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AN EXPERIMENTAL STUDY OF THE WEATHERING OF MILL
TAILINGS IN CONNECTION WITH WATER POLLUTION

Part 4

THE EFFECT OF TAILINGS SAMPLES FROM VARIOUS
CANADIAN MINING COMPANIES ON THE COMPOSITION OF WATER

by

A, Jongejan*

SUMMARY

Tailings samples from eighteen companies mining sulphide orebodies
in Canada were subjected to percolation tests. The experimental results
indicated that a sulphide: carbonate ratio in the bulk mineral composition
greater than 6.5:1 produced acid waters. The calcium contents of the
waters were not correlated to the carbonate content of the tailings but to its
grain-surface area exposed to water.

The weight surplus of sulphides over carbonates required to produce
acid water is partly due to the difference between the specific gravities of
these minerals. The ratio between the grain-surface areas, along which
dissolution taken place, is smaller than the ratio between the weights of
the relevant minerals. However, the surface-area properties of the
tailings minerals exposed to water and the relevant ratios between the
minerals-grain surfaces can be expected to change as tailings weather.

A reaction between the solutes formed by the dissolution of pyrite and
calcite is considered. Calcium sulphate is produced and, in the carbonate
equilibria, ferric hydroxide is present as a precipitate. It is possible that
an intermediate type of iron carbonate is formed before all iron ions are
hydrolyzed.

*Research Scientist, Mineral Sciences Division, Mines Branch, Department
of Energy, Mines and Resources, Ottawa, Canada.
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1. INTRODUCTION

The differences between the mineral compositions of tailings
from sixteen companies mining sulphide ores in Canada have been described
in Part 3 of this series of reports“). Part 4 (i.e., this part) indicates
to what extent the predictions made in Part 3 on the effect of these
differences on the composition of water percolating through tailings in
laboratory experiments were valid,

Although concepts have been developed concerning the nature of
some of the reactions that possibly take place in the weathering process,
the conclusions and assumptions made in the discussion of this report will
be restricted primarily to phenomena indicated by the results of the
laboratory experiments involving the effects of various tailings compositions
on water. All tailings samples were subjected to tests of the type described
in the first two parts of this series of reports(z’ 3).

The experiments described in the first four parts of the study
were aimed at providing information on the subject from a practical point
of view. It is emphasized that only a few aspects of the problem could
be discussed. The experiments on these aspects were very limited because
of the large number of variables inherent in the weathering proéess. The
experiments, for instance, have been done on sterilized samples only,
because the effect of the microbiological action on tailings has to be

separated completely from the other variables in order to limit the observed

effects to the action of purely chemical and physical factors. Parts of the

‘microbiological aspects are being studied separately until concepts about

the chemical and physical variables have been developed(4) .

The influence
of the microbiological action on the latter can then be studied in the last

phase of this project,



Statements in this report concerning a possible acid reaction of '

a mineral composition in water or about a mineral composition having a
.pollutant potential do not necessarily imply that they will be valid in field
conditions. The results of the experiments involvingv tailings samples are
aimed solely at providing infprmaﬁon from an e}iperimental point of view.
Whether or not, or how, this information could be applied technieally to
reduce acid drainage is beyond the scope of this study. In order to avoid
invalid interpretations of the information supplied bir this study, the names
of the mining companies have been withheld, Any reference to observations
made in the field apply to conditions where a minimum of tailings pond |
'management had been practised. Elimination of as many variables n_c;t'
inherent in the natural weathering process as can be expected from
management was important. The term ’ca111ngs pond used in these reports,
refers to tailings deposited in various locations. 'I‘hes_e ponds are,’
therefore, not embanked. They are partly dry, depending on the geomorpho-
logical aspects of fhe location, the rainfall and the drainage pétterﬁ.

The percolation ekperirhents on the ’cailinge samples supplied
by the various mining companies, as described in this fepdi't, simulate the

results of temporary water accumulation and étagnancy in order to eliminate
the drainage fector. A difference between draiﬁage and stagnant conditions,
involving the chemical reactions that take place in the process, has been
described in Part 2 of this series of reports( _). Although the difference

" in the effects appeared to be very significant, it will vary for each tailings
pond>(pile) and, probably also; within each tailings pond, dependin‘g on the
geomorphology of the lecation.

It is thus_emphasized that, even thou"gh certain relationships
between the mineral conlpositions of tailings and the compositions-of tlae
waters percolating through these tailings could be demonst'r’ated, no definite
conclusions should be made as to the composition of the dr.ainage water in |
the field and as to the pollutant potential of an actual tailings pond. |

If the volume of a tailings pond is compared with that of the

dramage water, the flow of Water draining away may be so slow as to-

suggest stagnancy. I—Iowever, it can be expected that the water flow is layered



and that the flow affecting the water composition depends on the depth
(age) to which a tailings pond is weathered,

The conclusions or remarks made in the descriptions of the
percolation runs refer, thus, only to conditions which seem to be indicated
by particular experimental conditions. Although concepts about possible
reactions, the effect bf drainage, etc., have been developed, they require
further experiments, involving simplified mineral compositions, for
verification. Consequently, any reference to existing systems, dealing
with the reduction of water pollution, which are known to be practised by
various companies, have not been taken into account because they have no
bearing on the experiments described in this report. If, in the future, the
results of these experiments appear to represent a majority of field
conditions, a survey of the polluting potential of small, active or abandoned,
tailings ponds. in Canada where no abatement is practised, could be
facilitated by using percolation or flow experiments as a rough

screening method.

2. EXPERIMENTAL METHODS

The percolators that were used in the ekperi:ments have been
described in detail in Part 1 of this series of reports, as were the procedures
followed in preparing the samples and in the measuring of the electrical
conductivity, the pH, and the redox potential (Eh),

The Ca, Cu, and Zn contents of the percolating water have been
determined by means of the tantalum-strip atomic-absorption methodx,

The Ca contents were measured approximately twice per week and the Cu

*Note: All atomic-absorption spectrophotometric analyses were done by
Mrs, V.H,E, Rolko, Chemist, Analytical Chemistry Section, Mineral Sciences
Division, Mines Branch, who was seconded to perform this service in
connection with this project.
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and Zn contents once per week, ’fhje coﬁapositions of the waters at the end
of the experiment were ainalyzed by conventional flame atomié-ab sorption
methods. |

Fifty-gram ste rilized tailings samples‘ were used and the

percolating capacity of the water, having an initial pH = 7A, was 2000 ml. '

Although the decision to use the particular quantity of 50-g
tailings samples is b_aséd_primarily on practical considerations, it
originates in the length of time reciuired to reach a certain stage in the |
weathering proc'ess. Observations and measureinents concerning variables
in the process that have been and will be made in tailings ponds in the
field, provide information coﬁcerning,the conditions in fhis process at a
certain point in time. This applies .t.o most geological field stud_ies."_ The
time periods that are involved in Weathei‘ing,_ however, are long. Twenty-
year-old tailiﬁg‘s ponds, covering only a few acres, have been observed still
to contain a considerable acid—prbducing Capa;city.v The’period during Which
acid is produced is thus far longer than twenty years. Consequently, as
small a sample as possible should be used ideally in the laboratory ' 1
experiments, in order to’ reduce the capacity of the "tailings pond' (i.e.,
the sample) and, thus, to facilitate the observation of weathering phenomena.

However, not only the possibility that reactions might proceéd
too rapidly to be measured, but also the limit of chemical detectébility
of traces of such metals as copper and zinc in the water regulated the lower
limit of the sample size,. Prelimina.fy experiments indicated that 10-g
samples were too small and that 100~g samples probably represeﬁted the
upper limit in the foregoing considerations. o

The duration of the experiments, in which the samples were
sub jected to the percolating wate rs, was approximately 55 days. Although
some wateré may have reached equiiibrium conditions, the compos‘ifcions
of other waiers were still changing at the end of the experiments. OneA -

“hundred days had been considered to be a standard .perioAd for the pe rcdla’ciqn’
- experiments but, in view of the limited information that could be expected -
to be gleaned from the experiments af this. stage of the s_ij.ud'y‘, thé ‘dyur_a.tizqn

‘was. halved,




The principal results of the mineral analysis of each tailings
sample have been summarized in the description of the results of the

percolation experiments on tailings from each company. For details on

(1)

the mineralogical analysis, one is referred to Part 3 of this series of

. reports,

3. EXPERIMENTAL RESULTS

3.1, The Effect of the Tailings Sample Supplied by Mining

Company No,. 1% on the Composition of Water

The results of the measurements of the pH, the conductivity,
and of the determinations of the Ca, Cu, and Zn contents of the water that
percolated through the tailings sample from Mining Company No., ! are
plotted in Figure 1.
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Figure 1., Variables in the water percolating through a tailings sample

from Mining Company No. 1,

*The mining companies are numbered the same as in Part 3 of this series

of reports,
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The.water became alkaline after the first couple of days.
The alkalinity was higher than that of the water percola’cmg through a
tailings sample from Company No, 2 poss1b1y because of a more favourable
carbonate: sulphide ratio (sep page 8 ).

| The conductivities followed the co:mparatively small amounts

of calcium that dissolved. The am’ount.s of Zn and Cu in the water were .
not detectable. ‘ ,

The principal results of the mineralogical anaiysi‘s_of this .

tailings are listed in Table 1.

