2.65
2.83
2.63
2.90
4.95

76.4 74.8
0.3 0.3
2.1 2.1

23.3 22.8
102.1 100.0

Density= 4.08 

4.95
2.90
3.00
2.65

Volume
cm3

Normalized
Volume %

12.6 37.4
16.2 47.8

1.4 4.1
0.4 1.1
3.2 9.6

33.8 100.0

11.1 32.8
16.7 49.5

2.3 6.8
0.4 1.3
3.3 9.7

33.8 100.0

12.0 35.9
16.3 48.8

1.2 3.5
0.3 1.0
3.6 10.9

33.5 100.0

11.2 33.6
15.7 47.3

2.1 6.2
0.3 1.0
4.0 11.9

33.2 100.0

10.1 30.8
16.4 49.9

1.6 4.8
0.3 0.9
4.4 13.5

32.8 100.0

15.1 61.7
0.1 0.4
0.7 2.8
8.6 35.1

24.5 100.0



Table 10 (cont’d)

Mineral Weight Normalized
 Weight % Gravity

Limestone Calcite 97.7 93.4 2.72
7 . 0 6 . 6 2.65

104.6 100.0
Density= 2.72 

Calcite 2.2 2.6 2 . 7
70 . 1 84.7 3.1

Quartz 10.5 12.7 2 . 7
82.7 loo .0

Densi ty= 3.02 g/cm3

Volume
cm3

34.3
2 . 5

36.8

1.0 2.9
27.3 82.6
4 . 8 14.5

33 . 1 100.0

Normalized
Volume 

93.2
6 . 8

100.0

amount of carbonate. The true carbonate contents of the Stratmat samples should 

less. The Salbaie waste rock is dominated by pyrite with subordinate quartz and minor

carbonate and chlorite. The carbonate content for Salbaie is based on the assumption that

all C in the whole rock analysis is as CO,, therefore, 0.4% is very close to the true

carbonate content.

The mineralogy of the treatment materials is simple. The limestone consists of

dominantly end member calcite with subordinate quartz. The phosphorite is comprised of

predominantly apatite with subordinate quartz and calcite  is the assumed carbonate

composition).

5.0 

Both mineralogical and  results give sufficient evidence that the samples

Stratmat l-5 from Bathurst, New Brunswick represent variably deformed 

which have undergone, prior to deformation, a potassic and  metasomatic event. Thin

sections showed a range of intensity of alteration from single muscovite seams and minor

pyrite to complete replacement of all  minerals by massive muscovite and

pyri te.  Geochemically Stratmat 1-5 are essentially the same in composition with the only

significant variations occurring in   and S.

The Salbaie sample consist of massive pyrite which was extensively fractured and

 with quartz, ankerite, sphalerite and chalcopyrite.

30



The limestone treatment material consists of essentially pure calcite with minor

 The rims of limestone fragments are coated with microbreccia which is cemented

with an iron-rich matrix. The phosphorite treatment material consists predominantly of

  with minor amounts of quartz and carbonate.

The following interpretations or observations have implications to the iysimeter

experiments:

1. Because of the predominance of  quartz and pyrite in the Stratmat
samples, they can represented in a modeliing program such as  as rocks
of that simple assemblage.

2. Carbonate contents of the Stratmat samples are low (probably lower than
estimated in the least squares fit) and therefore they should have little ability to
neutralize acid produced from the breakdown of pyrite. This is evident in the low

 of effluents from the Stratmat control samples.

3. An important observation is the high volume proportion of pyrite. In the
Stratmat samples it varies from 10 to 14%. In the Saibaie sample it comprises
62% of the volume of the rock.

4. A small amount of coarse ankerite present in the quartz veining in the Saibaie
sample may explain the near neutral  found in the effluents from the Saibaie
control lysimeters. It is not expected that this small amount of carbonate will be
able to maintain these  for long.

5. The microbreccia coating the limestone treatment material may have two
opposing effects on its efficiency as a acid neutralizer. The porous nature of the
microbreccia may serve to increase the surface area of carbonate and therefore
more eff  trap and neutralize acid. However, neutralizing of acid is expected
to produce more iron-rich residuum which may coat calcite and therefore reduce
its efficiency as a neutralizer with time.

6. The phosphate treatment material appears to contain a significant amount of
hydrocarbons. What will be the tong term effect of these on acid production and
neutralization?