TABLE 1

Mlneraloglca.l Analys1s of a Tajlings Sample S@plled
bLMlnlngCompany No 1

Composition ' Wt% ' Physical Properties* .
Sulphides 0.5 © Specific Gravity 3.07
Iron (hydro)oxides 15  Particle-Size Code. . 3.3.4, |
C_arbonéfes E : 8 Surface Area _ 68 |
Silicates . 56.5 ' |

Quartz 15 -

At the end of the run, the water contained 4.0 p‘ptmvNa, 2, 4'p‘pm K,
25 'pprﬁ Ca, 1.3 ppm Mg, <« 0,01 ppm Fe, «0.01 ppm Cu and’ <0, 01 ppm Zn,

_ Although it seems unlikely, the effect of drainage may even

be indicated during the first couple of days, while the_'w;a'ters a;ré acid,

*Note: The particle-size.code "a.b.c.'" used in this and all the subsequent
tables listing the principal results of the mineralogical analyses, stands for
+100 mesh 10a%,-100 +325 mesh 10b%, an.il —32? mesh 10c_%. The surface
area exposed to water is expressed in cm /cm” and an asterisk indicates
variability in its measurement for that particular sample.

|

|

|

|

The grain-surface area of this tailings sample exposed to .water is small



and it can be expected to produce a drainage rate significantly different from
near-stagnant conditions. A system that would contain the water for a
sufficient period of time to reach saturation equilibrium would be beneficial.

3.2. The Effect of the Tailings Sample Supplied by Mining
Company No, 2 on the Composition of Water

The results of the measurements of the pH, the conductivity,
and of the determinations of the Ca, Cu and Zn contents of the water that
percolated through the tailings sample from Mining Company No., 2 are

plotted in Figure 2.
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Figure 2. Variables in the water percolating through the tailings sample
from Mining Company No, 2.

The water became alkaline after the first couple of days; the
conductivities followed the comparatively small amounts of calcium that

dissolved, and the Zn and Cu contents also remained low,
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The principal results of the minéralogicail analysis of this

tailings sample are listed in Table 2,

TABLE 2

Mlneralog‘cal Analysis of a Tailings Sample Supplled
by Mmlng Company No. 2

Composition - ‘V‘Vt% ‘ Physical Pr'o"pert_ieé
Sulphides . 1 Specific Gravity _‘ZA.’73
Iron (hydr)oxides - 3 Particle-Size Code 2; 3.5,
Carbonates ' 3 Surface Area ‘ 99
Silicates | . - 58
Quartz , 31

At the end of the experlment the water conta.med 5 ppm Na, ,
5.4 ppm K, 26 ppm Ca, 1. 5 ppm-Mg, 06 ppm Fe, < .01 ppm Cu, <.01 ppm ‘
Zn, ' ‘

"The tailings compoéition and its effect on water are very sirn‘illar
to those of the foregoing tailings sample. The effect of drainage may be
indicated during the first couple of days, when the water was acid. The
gram surface area exposed to water can agaln be expected to produce a
drainage rate 51gn1f1cant1y hlgher than corresponds to near- stagnan’c

conditions.

3.3. The Effect of the Tailings Sample Supplied by Mining
Company No. 3 on the Composition of Water '

The results of the measurements of the pH, the conductivity,
and of the determinations of the Ca, Cu and Zn contents of the water that
percolated through a tailings sample from Mining Company No, 3 are

plotted in Figure 3.




10.00

s 2
s g [a
=3 o
o o
e o
=1
B L w o | w0
-1 @ ERr o
3 [ 2
o o
g g
= =3
B <. L - |w
- « =] I =1
2 8 5
=3 Q
g =2
8 2 L5 L0 ]
-7 = ;?‘ h
. Q9
e g& » [=1.]
.g o [w} ~N
K 2 o = =z
gg. Ec‘- 3'0 *f"u -g‘u
g &3
3 o =3 R
= x o b= ax
8
oﬁ
&8 a
3 -
=R I P
. w =]
+ g =
E gJ .
2 - - -
Bos ERE R
& s g
8
a
o (=3
. =
.| *d o @ «@a
3 - -2 La 1
=3 (=]
o
* +
2 s W‘W"""‘"’“"’!‘“" L
[ ]
3. <, h J —a - » A o lo o
.00 t0.00  24.00 80,00  4D.00 _ &0.00  8b.00 7b.00 sb.co  sb.00 ] 3 ]
NO.OF ODAYS

Figure 3. Variables in the water percolating through a tailings sample
from Mining Company No. 3. ‘

The pH increased after the first couple of days and appeared to
reach an equilibriuﬁ at a near-neutral level. The conductivities followed
the comparatively small amounts of calcium that dissolved. The amounts
of Cu and Zn in the water were low,

The principal results of the mineralogical analysis of this

tailings are listed in Table 3.
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TABLE 3

Mlneraloglcal Analysls of a Talllngs Sample Supplled by
by Mining Company No, 3

Composition Wt% . Physical ‘P-rope:rt‘i'es
Sulphides E Sp_ecifié Gravity o 2,72
Iron (hydr)oxides 4 Particle-Size Code 2.3.5.
Carbonates 3 B Surface Area : 135
Silicates 60
Quartz : _ .29

At the end of the experiment, the water contained 4.5 ppm Na,
2.3 ppm K, 20 ppm Ca, 14 ppm Mg, 0,52 ppm Fe,. 0; 02 ppm Cu and
<0.01 ppm Zn. ‘

The principai ore minerals were arsenides but, u_nfbrtunat'elj,'
a chemical analysis for the As content of the vpercola’cing,-waterr\.ﬂas not
available. The results éhOWn in Figu_z"‘e 3 indicate, however, that this
is not an acid tailings and that’any pollutant action may be due more to the
toxic nature of the arsenic present in the water than to.its, acidity.

3.4. The Effect of the Tailings Sample Supplied by Mining
Company No. 4 on the Composition of Water

The results of the measurements of the pH, the. conductiirity,
and of the determina’cions of the Ca, Cu, and Zn contents of the water tha"cA
percolated through a tailings sample from Mining Company No. 4 are

plotted in Figure 4.
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Figure 4, Variables in the water percolating through a tailings sample
from Mining Company No. 4.

Although the Cu and Zn contents were below the limits of
detection, more ions dissolved out of this tailings sample than out of the
foregoing ones, Also, the water reached an alkalinity that was possibly
slightly higher, despite the fact that the sulphide:‘ carbonate ratio was
much lower than in the foregoing samples according to the principal results

of the mineralogical analysis of this tailings listed in Table 4.



TABLE 4

Mlneraloglcal Analysis of a Tailings Sample Supplied
by Mining Company No 4

Composition W% Physical Properties
Sulphides - 3 Specific Gra.vity' B 2.83
Iron (hydr)oxides | 6 Particle-Size Code 0.3.7.
Carbonates 4 ' Surface Area VI
Silicates 63
Quartz 20

At the end of the run, the water contained 6 ppm Na, 1.2 ppm K,
148 ppm Ca, 42 ppm Mg, . 08 ppm Fe, and < .01 ppm Cu-and Zn.

The duration of the temporary acidity at the beginning of the
run was shorter than for the foregoing samples. This phenomenon rhay
originate in the effect of drainage. This effect shows 'up before equilibrium
has been reached, and is connected with the grain-surface area exposed
'to water and the water flow along it. It should be noted that the grain-
surface area and the fine particle size of this tailings sample are rriuch _
larger than those of the foregoing tailings and that the drainage is not as rapid.

3.5. The Effect of the Tailings Sample Supplied by Mining
Company No. 5 on the Composition of Water

The results of the measurements of the pH, the conductivity,
and of the determinations of the Cu and Zn content of the water that
percolated through a tailings sample from Mining Company No. 5 are

drawn in Figure 5.
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Figure 5. Variables in the water percolating through a tailings sample
from Mining Company No, 5.

The results were very similar to those of the foregoing tailings.
The water became alkaline. The low conductivity and the amount of calcium
that dissolved appeared to be related. The Cu and Zn contents were low,

The principal results of the mineralogical analysis are listed

in Table 5.
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TABLE 5

Mineralogical Analysis of aT ailings Sample Supplied
by Mining Company No. 5 S

Composition Wt% Physical Properties
Sulphides 4 - Specific Gravity o 2.95
Iron (hydr) oxides - 10 Particle-Size Code 3.3.4.
Carbonates 5 Surface Area 102
Silicates 63 |
Quartz ' 14

At the end of the run, the water contained 7 ppm Na, 10 ppm K,
45 ppm Ca, 0.9 ppm Mg, 0.2 ppm Fe, «0. 01 ppm Cu, and 0.01 ppm Zn.

The results are not significantly different from those of the _ . %

foregoing runs.

3. 6. The Effect of the Tailings Sample Supplied by Mining
Company No. 6 on the Composition of Water

The results of the measurements of the pH, conductivity, 'and
of the determinations of the Ca, Cu, and Zn contents of the water that
percolated through a tailings sample from Mining C‘O'mpan'y No. 6 are

plotted in Figure 6.
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Although the water became alkaline, as in the foregoing

the conductivity of the water had increased.

samples, and the Cu and Zn contents remained low, the Ca content and

The principal results of the mineralogical analysis of this

tailings sample are listed in Table 6.



TABLE 6 -

M1nera10g1ca1 Analxsm of a, Ta11Js Sam'ple Supphed
by Mihing Company No. 6_

Corhgosition Wit%h Physic al Properi_:ies .
Sulphides | | 5 L :S'pecific‘Grav,ii:y ' E 2_.'88‘
Iron (hydr)oxides o 5 - Particle-Size Code 0.0, 10.
Carbonates : 30 Surface Area _ 1,1_4
Silicates 43 . |
Quartz 12

At the end of the run, the water .contained 6 ppm Na, 1, 2 ppm K,
141 ppm Ca, 42 ppm Mg, 0,08 Ppm Fe, « 0,01 ppm Cu, and
" <0, 01 ppm Zn, ’ 4

The trend towards aC1d1ty during the begmmng of the run .

was not present. This is possibly due to a complete supp_ress;on. of acid
(from the sulphides) by -the large amount o_f-carb'c')na,te. prééeﬁt in this :
tailings sample , A | .
| q A sample of this talllngs collected in the field had also been
run in a percolator. The results of the measurements of the pH, the’
conducti-vity, and of the déter‘mina’cions Qf the Ca, Cu, and Zn. cont.ents‘

of the water percolatingvrt'hrough that sample are plotted in Figure 7.
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Figure 7. Variables in the water percolating through a sample of tailings

collected in the field from Mining Company No. 6.

An estimate of the mineralogical composition, based on the
results of a chemical analysis and the composition of the fresh tailings,

is shown in Table 7.

TABLE 7

Mineralogical Analysis of a Sample Collected from the Tailings
Pond of Mining Company No. 6

Composition Wt% Physical Properties
Sulphides 1 Specific Gravity ;

: . . Not
Iron (hydr)oxides - Particle-Size Code ; determined
Carbonates 27 )
Silicates 28

Quartz 36
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At the end of the run, the water éori"cained 4 ppm Na, 0.5 ppm K, :
34 ppm Ca, 15 ppm Mg, 0. 08 ppm Fe, <0.04 ppm Cu and < 0.01 ppm '
Zn. These results indic ate that the dlssolutlon of Ca and Mg 1ons possibly
decreased with time and that a certain amount drameda.vvay-.-, _Although it
would be surprising if the drainage water from this tailings pond was .
found to be pollutant in field conditioné, the phenomen.a‘ of the drainage of
Ca and Mg, and the absence of initial acidity, will coﬁtribufe ,signif;_ic_an"c‘l;-r to
the de{relopment of concepts about ‘tﬁggjx-ea‘c”tiohs involved in the /Wea’chvevri.ng ‘
process.

3.7. The Effect of the Talllngs Sample. Supplled by Mlnlng
Company No. 7 on the Congposwlon of Water

The results of the measurements of the pH, the conductivity,
and. of the determinations- of the -Ca, Cu,.and Zn contents of the water .
that percolated through the tailings sample from Mining Company No.j'?' are
plotted in Figure 8, . |
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The results were very similar to those of the foregoing
tailings samples in that the water became alkaline, the calcium content
and conductivity remained low, and the Cu content was not detectable.

The trend to become acid at the beginning of the run was very small,
Because the tailings contained a significant amount of sphalerite, the zinc
content could be expected to be higher than in the foregoing runs. At

the beginning of the run, this zinc content was higher than after the system
had reached equilibrium

The principal results of the mineralogical analysis of this

sample are listed in Table 8,

TABLE 8

Mineralogical Analysis of a Tailings Sample Supplied
by Mining Company No. 7

Composition Wt% Physical Properties
Sulphides 6 Specific Gravity 3.30
Iron (hydr)oxides 2 Particle-Size Code 1.3.6.
Carbonates 2.5 Surface Area 180
Silicates | 29
Quartz 23.5
Barite 34,5

At the end of the run, the water contained 3 ppm Na, 2 ppm K,
60 ppm Ca, < 0.01 ppm Fe, <0.01 Cu, and 1 ppm Zn. The large amount
of barite in this sample could be expected to produce no significant effects,
so that the action of this tailings sample on water was very similar to those
of the first five samples.

3.8. The Effect of the Tailings Sample Supplied by Mining
Company No, 8 on the Composition of Water

The results of the measurements of the pH, the conductivity,

and of the determinations of the Ca, Cu and Zn contents of the water that



percolated through the tailings sample from Mining Company.No, 8 are
plotted in Figure 9.
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Figure 9. Variables in the water percolatlng through a ta111ngs sample |
from Mining Company No. 8. |
|
Theé results are quite different from those of the foregoing
tailings., Not only did the pH rise gradually after its initial drop to about

4.5, but the calcium content and the conduc’ﬁivity‘ values were significantly
higher than those in the foregoing runs, Also, the low Cu and Zn contents
increased gradually.

' The principal results of the rnineralogicalk‘ analysis of this’

tailings sample are listed in Table 9. _ : |
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TABLE 9

Mineralogical Analysis of a Tailings Sample Supplied
by Mining Company No, 8

Composition Wt% Physical Properties

Sulphides 5 Specific Gravity 2,81
Iron (hydr)oxides - Particle-Size Code 1.3.6.
Carbonates 0.5 Surface Area 149
Silicates 28

Quartz 60.5

At the end of the run, the water contained 3 ppm Na, 1.2 ppm K,
265 ppm.Ca, 0,6 ppm Mg, 5.2 ppm Fe, 0.1 ppm Cu and 0, 1 ppm Zn,
Although the sulphide coptent in this tailings is comparatively low,
the amount of carbonates is apparently too small to offset the acid effect
of the sulphides.

3.9. The Effect of the Tailings Sample Supplied by Mining
Company No. 9 on the Composition of Water

The results of the measurements of the pH, the conductivity,
and of the determinations of the Ca, Cu, and Zn contents of the water that
percolated through the tailings samiple from Mining Company No. 9 are

plotted in Figure 10.



g g 3 o
8 & S -Z ro
’W - Z 3 5
=
8 | . ,
g 3 PRI
o S R Y
o o
<9
= 1 ,
gl & P ES
= : = A .
- © . o <
X > 12 9
* -]
o 4;‘!/‘ . : |
; ’ ’ O £ vs
;"n;',- :1 x"" ] ;'.". Z .
5 ' ‘go s |Ba .
= ~
"8 g |2 %
: 8 A |, '
g5 & o153 153
= - 2 |°= =1
= » 8~ .
Oc: )
581 g UEEN P
L Y I P
= n o 3 8
- 8 =
s
4 ¢ SR ol -
0 - 3 A 2
. e a a
a Y . Taes
=4 g el K r P 0N 4 . . Lo o L on
wd +.4 . . -3 o
n " < “n o
o
I S ST o A
e ‘Yoo 10.00  20.00 :u.uu// 400.00 : so o0 60.00  70.00°  ¥9.00 - %0.00 E] a g
//. '
Variables in the water percolating through a ta111ngs sample

Figure 10,
‘ - from Mining Company No. 9,
/

The results are very similar to thosé'for rtlﬁe'failings from the
first thfee companies. The water became alkahne, and the d1ssolut1on of
calcium appeared to be related to the conduct1v1t1es. The a:rnount of Cu that
d1ssolved was below the limit of detect1on and that of Zn remalned low durlng |

the greatest part of the run.

The pr1nc1pa1 results of the mmeraloglcal analys1s of thlS

sample are listed in Table 10.
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TABLE 10

Mineralogical Analysis of a Tailings Sample Supplied
by Mining Company No, 9

Composition _ Wt% Physical Properties
Sulphides 8 Specific Gravity | 3.02
Iron (hydr)oxides 10 Particle-Size Code 3.3.4.
Carbonates 11 Surface Area 133
Silicates 40
Quartz 26

At the end of the run, the water contained 2.1 iapm Na,
0.6 ppm K, 82 ppm Ca, 9.4 ppm Mg, < 0,01 ppm Fe, <0,01 ppm Cu
and 0. 01 ppm Zn,

3.10. The Effect of the Tailings Sample Supplied by Mining
Company No, 10 on the Composition of Water

The results of the measurements of the pH, the conductivity,
and of the determinations of the Ca, Cu and Zn contents of the water that

percolated through the tailings sample are plotted in Figure 11,
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Figure 11, Variables in the water pe rcolatmg through a ta111ngs sample
from Mlmng Company No, 10.

The results are very similar. to those of the fii‘ét;‘t;'tilivn'g’s. '
’I‘hé water became alkaline, the calcium contents ahd _thé _conduétivitjr
were comparatively low, and the Cu and Zn contents were also very low,
The ac1d11:y during the first- couple of days should again be noted.