“‘Fluid-Rock interaction Laboratory
McGill University
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A1203
Fe203

C
S

57.96
13.90
10.23
1.70
2.25
0.11
0.44
5.42
0.09
7.95

 At by B

0.9646
0.2727
0.1281
0.0237
0.0558
0.0020
0.0142
0.1151
0.0075
0.2460

Al
Fe

ca
Na

S

0.2727
0.1518

 0.0558
0.0020
0.0142
0.1151
0.0075
0.2480

 

 

 At A- ’ by 

  least squares fit to mole3 of minerals

 Mole. Wt. Norm. Vol. Norm.
wt.

 g %
Gmv. Vol.

 cm3 %

Quartz 0.5253 ' 60.08 31.56 33.46 2.65 12.6 37.4
0.1189 362.8 43.15 45.75 2.83 16.2 47.8
0.0132 262.2 3.47 3.68 2.63 1.4 4.1

Dobmfte 0.0110 93.17 1.02 1.08 2.90 0 . 4 1.1
0.1260 119.97 15.12 16.03 4.95 3.2 9.6

94.3195 100.00 33.8 100.0
Density= 2.96
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 Project  Example of Least Squares Fitting of  Data
  Rock  laboratory  McGill University

1.00
3.36

 

Multiply At by A

1.00
3.36

 

. 

 

1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
2.19
1.00
0.00
0.00

0.00
0.14
0.00
0.09
1.00

0.00
0 . 31
0.00
0.30
0.00

0.00
0.00
0.00
0.52
0.00

3.36 3.00 0.00
17.20 12.27 0 . 11 0.14
12.27 11.00 0.00 0.00
0 . 11 0.00 1.37 0.09
0.14 0.00 0.09 5.00

-0.02
0.29
-0.31
-0.02
-0.01

-1 . 48
-0.31
0.34
0.02
0.01

0.00
-0 . 02
0.02
0.73
-0.01

0.00-
-0.01
0 . 01
-0.01
0.20

3.36
2.19
0.14
0 . 31
0.00
0.00
1.00
0.00
0.00

  

3.00
1.00
0.00
0.00
0.00
1.00
0.00
0.00
0.00

0.09
0.30
0.52
0.00
0.00
1.00
0.00

0.00
0.00
1.00
0.00
0.00
0.00
0.00
0.00
2.00

0.00
0.00
1.00
0.00
0.00

0.00 0.00 0.00
1.00 0.00 0.00
0.00 0.00 0.00
0.00 1.00 0.00
0.00 0.00 2.00 1
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1. INTRODUCTION

M.  Belle-Isle  a soumis douze  de   dans le cadre

d’un  entrepris par la compagnie Noranda. Cette etude inclut l’analyse  (i-

dentification et  des proportions des  presents) de  que l’observation

des   des sulfures de fer (pyrite, pyrrhotite, marcasite).

2. CONCLUSIONS

Les kchantillons soumis sont massivement frais, ne presentant que  peu de marques

 Dans l’ensemble des  les phases minerales 

 sont  de quartz, de mica, de chlorite, de feldspaths et de 

te. La pyrite  la phase    seulement de rares

traces de  et d’oxydes de fer ont Cd  dans quelques 



Les 12  de  soumis appartiennent  la compagnie Noranda et sont

 :

STRATMAT ROCK  CONTROL TEST IN

STRATMAT ROCK  CONTROL TEST OUT

STRATMAT ROCK  PHOSPHATE IN, TEST 37

STRATMAT ROCK  PHOSPHATE OUT, TEST 37

STRATMAT ROCK  LIMESTONE IN, TEST 37

STRATMAT ROCK  LIMESTONE OUT, TEST 37

LIMESTONE (STRAMAT)

PHOSPHATE (N.B.)

PHOSPHATE 1   
CONTROL  

 
 
 

PHOSPHATE 2  

CONTROL 2   

Ces  ont  l’ensemble des    la section suivante.

3.1 

Les  soumis furent d’abord   et    mailles.

Une portion des fractions  de  et -200 mailles furent  aux fins

d’analyses chimiques (oxydes majeurs,  total  en CO, et soufre) et de la

diffraction des rayons-X (identification formelle des phases presentes). Ces  ont

permis, par la suite,  les proportions de chacune des phases  (analyses

 .