The principal results of the. m1neralog1ca1 analys1s of this'

tailings sample are listed in Table 11,



- 25 .-

TABLE 11

Mineralogical Analysis of a Tailings Sample Supplied
by Mining Company No, 10

Composition Wt% Physic al Properties
Sulphides 15 Specific Gravity 3.21
Iron (hydr)oxides .5 Particle-Size Code i. 4.5,
"Carbonates 2,5 Surface Area 85
Silicates 60
Quartz 12

At the end of the run, the water contained 5 ppm Na,

13 ppm K, 71 ppm Ca, 6 ppm Mg, < 0,01 ppm Fe, <0, 01 ppm Cu and
0,01 ppm Zn,

The phenomenon of the water becoming alkaline under
equilibrium conditions, despite the apparent surplus of sulphide over
carbonate in the tailings, indicated that factors other than stoichiometric
proportions of the various minerals, control the pH. Because the
dissolution of a mineral grain in water takes place at the surface of that
grain, it is very probable that the grain- surface area exposed to water is
one. of these factors.,

3.11, The Effect of the Tailings Sample Supplied by Mining
Company No. 11 on the Composition of Water

The results of the measurements of the pH, the conductivity
and of the determinations of the Ca, Cu and Zn contents of the water that
percolated through the tailings sample from Mining Cofnpany No. 11 are
plotted in Figure 11,
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Figure 12, Variables in the water percolating thr ough a tailings sample
from Mining Company No, 11,

Altho_ugh the calcium content remained comparatively low, - .
the conductivity was high and the water became acid. The solution of thev;
Zn indicated that equilibrium conditions had not béén reached. The trend
in the curves indicates that the acidity i’nay progressively increase,

' The pi‘incipal results of the mineralogical analysis of this

tailings are listed in Tabl_e_:"iz.
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TABLE 12

Mineralogical Analysis of a Tailings Sample Supplied
by Mining Company No, 11

Composition Wt% Physical Properties
Sulphides 36 Specific Gravity 3. 39
Iron (hydr)oxides i5 Particle-Size Code 1.4.5,
Carbonates 2 Surface Area ‘ 105
Silicates 18
Quartz 24

At the end of the run, the water contained 23 ppm Na, 5 ppm K,
52 ppm Ca, 22 ppm Mg, 700 ppm Fe, < 0,01 ppm Cu, and 24 ppm Zn,

The dip in fhe pH curve during the first week of the run,
which probably originates in the difference in reaction rates between two
components of the final equilibrium, should be noted., The acidity of the
water can be attributed to the large sulphide : carbonate ratio., The high
conductivity is due to the large amount of iron in the water. The iron
very probably did not dissolve only out of the sulphides, but possibly partly
out of the iron hydroxides. A large precipitate of secondary iron
hydroxides had formed in all parts of the percolator, The total amount
of iron that dissolved could, therefcrs, not be determined nor could the
proportionation between the portion that precipitated and the portion
that dissolved be determined, The Zn content increased with the acidity.

A tailings sample collected in the field was also run and the
results of the measurements of the pH, the conductivity and of the
determinations of the Ca, Cu, and Zn contents of the water percolating

through that sample are drawn in Figure 13,
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Figure 13, Varlables in the water percolatmg through a sample of talllngs

collected

on the field from.Mining Company No 11,

The mineral composition, listed in Table 13, was estlmated

from the results of a chemical ana1y51s and from the mineral comp051t10n

of the fresh tailings.
that given in the table.
which totalled 62%,

The iron hydroxide content is probebly higher than

This is reflected in the "cheimical 'ar_lal.y."s'is;-
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TABLE 13

Mineralogical Analysis of a Sample Collected from the Tailings
Pond of Mining Company No, 11

Composition Wt% Physical Properties
Sulphides 2 Specific Gravity )
Iron (hydr)oxides 25 Particle-Size Code ; d;tell‘litined
Carbonates 0.5 Surface Area )
Silicates 11
Quartz 35
Sulphates 19

At the end of the run, the water contained 3 ppm Na, 0.1 ppm K,
10 ppm Ca, 2.3 ppm Mg, 35 ppm Fe, 5.6 ppm Cu and 0.3 ppm Zn, It
is quite possible that the field sample did not originally have the composition
of the fresh sample supplied by the company. This possibility may be
indicated by the fact that the dissolution of Cu had not reached equilibrium
conditions at the end of the run., Although the conductivity of the water
percolating through the field sample was of the same order of magnitude
as that of the water percolating through the fresh tailings, the Ca, Mg, Fe,
and Zn contents were all lower and the acidity appeared to be higher.

The results of the experiment indicated, again, that reaction
rates of components of the final equilibrium under stagnant water conditions
are of importance in the weathering process. If water drains away, it
cannot reach the equilibrium condition in which the ions dissolving out of
the tailings can interact with those already dissolved. The experimental
results produced by the field samples in percolators may be indicative of a

late phase in the drainage experiments,
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3.12., The Effect of the Tailings Sample Supplied by Mining |
Company No. 12'on the CompositiOn of Water

A ta111ngs sample contalnlng a large amount of sulphldes
and another contalmng a small amount of sulphldes were supplled by
Mining Company No 12.

The results of the measurements of the pH, the conduct1v1ty
and of the determmatmns of the Ca, Cu, and Zn contents of the vvater _
percolating through the sulphide-poor talllngs sample from Mmmg
Company No, 12 are plotted in Figure 14 '
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Flgure 14: Variables in the. Water percolating through a sulphlde poor
tailings sample from Mining Company No, 12,

The results were very similar to those of the percolatlon

test on low- sulphlde tailings from the fll‘St few compames. After exhlblting_ o

initial ac1d1ty, the water became alkaline, the conductivity and the calcium
content were low, and the Cu and Zn contents were not detéctable. .
’The principal results of the mineralogical examination of this

sample are listed in Table 14,
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TABLE 14

Mineralogical Analysis of a Sulphide-Poor Tailings Sample
Supplied by Mining Company No, 12 '

Composition W% Physical Prope rties
Sulphides 1 Specific Gravity 2.385
Iron (hydr)oxides 2 Particle-Size Code 2,3, 5.
Carbonates 15 Surface Area’ 128
Silicates 49
Quartz 31

At the end of the run, the water contained 3 ppm Na, 1,3 ppm K,

44 ppm Ca, 7 ppm Mg, < 0.01 ppm Fe, <0.01 ppm Cu, and
< 0.01 ppm Zn,

The results of measurements of the pH, the conductivity, and
of the determinations of the Ca, Cu, and Zn contents of the water
“percolating through the sulphide-rich tailings sample from Company No. 12
are plotted in Figure 15.
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Figure 15, Variables in the water percolatlng through a sulphlde rich
tailings sample from Mlnmg Company No. 12,

In spite of the higher sulphide content, the water reached
an alkaline pH that was lower V"chan that developed in the water frb,'m the
silica-rich sample. The Cu and Zn contents we ré 'again beyond the liniit
6f detection. The significant diffe rence, however, was in the calcmm
content, Whlch was st111 mcreasmg at the end of the run,.

The principal results of the m1nera10g1ca1 ana1y51s of thls

-‘Sample are llsted in " Table 15,



TABLE 15

Mineralogical Analysis of a Sulphide-Rich Tailings Sample
Supplied by Mining Company No, 12

Composition Wt % Physical Properties
Sulphides 37 Specific Gravity 3.45
Iron (hydr)oxides 6 Particle-Size Code 1.2.17.
Carbonates 10 Surface Area 216%
Silicates 33
Quartz 9

At the end of the run, the water contained 8 ppm Na, 1.3 ppm K,
578 ppm Ca, 45 ppm Mg, < 0.01 ppm Fe, < 0.01 ppm Cu and < 0. 01 ppm Zn.

Although the sulphide-rich tailings contained less carbonates
than did the sulphide-poor sample, far more calcium and magnesium were
dissolved into the water percolating through the sulphide-rich tailings. The
pH of both waters was alkaline.

_ The results of the experiments on the tailings samples from
this company were considered to be very good examples of the interaction
between sulphides and carbonates that traditionally controls the pH of the
waters The combination of the large amount of dissolved calcium with the
comparatively large amount of sulphides, present in the tailings, is probably
significant for this interaction. However, no definite conclusions on the
nature of this interaction will be made before experiments containing
mixtures of these minerals, simulating simplified tailings compositions,

have been completed,




- 34

3. 13. The Effec"c'of the Tailings Sample Suppliedﬂby Mining
Company No. 13 on the Composition of Water

The. fesults of the measurements of the.-’ijI, the conductivity,
and of the Ca, Cu and Zh contents of the water pefcqlaﬁing;through the
tailings sample from Mining Company. No.‘1‘3 are plo_ttedfih ;Fv_‘igure 16,
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Figure 16, Variables in the ‘water percolating through a talllngs sample
from Mining Company No. 13 -

Although experimental results involving the var1at1on of various
factors a.ffectlng the composition of water percolating through tailings samples :

Al )

from this company have been descrlbed in an earlier report the
experiments were actually.-do,ne and selected according to the results of -
the experiment described in this report, The results indicete that the
system had not reached equilibrium at the end of the run, The caleium
content,and the conductivity were still inclxv'easivng, as was the pH to a siight
extent, The pH was significantly higher than that of acid waters described

previously, It has been po‘inted out in Part 2 of this series of reports that
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several factors can produce these differences and that the experiments
described in the first stage of the study are aimed solely at indicating the
possible effects of various factors that will have to be studied in greater
detail before definite conclusions can be made.

The composition of samples can be expecte& to vary with
changes in the composition of the ore that is mined, so that samples
supplied at different times could vary in composition, The composition of
samples have been observed to change on standing, It is-also possible
that particular tailings compositions have a sensitivity to variations in
experimental conditions,

The principal results of the mineralogical analysis of this

sample are listed in Table 16,

TABLE 16

Mineralogical Analysis of a Tailings Sample Supplied
by Mining Company No, 13

Composition Wt% Physical Properties
Sulphides 34 Specific Gravity 3.27
Iron (hydr)oxides 5 Particle-Size Code 1.5.4.
Carbonates 5 Surface Area 78%
Silicates 25
Quartz . 26

At the end of the run, the water contained 3.3 ppm Na, 16 ppmK,

271 ppm Ca, 39 ppm Mg, 16 ppm Fe, 0.01 ppm Cu, and 2.2 ppm Zn.
Because the system in the percolator had not reached

equilibrium, a further conﬁparison with the results of other tests, done on

tailings samples from this company, is not valid, particularly because

the samples were not treated and obtained from the head sample at the

same time.,
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3.14. _The Effect of the Tailings Sample Supplied by Mining
Company No, 14 on the Compos1t1on of Water

The results of the measurements of the pH the conductlwty,
and of the determinations -of the Ca, Cu, and Zn contents of the Water '
pe rcolatmg through the talllngs sample from Mining Company No. 14 are
plotted in Figure 17. ‘ '
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Figure 17. Variables in the water percolating through a tailings sample
from Mining Company No. 14,

The results agaj‘n indicate that the system had not reached -
equilibrium at the end of the _. run. The calcium and zinc contents were still
‘increasing. It is, therefore, uncertain as to whether the pH might have
decréased beyond what is shown in Figure 17, , _

The principal results of the mineralogical analysis of this

sa:rriple are 1isted in Table 17.
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TABLE 17

Mineralogical Analysis of a Tailings Sample Supplied
by Mining Company No, 14

Composition W% Physical Properties
Sulphides 55 Specific Gravity 3.70
Iron (hydr)oxides 1 Particle-Size Code 1. 3.6,
Carbonates 2 Surface Area - 106%
Silicates 30
Quartz ' - 10

At the end of the experiment, the water contained 3 ppm Na,
7ppm K, 171 ppm Ca, 33 ppm Mg, 140 ppm Fe, < 0,01 ppm Cu and
3 ppm Zn,

Acid water could be expected to be produced from the large
amount of sulphides, as compared with that of the carbonates, The large
variations in the conductivity, and in the Ca and Zn contents are probably
controlled by the dissolution of sulphides. Although a precipitation of iron
hydroxides was visible, the amount was small, so that a greater portion
of the dissolved iron remained in solution than, for instance, in the water
percolating through the taiiings sample from Mining Company No, 11,

3.15. The Effect of the Tailings Samples Supplied by Mining
Company No, 15 on the Composition of Water

The results of the measurements of the pH, the conductivity,
and of the determinations of the Ca, Cu, and Zn contents of the water
percolating through the tailings sample from Mining Company No, 15 are

plotted in Figure 18,
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Figure 18, Varlables in the wa’cer percolatlng through a tallmgs sample N

" from’ Mmmg Company No. 15,

This tailings sample had also been used in experiments
described in earlier reporte. Beeause analytical chemical methods had
been developed for the determination of several elements not reported
previously, the results of a few runs, using the tailings from this A
company, have been mcluded in this report. |

Flgure 18 obv1ously shows that the system had not reached
equilibrium at the end of the experiment. The water was decidedly acid
and showed the dip in pH during the first week. The amount of ce,lciurri
that dissolved was high. '

The principal results of the mineralogical analysis of this* '

. sample are listed in Table 18,
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TABLE 18

Mineralogical Analysis of a Tailings Sample Supplied
by Mining Company No., 15

Composition Wt% Physical Properties
Sulphides 64 Specific Gravity 4,55
Iron (hydr)oxides 3 Particle-Size Code 0.3.7.
Carbonates 6.5 Surface Area 183%
Silicates 11
Quartz 9

At the end of the run, the water contained 2.7 ppm Na,
1.3 ppm K, 242 ppm Ca, 74 ppm Mg, 24 ppm Fe, 1,05 ppm Cu, and
36 ppm Zn,

A sulphide-poor and a sulphide-rich fraction from this tailings,
similar to the two types of tailings supplied by Mining Company No. 12,
were also run in the percolators,

The results of the measurements of the pH, the conductivity,
and of the determinations of the Ca, Cu, and Zn contents of the water
percolating through the sulphide-poor and the sulphide-rich fractions are

plotted in Figures 19 and 20, respectively.
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Figure 19,
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Figure 20. Variables in the water percolating through a sulphide-rich
fraction of the tailings from Mining Company No. 15,

It is again obvious that both systems had not reached
equilibrium conditions at the end of the experiment. However, several
of the results were similar to those observed in runs of other tailings
samples.

The water percolating through the sulphide-poor fraction
was acid for a few days at the beginning of the run before it became
alkaline. The same trend could be observed in the run containing the
sulphide-rich fraction. However, before an alkaline pH could be reached
in the latter, it decreased again, presumably to reach a low value under

equilibrium conditions.
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The conductivities and the .éalciurri contents were hot
signifiéantly different. The amount of Cu that dis solved in the rﬁn
containing the sulphide-rich fraction was appreciable. Although the Zn
content was ﬁigher in the run containing the ,éulphide—rich fraction than in
the other, both Zn curves indicated a temporé.ry increase é.t thevy "
beginning of the experiment.

The estimates of the mineral com’posiﬁon of these fractions,
based on the results of the chemical ané.lyses of these fractions and on
the mineral composition of the head sample, are listed in Tables 19

and 20,
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TABLE 19

Mineralogical Analysis of a Sulphide-Poor Fraction of a Tailings

Sample Supplied by Mining Company No, 15

Composition W% Physical Properties
Sulphides 5 Specific Gravity )
Tron (hydr)oxides { Particle-Size Code 3 . ti‘;;ine 4
Carbonates 12 Surface Area )
Silicates 15
Quartz 60
Sulphates 1 |

TABLE 20

Mineralogical Analysis of a Sulphide-Rich Fraction of a Tailings

Sample Supplied by Mining Company No, 15

Composition Wt% Physical Properties
Sulphides 70 Specific Gravity )
. . . ) Not

Iron (Ihydr)oxuies 2 Particle-Size Code ) determined
Carbonates 5 Surface Area )

Silicates 7

Quartz 6

Sulphates 2

- The sulphide content of the sulphide-rich fraction is probably

higher than the figure given in the table. The value, however, reflects

the low chemical analysis, which totalled 92.8%.
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At the end of the expei'i'ment fhe water .pe.rcol.ating through .
the sulphide-poor fraction contained 3 ppm Na, 0.7 ppm K, 154 ppm Ca,‘
| 10. ppm-Mg; < 0,01 ppm Fe, < 0.01 ppm Cu and 0. 1 PPmMm Zn  The Wé;fcer.
percolating through the sulphlde r1ch fractlon contalned 3 ppm Na;

1.3 ppm K,. 242 ppm Ca, 74 Ppm Mg, 24 ppm Fe, 1. 05 ppm Cu,
and 36 ppm Zn. A

3.16. The Effect of the Tailings Sample Supplied by Mining =~
. Company No, 16 on’thé”ComLp’osi‘tion of Water

The results of the measurements of the pH, the conduct1v1ty,
and.of the determinations of the Ca,- Cu, and Zn contents of the water
percolating through the tailings sample from Mining Company No, 16

are plotted in Figure 21,
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Figure 21, Variables in water percolatlng through a talllngs sa.mple
" from Mining Company No. 16.
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It is again obvious that the system had not reached equilibrium
conditions at the end of the experiment, since the conductivity, the Zn and,
possibly, the Ca contents were still increasing. The pH curve showed a
shape similar to that for the acid fraction of the tailings from Company
No. 15. It reached a low pH that appeared to increase slightly.

The principal resﬁl’cs of the mineralogical analysis of this

sample are listed in Table 21,

TABLE 21

Mineralogical Analysis of a Tailings Sample Supplied
by Mining Company No., 16

Composition W% Physical Properties
Sulphides 75 Specific 3.57
Iron (hydr)oxides 5 Particle-Size Code 0.2.8.
Carbonates 5 Surface Area 127%
Silicates 3
Quartz 9

At the end of the experiment, the water contained 3 ppm Na,
0.4 ppm K, 385 ppm Ca, 49 ppm Mg, 5.4 ppm Fe, 1,7 ppm Cu, and
134 ppm Zn,

Although the general pattern, shown in Figure 21, is typical
for the variations in acid waters produced by a tailings sample containing
much sulphides, the variations of the individual elements within this

general pattern have apparently increased in magnitude.
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3.17 Information on the Weatherlng Process Obtalned from F1e1d
Samples Collected from Tailings Ponds of Mlmng
Compamcs No. 17 and No, 18

"The results of the measurements of the pH values and of the
conductivities of waters percolatlng through talllngs samples,A collected
in the field from talllngs ponds of Mmlng Compames No. 17 and 18, are

shown, in Figures 23 and 24%, respect1Ve1y,"
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Figure 23. Variations in the pH and conductivity of Water- percola’c’ing
through a field sample collected from the talllngs pOnd ‘of
Company No. 17.