Des sections polies furent   partir de la fraction  mailles  de determi-

ner la nature et la proportion des phases Cette   particulierement
 pour   les  sulfures, oxydes et hydroxydes

de fer (pyrite, pyrrhotite,  hematite, magnetite, limonite et goethite) qui ne

pouvaient   par l’analyse Ces sections polies furent, de plus,

  l’analyseur d’images  de determiner la  des phases 

les 

Les photomicrographies   32,   l’annexe 1, montrent les textures typiques

de ces 

3.2   observations

Les  des observations et des analyses  sont  et compiles aux

tableaux I  XXIV, de l’annexe II, pour chacun des On retrouve sur ces

tableaux, la cartouche d’identification des  leur composition chimique

 et teneurs) dans la par-tie gauche de ces tableaux. La section de droite

 l’analyse  des   telle   les

 d’analyses chimiques. Des notes pertinentes aux pourcentages et 

et  de liberation des phases  sont  au tableau suivant et 

l’annexe III.

4. COLLABORATION

Les auteurs de ce rapport tiennent  souligner la collaboration de MM. Bertrand Paquet,

Jacques  et Daniel Moisan,  qui ont  les travaux de 

  il faut mentionner l’apport du personnel du laboratoire d’analyses et

celui du  pour le travail de dactylographie.



4

Pourcentage  phases    

(*) Phase  en  faible  pour une 
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6

Lorsque  sur les photomicrographies est absente, on   que lcm =

  un grossissement de X50).

Ces photomicrographies  les textures typiques de chacun des  et

permettent de les comparer entre eux. Quelques notes  les observations

 aux tableaux du rapport.

# 1  3   STRATMAT ROCK  CONTROL TEST IN; La pyrite 

la phase   (en blanc). Des traces de  (en gris) sont en

inclusions dans la pyrite ou en grains libres (photo 

 4  6   STRATMAT ROCK  CONTROL TEST OUT; 

ressemble    precedent, la pyrite semble Ctre un peu moins fine.

# 7  9   STRATMAT ROCK  PHOSPHATE IN, TEST 37; La pyrite

(en blanc) contient parfois des inclusions de silicates. Des traces de limonite sont en

grains   les silicates (photo . .

  12   STRATMAT ROCK  PHOSPHATE OUT, TEST 37; La

pyrite est idiomorphe et contient  l’occasion des traces de 

  15   STRATMAT ROCK  LIMESTONE IN, TEST 37; Des traces

d’oxydes de fer et de  ont    cet 

  18   STRATMAT ROCK  LIMESTONE OUT, TEST 37; La

pyrite montre des traces de fracture (photo  contenant de la limonite.
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  21   LIMESTONE  ;  est 

majoritairement ‘de carbonate. On note l’absence de sulfure.

  23   PHOSPHATE  ;   seulement des

traces de   (pyrite).

  26   PHOSPHATE 1   ; Notez l’abondance des 

 La pyrite y est parfois  d’une  de  grains. De

la  (en gris), en traces, y est 

  29   CONTROL   ; La pyrite montre parfois la presence de

 fractures  de limonite (photo La  (en gris) est   la

pyrite et se  en fins grams.

  32   CONTROL 2   ; Notez la  des  de

pyrite. On note la presence, en traces, de chalcopyrite et de 

NOTE :  PHOSPHATE 2   presente un  semblable 

celui de  PHOSPHATE 1  



ANNEXE 



9

LISTE DES TABLEAUX DE L’ANNEXE II

TABLEAU I : STRATMAT ROCK  CONTROL TEST IN  M)

TABLEAU II : STRATMAT ROCK  CONTROL TEST IN (-200 M)

TABLEAU III : STRATMAT ROCK  CONTROL TEST OUT  M)

TABLEAU IV : STRATMAT ROCK  CONTROL TEST OUT (-200 M)

TABLEAU V : STRATMAT ROCK  PHOSPHATE IN, TEST 37  M)

TABLEAU VI : STRATMAT ROCK  PHOSPHATE IN, TEST 37 (-200M)

TABLEAU VII : STRATMAT ROCK  PHOSPHATE OUT,  37  M)

TABLEAU VIII : STRATMAT ROCK  PHOSPHATE OUT,  37 (-200 M)

TABLEAU IX :  ROCK  LIMESTONE IN, TEST 37  M)

TABLEAU X : STRATMAT ROCK  LIMESTONE IN, TEST 37  M)

TABLEAU XI : STRATMAT ROCK  LIMESTONE OUT, TEST.37  M)

TABLEAU XII : STRATMAT ROCK  LIMESTONE OUT, TEST 37 (-200 M)

TABLEAU XIII : LIMESTONE (STRAMAT)  M)

TABLEAU XIV : LIMESTONE (STRAMAT) (-200 M)