*The values for the last two days repre sent those me asured after 124 and
145 days. The tailings samples were mixed with sand in order to
decrease the amount of agglomeration.



. 47 -

8 &
; Q
8 ° 2 ) 2
"l B b 8 o
=3 =
=1
8
L] o
: - M H 37
\ Q
g i
g & e 1o le
i ) v 8 °
< =2
=]
2
g & R R
¥ " ° X °
9 Qe » Sa
> o
*g [nd © ~
2 8 £ c =
sl =3 9y {9y 18y
o~ e® @v (29 | 3
z P = |8z
S =]
5 )
[=4-)
= 8 — ~ -
= ot il . LY
| =
4+ 1 g
: £ 2
4 e N + . ; B
2 Sl _—aty -yt T = +  f e 0 TF A ant RN R - -
o 215y ge t et ‘e bo =3
w -~ + -a g .c
< =
L‘ =]
8 X R X g ]
L] U SR T R e T *
2 SRt % e xwa xxE G XX LELX X 3 L - "
g . . .
. - o
o o g ) 5
s - S
2 H ¥ T T T v T T - b .
e b0 .00 20.00 30.00 Ngl.u% 0 c\ﬂ(u.uu 60.00  70.00  B3.00 90.00 E] ) s
N AYs

Figure 24. Variations in the pH and conductivity of water percolating

through a field sample collected from the tailings pond of
Company No. 18,

Because of the limited amount and the weathered state of
these samples, no results could be expected from a mineralogical analysis
within a reasonable amount of time. However, the results of X-ray '
diffraction analyses indicated the prcsence of quartz, chlorite, pyrite,
feldspar, mica, and calcite in the sample from Company No., 17 and that
of quartz, mica, chlorite, and feldspar in the sample from Company No. 18.

The results of the chemical analyses of these samples are

listed in Table 22.
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'TABLE 22

Results of Chemical Analyses of .Tailin’gs' Samples -f’rom'M'inin'g‘
- Compahnies No, 17 and No, 18%

Composition in Wt% -
Mining Company

No.t7 No.18
| ,NaVZO‘ o o 085 L9t '
K0 136 1.99
Ca0 o 2.25 0.90 -
MgO 219 1,59
A1203 i 9.2 T 9y
510, 4831 58, 86
Fe S 17 8. 72
Zn o 0,06 0,27
Cu R . 0,062 © . 0,055
s o 9.90 5.08
coz‘ N o 0,68 1.30
507 _1.85 . _4.94
Total | 92.29 | . 93,52

#*Chemical analyses by R. Craig; Chemist, Mineral Sc-iences'Division',
'~ Mines Branch, ' '

Using the foregoing-information, a tentative esti'mé'te of the
mineral composition was made, so that the composition would be comparable
with those described in Part 3 of this series of reports. - The results of

these estimates are listed in Tables 23 and 24, respectively.
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TABLE 23

Mineralogical Analysis of a Tailings Sample Supplied
by Mining Company No, 17

Composition Wt% Physical Properties
Sulphides 18. Specific Gravity )
) Not

Iron (hydr)oxides 12 Particle-Size Code ) determined
Carbonates 1.5 Surface Area ;

Silicates 30

Quartz 34

Sulphates 3.5

TABLE 24

Mineralogical Analysis of a Tailings Sample Supplied
by Mining Company No, 18

Composition W% Physical Properties
Sulphides 7 Specific Gravity )
) Not

Iron (hydr)oxides 8 Particle-Size Code ) determined
Carbonates 4 Surface Area ;

Silicates 31

Quartz 40

Sulphates 10

The results of the chemical analyses of the composition of
the waters, percolating through these samples after 8, 35, and 145 days,
are listed in Table 25,
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TABLE 25

Composition of Waters through Talllngs Samples from -
Mining. Companies No, 17 and No. 18%

Composition in ppm -

Company No.

Na K Ca - Mg Si . Fe Cu Zn

, 2,25 1,04 66 . f2 2 . .-  -°. 0,03
17 3,00 {.10 110 17 5 - - -
20.00 2.7 130 28 3 - - -
1.31 0,33 11.3 13 - 2 37,4 0.67 13.7
18 1.90 0.23 12.0 14 6 47,0 0.70 14,0

3.1 0.04 - 11.0 13 14 ,47.‘0 0.86 14.0

*The values obtained after 8, 35 and 145 days of the rin are llsted from '
top to bottom.

The foregomg results can be compared w1th the - analyses of
the waters collected in the field from the tallmgs pond of Company No, 17
and from the d;tch-dralnlng the tailings pond of Company No, 18, The

chemical analyses are listed in Table 26,

TABLE 26

Composition in ppm

Company No. Na K Ca Mg - Si TFe Cu Zn

17 37 7.7 243 58 7 0.1 0.4 1.5

18 46 3,3 170 64 18 4 0,5 32
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The results indicate that calcium and magnesium were leached
out of the tailings of Mining Company No, 18, but not out of that from
Company No, 17 to the same extent. The iron contents were low in both
waters, so that this situation probably represents the results of the
drainage expe riments( 3), after the initial dissolution of the sulphides.

No suggestions can yet be made as to the patterns followed by the alkalies,

coppér, or zinc, However, it is obvious that copper, zinc, and iron

dissolved in the acid water from Tailings 18, and that the iron content

of the drainage water was smaller than in the percolators, due to

precipitation.

Experimental results, obtained from a weathered tailings,
can represent conditions at different times during the process, Section 3,17
has been included, particularly to show that coherent information
on field conditions depends on more factors than are included in the
percolation experiments, One of these factors is time. Another is the
variation in the rate of weathering of various parts of a tailings pond;
this factor can only be studied locally,

However, the following seems to be indicated:

(a) Although Tailings 17 contained little carbonate, this carbonate was
still present as calcite; in Tailings 18, most of the carbonate content
could not be present as calcite; it is even questionable whether any
CaO, above that required for some basic silicates, is available for
calcite; the significant amount of calcite in Tailings 17, as compared
with that of Tailings 18, is supported by the results of X-ray diffraction
analysis,

(b) The sulphide: carbonate ratios in both tailings could be expected to
produce acid and alkaline waters,respectively; in the percolation runs
on Tailings 17 and 18; however, the reverse was experienced.

(c) The drainage water, collected in the field from Tailings 17, was acid
(pH 3.33), and that from Tailings 18 had a pH of 3.00; the water from
Tailings 17 possibly did not represent the drainage water from the

whole tailings pond, as well as Tailings 18 (the last was collected from
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the drainage d1tch and the flrst was collected from a ‘small basin in the
pond); Ta111ngs Pond 17 cove rs several square mlles and Talllngs |
Pond 18 covers less than one square mile.: :

(d) The pH and conductivity values were generally 1ess subJectto 1arge or "
sudden variations than those measured in waters percolatlng through
fresh tailings samples. . '

'Sorne of the most important ph‘enomena, obse'r\ted in the f/ieid“
relating to approx1mate1y tWenty d1ffe rent ta111ngs ponds and 1n the dra1nage
experlments, were the agglomeration of the ta111ngs rn1nera1s, the 1ayered
structures, and the formation of h1gh— sulph1de 1enses. The type of -

Weather1ng that takes place in'a ta111ngs pond consequently, depends,

not only on the compos1t1on, but also on the structure of its m1nera1

aggregates and on the geomorphology of the tailings pond area. The

results of chemical anaiyses of two other samples, collected in the field

from Tailings 18 at significant locations, indicate, for instance, that

the -CO2 content can range between 1,.30% and 3.72%. The basin in
Tailings 17 may have been connected with a high-sulphide 1en.s'. L ‘

~ The purpose of mixing sand with the' tailings had been to
increase the exposure of the mineral-grain surfaces to water in'the hope
that the effect of the agglomeratlon factor would be elirninated to a great
extent, Experlence in exper1ments 1nvolv1ng the variations in surface '
areas of minerals exposed to water, however, indicated the difficulties
.inher’ent in reducing agglomerates of tailings minerals to original‘grains(5).
The agglomeration was probaly still present in the samples used in the
percolator experiments; thus, the agglomeration and the weathered
stage of the minerals seemed to be the only factors that could pr.oduce »
the foregoing results, Further, an as-yet unknown intermediate type of
iron carbonate, which might be formed during the dissolution of pyrite and
whose presence might be indicated by the experimental- result that calcium
drains out of the talllngs whlle the CO, content is reta1ned can contr1bute

2
. to.the complex1ty -of the process.
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4, DISCUSSION

The following, possibly significant, information concerning
the weathering process was obtained from the foregoing results of
experiments dealing with the action of water on a variety of tailings
compositions,

A1) The traditional sulphide: carbonate ratio in the composition of
tailings indicated whether the waters percolating through these samples

became acid or alkaline, The relation is shown in Figure 27,
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water percolating through the tailings.

Figure 27, The relation between ](plotted on 1ogarithrhic
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The slope ofithe lines at the'tw_o pH levels is not significant
because of the magnitude of the daily ira‘riations in the pH." The wate'r'

. percolating through ta111ngs, hav1ng a sulphlde, ‘carbonate ratio less than
6.5:1, reached approx1mate1y the same pH, viz., 8. 2. W'hen thls ratio
was greater than 6, 5:1, the Waters suddenly became acid, Although the
value of the ratio (6.5:1) has to be analyzed by expe rlments on mlxtures
containing pyrite and calcite only, it appears that the: amount of sulphldes
should be several times 1arger than the amount of carbonate in ta111ngs ‘
to produce acid waters, at least in percolatlon experlments.

(2) The amount of calcium that dissolved in the waters percolating through
the various tailings sampleé could not be correlate_d with the carbonate
contents in the fresh tailings samples. Hov_&ever, they appeared'to be
related to the surface areas of the mineral grains exposed to water.
The eorrelation was ca.lculated statisticall& to be significant_." However,

' it was not _highly significant, because the correlation appeared to be
also affected by‘the pH to a lesser extent, Obv1ously, the dlssolutlon
of carbonates does not produce ca1c1um ions only, nor do calclum ions
or1g1nate -solely from the dissolution of carbonates.

' , Since the solution of mineral grains takes place along the
surfaces of' these grains, the surface area exposed to water could be‘
expected to be of importance in the weathering process, The ratio
between the surface areas of the sulphides and those of the-c'arhonate
minerals exposed to water, together with the rates of dissolution of these
minerals, probabiy contributes" to the greatest extent to the production
of either acid or basic conditions in the water. Both factors include the
g resultant chemical reactions. The above-mentioned ratios for relevant
minerals could not be measured, but ¢an betekpected to vary in'diffe'rent
tailings ' compositions,

, The carbonates appeared to be coarser-, grained than the
sulphides in several, but not in all, tailings samples, Although the
determination of the particle-size distributions of mineral groups,: such

as sulphides and carbonates, can be conceived to be possible, the relation
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between the particle-;size distribution and the surface area exposed to water

appeared to be very complex(s). These factors, as well as the pH dependency,

may cause the calcium contents to be not highly significantly related to the
grain-surface areas exposed to water,

Intricate chemical procedures can possibly be conceived to
estimate the ratios between the surface areas of the relevant mineral

groups exposed to water, but they cannof be expected to be of much practical

use. Any progress in this aspect, therefore, will probably depend on the

results of percolation experiments on mixtures of pure minerals, of which
the particle sizes and surface areas have been measured before and after
mixing,

(3) During the beginning of various runs, before the percolation systems
had reached equilibrium, at least two reactions were indicated, one
reaction moving the equilibrium towards an acid pH and the other moving
it towards an alkaline pH,

Results from drainage experiments indicated that, at the
beginning of the runs, calcium and, to a far 1esse1; extent, iron are flushed

(3)

out of the tailings in acid water' ~'. This acidity may originate in the A
dissolution of very-fine-grained sulphides, which promotes the dissolution
of carbonates.

However, the opposite was indicated in experiments described
in Part 1 of this series of reports, In those experiments, the initial
acidity of the water may have dissolvec'i the carbonates more rapidly than
the acidity was being p'roduced' by the fine-grained fraction of the sulphides,
so that the effect of dissolving carbonates suppressed that of the sulphides
for a certain period to time,

Without considering the effect of the surface area, it seems
possible that the large amount of sulphides, required to offset the alkalinity
produced by carbonates, indicates that the rate of acid production from
sulphides is slower than the dissolution of carbonates, The difference
between these two processes can lie in the fact that the base production

from mineral carbonates is chemically a simpler process than the acid

production from sulphides, which partly depends on available oxygen.
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The traditional concieptsv of the. 'p‘ro'dﬁctiOn of acid in. the .
oxidation process of pyrlte use chemlcal equatmns that are va11d

st01ch10metr1c ally. -

2+ . 2-. +

'Fesz + 3.502' + leo.: Fe™ '+ 250,°7 + 2H - ".(E’q.‘-_i)A
Fe?t 4 0, 250, H '= Feot 4 o 5H,0 o . o . (Eq. 2)
reot 4 '31—120 = Fe(OH), + 31}1Jr - o  (Eq -,3)
FeS, + 14Fe3+ ¥ 8H2.O. - iswedt 4 zso.z'-+ 1(‘)1‘-I+.'. | .' : (Ed', 4} |

4

2FeS, + 14F T 4+ 3.750, + 11.5H,0 =

Fe(OH), + 157et 4+ afem’ 4 8042') ¥ 12HT  (Egs. 1+ 2+3+4)

The productioh of I—I+ toas, that has to be balanced by the
dissociation of carbonates, is so large that the ratio of sulphides to
carbonates could be expected to be the opposite of that 1nd1cated by the
experimental results, The obse rvatlon that the grain sizes of the sulphide
minerals were generally smaller, and definitely not larger, than those .
of the carbonate minerals, could also have an effect opposite to that
indicated by the experimental results. |
(4) The foregoing contradictions, however, may possibly be caused by the

under-estimation of the experimental result that the Ca contents of the
waters were related to the surface areas of the mineral grains and that
general dissolution takes place along surface areas, We1ght percentages

are val;dly considered after all solids have gone into’ solﬁtion.
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The results described under 1" (pp. 52-53) had been expressed
as W(eight)py‘rite :~ 6.5 W(eight)calcite' The ratio 6.5:1 can be reduced
to approximately 3:1 or even less when the difference between the specific
gravities of the relevant minerals - pyrite, 5,1, and calcite, 2.7, - is
considered in combination with the relation that the surface of a spherical

2
particle (4 rz) equals 3('%11 r3) /3, and the volume is represented by

4 3
3 T ‘1‘ .

."The principal difficulty in making assumptions required to
arrive at a numerical value for this reduction originates in the conditions
under which the individual grains contribute to the magnitude of the
surface area, .

The mineral grain-surface area exposed to water is much
smaller than the actual surface area of the grains, Many particles that
contribute to the bulk weight are completely enclosed or have only a small
part of their surface exposed to the water, due to packing, agglomeration,
cementing action of iron (hydr)oxides that form during the weathering, and
other possibilities that will be mentioned later. Although these particles
contribute to the bulk weight, they do not contribute correspondingly to the
magnitude of the surface area.

It is not known to what extent factors such as agglomeration
cement the relevant minerals together into lumps. Consequently, the size
of the actual surface area to be considered in connection with the bulk
weight can be expected to be between that valid for a condition in which all
particles are individually dispersed, and that valid for a condition in which
all grains are lumped together,

However, the only important result of the foregoing approach
that emphasizes the effect of the surface area of minerals exposed to water
rather than their weight, is in the direction of the proportions that could
be e.xpected chemically. The following chemical reactions can be conceived
concerning the resultant interaction be;cween the solutes formed by the

dissolution of the relevant minerals in water,
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FeS, 147" 4 8H,0 = 15Fe>t 4 25042' v ot6HT (Eq. 5)
15me’t + 3.750, + 15" = i5Fe>t + 7. sﬁ-zol - (Eq. 6)
‘ . T O S _ 6
FeS, + 0.5H,0 + 3,750, = Fe~ + 250,” + H' (Eq. 7=Egs.5 + 6)
2+ oo S -
2CaCO, + H,0 = 2Ca” + HCO,” + CO,°" + OH (Eq. 8)

3 2 3

FeS2 + 2CaCO

3 +. 3, 7502; + 1.5H'20~ :

2- - ' - - 1 '
r2ca?t 4 250,77 + [re 4 HCO,™ + co32 1+ H,0 (Egs. 7+ 8)

The last equation indicates that 1 mole of pyrite would be
balanced by 2 moles of calcite, so that acid conditions would be produced
according to Equation (7), or even possibly. a,:ccoi'ding' to the more extensive
oxidation process of pyrite (page 55), when the ratio. is greater tha.n/ about
1:2, Although the numbers of molecules per specific surface areas of the
relevant minerals cannot be compared, it seems probable that the conditions
indicated by the experimental results require a pyrite surface area that
is. much larger than that indicated by the reaction (7 + 8), to balance the .
alkalinity produced by the calcite surface.