TABLEAU XV: PHOSPHATE (N.B.)  M)

TABLEAU XVI: PHOSPHATE (N.B.) (-200 M)

TABLEAU XVII : PHOSPHATE 1    M)

TABLEAU XVIII : PHOSPHATE 1   (-200 M)

TABLEAU XIX : CONTROL    M)

TABLEAU XX : CONTROL   (-200 M)

TABLEAU XXI : PHOSPHATE 2   M)

TABLEAU XXII : PHOSPHATE 2   (-200 M)

TABLEAU XXIII : CONTROL 2   1  M)

TABLEAU XXIV : CONTROL 2   (-200 M)

          



TABLEAU I

ANALYSE  DE 

 :

. No. lab.
No. DRX

Constituant Teneur (%) Phase

PAF

52,0
12,0 Feldspaths

Amphibole
Chlorite
Mica
Apatite

Carbonates

Pyrite

Proportion 

S

Total Total

STRAT. CONTROL TEST IN
 M)

91-014765
COO872

 



TABLEAU 

ANALYSE  DE 

Designation :

No. lab.
No. DRX

Constituant

PAF

S

Total

Teneur Phase Proportion 

Feldspaths
Amphibole
Chlorite
Mica
Apatite

Carbonates

Pyrite

STRAT. CONTROL  IN
 

91-014777
COO884



TABLEAU 

ANALYSE  DE 

 :

No. lab.
No. DRX

Constituant

PAF

S

Teneur 

STRAT. CONTROL TEST OUT
 M)

91-014766
COO873

Phase Proportion 

Feldspaths
Amphibole
Chlorite
Mica
Apatite

Carbonates

Pyrite

Total Total



TABLEAU IV

ANALYSE  DE 

 :

No. lab.
No. DRX

Constituant

 

 

PAF

S

Teneur 

Total

STRAT. CONTROL TEST OUT
(-200 M)
91-014778
COO885

Phase Proportion 

Feldspaths
Amphibole
Chlorite
Mica
Apatite

Carbonates

Pyrite



TABLEAU V

ANALYSE  DE 

 :

No. lab.
No. DRX

Constituant

P A F

S

Total

Teneur 

STRAT. PHOSPHATE IN
TEST 37  M)
91-014767
COO874

Phase

Q u a r t z
Feldspaths
Amphibole
Chlorite
Mica
Apatite

Carbonates

Pyrite

Proportion 

Total



TABLEAU VI

  DE 

 :

No. lab.
No. DRX

Constituant

PAF

Teneur Phase

Feldspaths
Amphibole
Chlorite
M i c a
Apatite

Carbonates

Pyrite

Total 98,0

STRAT. PHOSPHATE IN
TEST 37  M)
91-014779

Proportion 

.

14,0



TABLEAU  VH

ANALYSE  DE 

 

 
 

 

  
   

 



TABLEAU 

ANALYSE  DE 

Designation :

No. lab.
 No. DRX

Constituant Teneur (%) Phase Proportion 

PAF

S

Total Total

13,0

STRAT. PHOSPHATE OUT
TEST 37 (-200 M)
91-014780
COO887

33,0
Feldspaths
Amphibole
Chlorite
Mica
Apatite

Pyrite



TABLEAU IX

 DE 

 :

No. lab.
No. DRX

Constituant

P A F

Teneur (%)

STRAT. LIMESTONE IN
TEST 37  M)
91-014769
COO876

Phase Proportion 

Feldspaths
Amphibole
Chlorite
Mica
Apatite

Carbonates

Pyrite

S

Total Total



TABLEAU X

ANALYSE  DE 

Designation :

No. lab.
No. DRX

Constituant

S

STRAT. LIMESTONE IN
TEST 37 (-200 M)
91-014781
Coo888

Teneur Phase Proportion (%)

Feldspaths
Amphibole
Chlorite
Mica

. Apatite

Carbonates

Pyrite 12,0

Total Total



TABLEAU XI

ANALYSE  DE 

P A F

S

Total

Teneur Phase

Feldspaths
Amphibole
Chlorite
M i c a
Apatite

Carbonates

Pyrite

12,0

Total 95.8

STRAT. LIMESTONE OUT
 37  M)

91-014770

Proportion 

 .