’ However,: the fdllowing___factors will then have to be taken into
"a.,ccount,in'this fe.spect:
a). E'qua;tio_ns, (5 to 8) indicate the importance of carbonate ions in water
because .of,th_e. presénce of iron carbonate equilibria, The

34 - L 2- -
{{Fe™ + H-CO3V + CO32 o+ HZO} part of the final equation, (7 + 8),

is obviously dependent on dis solved CO 2 as can be expressed by.the .

equation
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Fe ot 4+ Hco3" + co32' + H,0 = Fe(OH), + 2CO,. As part of the
surplus of the required sulphide surface may not only be to neutralize

the alkalinity of the CO_ equilibria, but to produce permanent acidity

2
in the water,

The production of CO_ is probably supported by the

2
observation of the formation of gas bubbles in flow-rate experiments

(5)
Crystalline deposits that had formed on the side of the
percolator after the run, due to evaporation, were determined by X-ray
diffraction analysis to be calcium sulphate. This observation supports
the foregoing views on the complexity in the interaction between the solutes
formed by the dissolution of pyrite and calcite, in that it decreases the
importance of the roles of calcium and sulphate ions in nearly-balanced
equilibrium conditions,
b) The experimental results generally indicated that the pH dependency
of the Ca contents in the waters was linked with the sulphide: carbonate
ratio, If this ratio favoured the production of acid waters, the acid
dissolved a large amount of calcium out of calcite.
The results described in Section 17 indicate the possibility
that, after dissolution, the cations, Caz+ and Mg2+, of the mineral

carbonates seep away in drainage water, whereas the anions (CO ") may

3
be retained to a certain extent. The results of the drainage experiments
show that alkalinity in the water countinues to exist for a period during
which hardly any calcite dissolves. Although these and other results
may all originate under particular pH conditions, in that iron ions
precipitate and remain in the. tailings as jiron (hydr)oxides, while the
calcium and sulphate ions remain in solution and drain away, the »
possibility that carbonate ions are retained temporarily remains a factor
to be considered in connection with the microbial activity.

c¢) When the surface of a sulphide grain becomes temporarily "masked"

by the formation of a type of (hydrous) iron carbonate, further acid
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reaction of that grain is prevented for a certain period of time. The
masking of mineral-grain surfaces is a common petrologi¢al phenomenon E
(”Tarnung”.).' The increased rate of-"s'o‘lu‘cion’ of suiphidé_s when bacteria
are present, as has been observed by others in -p.ercola;‘cio_n expérime'nfs,
" may be caused by the bacteria acting d'n.‘ché 'comﬁina’cion of carbonate
and sulphide ions; present in the surfé".cé layers of the "rﬁask_ed” grains, .

However, various poési]:iili‘cies'irifchis respect will not be
discussed before further evidence has been obtained in the second part of
the study. The following considerations séeni'ﬁof‘chwhile mentioning from
a purely chemical point of viéw; ' ,

No specific information is availabie concerning the possibility
that a type of iron carbonate may be formed as a metastable intermediate
phase before complete hYdrolysis of the iron ions h_és ‘c,aken‘pllace. This
suggestion is based solely on field observations, which may be unreliable
because of the difficulties inherent in the determination of. COZ in the
presence of S, and the great spread in the results of that determination,

However, the following consideration contributes to the
possibility that, upon dissolution of calcium carbonate, the cérbpna‘ce'is
femporarily retained by the iron ions -dissoliring out of the pyrite.

The solubility of FeCO 5 in combination with that of CaCO

3.
was considered as follows:
FeCO, = Fe2t +'0032" . logk = -10.7
+ 2- - ,
H + CO3 = HGO3 : logk = 10.3
+ 2+ - , 4 (B
Fe(303 + H = Fe + HCO3 - .log-ki = -0.4 (Eq.9)
CaCO3 = Ca2+ + C032- ) | log k- =: —8.3
+ 2- ' - - : '
H' + €0,” = mco = = | logk = 10.3
Caco. + H - Ca¥' + mco. . | logk,-2.0 (&
3 - 3 | logk,=2.0 (Eq.10)
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All ions are present in one solution, so that both reactions

+ —
share the H and I—ICO3 concentrations.

2+ - 2+ -
[Fe” J[HCO," 1 4 2.0 = 1oglS2 1[HCO3 1

-0.4 = log
+
rmh . ™ ]

or -0.4 - log [Fe’'] = pH + 1og[HCO,

"1  so that

2.0 - log \:Ca2+] pH + log [HCO

3

2
2,0 - log [Ca2+'_\ = -0.4 - log [Fe +]

or log [Ca?T7 - log [Fe?T7 = 2.4,

This comparison between calcium and ferrous carbonates
would indicate that the concentration of Ca ions is higher in the water than
that of ferrous ions, when the pH and HCO3_ concentrations favour the
presence of carbonate., Although the equation concerning the interaction
between FeS2 and CaCO3 (Equations 5 to 8, page 57) showed ferric rather
than ferrous ions in combination with carbonate ions, the problems appear
to be mostly concentrated on a complex interaction between carbonates
(not only from mineral carbonates but also from the air-) and the ions
dissolving out of pyrite. ' ‘
¢) Generally, however, the complexity of the weathering process is

considered to be, for a 1arge part, of a.physic.al nature. The
cementing action of precipitated iron hydroxides may contribute to
the masking of pyrite grains to a greater extent than the possible

formation of an intermediate type of (hydrous) iron carbonate.
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The largest éffect, however, is very probably in the differenée
between the particular dissolution processes of pyrite and calcite. Although
a difference in solution rate has already been mentioned (page 54), because the
pyrite oxidation'depends on available oxygen,I pyrite usuéliy forms a crust of
iron (hyd‘r).'oxide_s around its grains in'the ,Weatliering' proceés,‘ whereas
the calcite surface remains more ‘reé.diily available to the actién of water.
Diffusion through this ctust is :sidw, and the effect is very similar to that
of masking. When the pyrite surface area exposed to water exceeds the
3:1 factor, Equation (7) (page :57) Wili caiuse the pH of the water to be
acid. When this sﬁrface area is smailer than apprOxirhateiy the 3:A1 4
ré,tio, Equation (8) will cause the pH of the water to be alkaline, The factor
3:1 will very probably Valfy; because it will depend, not only on the bulk
surface phenomenei, but also on surface area distribution between minerals,
temporary imperviousness, local concentration of solutes, irregular water

(3,5)

flow, channeling, initial pH etc., which emphasize the impor-t'ance of
the structural conditions, The cementing action of precipitated iron
hydroxides and the possibility that the graina size distribution of sulphides
and carbonates are essentially different in particular tailings compositions

(e.g., Tailings 15(1)

) should be considered in this respect. Consequently,
just as the mineral surface-area of a tailings s_ample eprsed to Watef
appeared to have more effect on the composition of water percolating
through it than its weight; so has the structure of the mineral aggregates
in a tailings pond (pile) m_dre effect on the composition of drainage water
than the weight percentages 1n a cusfomary "representative'' sample.
Field observations indicate the possibility that the pH of the drainage
water changes with time, as parts of the layers consisting of coarse
particles are leached out, leaving lenses of fine-grained material. All
field observations involved old, weathered tailings ponds that had not been
embanked and built according tb modern disposal practices, In some
tailing‘sA, the mineral compohentsk were not all equally disfributed over the
graiin sizes, so that layers produced by sedimentation 'segregatién can be

expected to have different compositions and, hence, to affect the water

composition differently,
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The foregoing is merely stated to emphasize that the principal
focus of the present, and of any interdisciplinary, study is in the correlation
between the relevant areas of study and, in this case, particularly between
the most significant results of laboratory experiments and those of field
studies, In laboratory experiments, such as have been described in this
series of reports, the effect of one or more variables can be discovered,
demonstrated, and partly interpreted. However, their effect in the over-all
weathering process can be evaluated only by field studies; therefore, in
the interpretation of the laboratory experiments, the field observations
have to be kept in mind. These experiments attempt to outline the effects
of the principal factors shared by the chemical, physical and microbiological
aspects of the weathering process., The first two aspects appear to be
connected in the surface properties of the mineral grains exposed to water.
Although the effect of a particular ratio between the surface areas of
sulphides and carbonates was indicated, the factors constituting this ratio
should be analyzed before it can be put into practical use.

(5) It is emphasized that, although the weathering process in a tailings
pond might be conceived to be a result of many chemical reactions, it is
essentially a geological process. And, although much experimental work
has been done over the years to simulate geological processes, the highly
important factor, time, cannot be duplicated. This factor is possibly
decisive in explaining the differences that might be established between
the results of laboratory experiments and those of field observations.
If the effects of individual variables are studied in laboratory experiments,
the time factor becomes less decisive. The latitude in the uncertainty
in the results of these experiments, however, increases when interactions
between several factors are studied. This increase is usually magnified
by the time factor, An indication in this respect has already been
obtained in studying the chemical aspects of the process when they had
to be combined with those of the physical aspects(g’ 5).

Another indication was obtained from results of redox-potential

measurcments. The possible significance of the measurements that have
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been made on the waters that percolated through various tailings samples,
will not be d1scussed in-detail in th1s report because of the uncertainties
inherent in the measurements themselves. Generally however, when |

the Eh-pH values of all the waters are plotted in a diagram, and when they _
‘are compared with those measured in waters collected in the field on or
near tailings ponds, it appears that they follow different directions The _‘
direction of the values obtained from Waters pe rcolating through fresh
tailings samples indicated the poss1blepre.sence of aqueous ferrous 1ons.
The direction ofwthe values obtained from the field samples‘doe's not show
this possibility and indi‘cates the presence of only hydrolyzed states of iron
containing ions, This difference very probably originates in the time factor.
Recent field observations suggest possibilities, however, that are considered
to be due to local conditions, indigenous to particular tailings ponds. To
what extent these conditions are local or are due to the Weathering of |
particular'tailings compositions over ti:rne, is not known.

Consequently, ‘alllthe reservations, madé in this series of
reports concern,ing the'extrapolation_ of the experimentaliresults to field
conditions, are based, not only .on the wide latitude 'inthe results of
experiments dealing with a great number of variahles, ‘but, ‘even more,
on the unknown effect of variables not included in the experiments. One -
of the most important of these factors, other than the microbiological

action, is time.
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