TABLEAU XH

ANALYSE  DE 

 :

No. lab.
No. DRX

Constituant

PAF

S

Teneur 

STRAT. LIMESTONE OUT
 37 (-200 M)

91-014782
COO889

Phase Proportion 

Feldspaths
Amphibole
Chlorite .
Mica
Apati te

Carbonates

Pyrite

Total Total



TABLEAU XHI

ANALYSE  DE 

Designation : LIMESTONE  M)

No. lab. 91-014771
No. DRX COO878

Constituant Teneur Phase

PAF 35,0

S

Total 95,0 Total

41,0

Feldspaths
Amphibole
Chlorite
Mica
Apatite

Carbonates

Pyrite

Proportion 



TABLEAU XIV

ANALYSE  DE 

Designation :

No. lab.
No. DRX

Constituant

P A F

S

Teneur 

LIMESTONE (-200 M)

91-014783
COO890

Phase Proportion 

Feldspaths
Amphibole
Chlorite
Mica
Apati te

Carbonates

Pyrite

Total Total

 



TABLEAU XVI

ANALYSE  DE 

 :

No. lab.
No. DRX

Constituant Teneur Phase

P A F

S

Total Total

PHOSPHATE, N.B. (-200 M)

91-014784
COO89 1

Feldspaths
Amphibole
Chlorite
Mica
Apatite

Carbonates

Pyrite

Proportion (%)



TABLEAU XVH

ANALYSE  DE 

Designation :

No. lab.
No. DRX

Constituant

PAF

S

PHOSPHATE 1, M )

91-014773
Coo880

Teneur (%) Phase Proportion 

Feldspaths
Amphibole
Chlorite
Mica
Apatite

Carbonates

 Pyrite

44,0

Total Total



TABLEAU 

ANALYSE  DE 

 :

No. lab.
No. DRX

Constituant

PAF

S

Total

Teneur 

91-014785
COO892

Phase

Feldspaths
Amphibole
Chlorite
Mica
Apatite

Carbonates

Pyrite

Total

Proportion 



TABLEAU XIX

ANALYSE  DE 

:

No. lab.
No. DRX

Constituant

PAF

S

Teneur 

CONTROL, M)

91-014774
CO088 1

Phase Proportion 

Feldspaths
Amphibole
Chlorite
Mica
Apatite

Carbonates

Pyrite

Total Total

   



TABLEAU XX

ANALYSE  DE 

:

No. lab.
No. DRX

Constituant

P A F

Teneur 

CONTROL, (-200 M)

91-014786
COO893

Phase Proportion (%)

Quartz
Feldspaths
Amphibole
Chlorite
Mica

Carbonates

Pyrite

S

Total Total

                      



TABLEAU XXI

ANALYSE  DE 

:

No. lab.
No. DRX

Constituant

PAF

S

Teneur (%)

16,0

PHOSPHATE 2, M )

91-014775
COO882

Phase Proportion 

Feldspaths
Amphibole
Chlorite
Mica
Apatite

Carbonates

Pyrite

Total Total



r

TABLEAU 

ANALYSE  DE 

Designation : PHOSPHATE 2,  (-200 M) 1
No. lab. 91-014787
No. DRX COO894

Constituant Teneur Phase

PAF

S

Total Total

Feldspaths
Amphibole
Chlorite
Mica
Apatite

Proportion 

Carbonates

Pyrite

                  



TABLEAU XXHI

ANALYSE  DE 

: CONTROL 2,  M)

No. lab. 91-014776
No. DRX COO883

Constituant Teneur Phase Proportion 

Feldspaths
Amphibole
Chlorite
Mica
Apatite

Carbonates

Pyrite

S

Total Total



TABLEAU XXIV

ANALYSE  DE 

Dbignation :

No. lab.
No. DRX

Constituant

P A F

S

 

CONTROL 2, (-200 M)

91-014788
COO895

Phase Proportion 

Feldspaths
Amphibole
Chlorite
Mica
Apatite

Carbonates

Pyrite

Total 97,0 Total
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 dea   la 

Designation

1
2
3
4
5
6
7
8
9
10 =
11 =
12 =

STRATMAT ROCK CONTROL TEST IN
STRATMAT ROCK CONTROL TEST OUT
STRATMAT ROCK PHOSPHATE IN, TEST 37
STRATMAT ROCK  PHOSPHATE OUT, TEST 37
STRATMAT ROCK LIMESTONE IN, TEST 37
STRATMAT ROCK  LIMESTONE OUT, TEST 37
LIMESTONE (STRAMAT)
PHOSPHATE (N.B.)
PHOSPHATE 1  
CONTROL  
PHOSPHATE 2  
CONTROL 2  
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