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ABSTRACT

The dissolution of metals from various metal-mine tailings has been studied through a series of
submerged tailings batch tests at U.S. Bureau of Mines laboratories. Tailings selected for this
study included both reactive (as determined by column leaching studies) and benign tailings.
Metal mobilization in aerated (97 pct saturated with oxygen) samples appeared to be consistently
greater than metal dissolution from stagnant (79 pet or 70 pct saturated with oxygen) waters. In
the early weeks of the study, sulfate concentrations increased with solid-liquid contact time,
while calcium dissolution remained nearly constant. Metal concentrations varied in relation to
solid-liquid contact time and aeration. Leachate pH appeared to be nearly independent of solid-
liquid contact time for basic tailings. Reactive tailings having both a submerged and a surface
component demonstrated increased metal mobility.

INTRODUCTION

During mining operations, minerals are exposed to oxidizing environments that accelerate
weathering. The oxidation of iron disulfides, in particular marcasite and pyrite, is a major cause
of acid mine drainage (Caruccio et al., 1977; Potter and Nordstrom, 1977), which is initiated
either by simple dissociation of iron pyrite or by the oxidation of pyrite (Singer and Stumm,
1970). In a sulfate and iron-rich acidic solution having a pH of about 3, the oxidation of ferrous
iron is extremely slow, whereas the oxidation of pyrite by ferric ion is rapid. Once this propaga-
tion cycle is in motion, the initiation reaction is no longer significant (Singer and Stumm,
1968).

Another factor that affects the rate of acid formation is a group of bacteria that includes
Thxobacﬂlg; ferrooxidans, Ferrobacillus ferrooxidans. and other related species (Silverman,
1967). T. ferrooxidans was significant in acid formation in soil samples having a plentiful
supply of oxygen and water, but it had little effect on acid production in soils where oxygen
was limited (Kleinmann et al., 1978).
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Previous investigations (Doepker, 1988; Doepker, 1989) reported that enhanced metal
dissolution was not apparent in water-saturated tailings where solid-liquid contact times
extended over 2 to 3 months, presumably because oxidation is so slow. Case studies, such as
those in Shasta County, CA (Potter and Nordstrom, 1977; Nordstrom, 1985), point to major
oxidation in the capillary zone of tailings impoundments and, to a much lesser extent, in the
submerged tailings found in the creeks of the area (Fillpek et al., 1987). Similar results were
found during a study at Elliot Lake, Ontario (Dave et al., 1986).

The purpose of the present study is to examine those parameters that influence metal dissolution
from submerged tailings, particularly contact time and aeration.

MATERIALS AND METHODS
Waste

Tailings from two lead mines and a copper mine were selected for this initial study. Both lead
mine tailings were composed essentially of dolomite [CaMg(C03)7] with trace amounts of
sphalerite (ZnS), pyrite (FeS), galena (PbS), microcline (KAISi30g), and crystobalite (SiO»).
The mineral analysis of lead mine A tailings showed that the pyrite grains were of uniform size
and ranged from 5 to 25 micrometers in diameter. Cubic galena crystals were generally smaller
than crystals of the other sulfide minerals in the sample and averaged 2 to 3 micrometers in
cross section. The pyrite and sphalerite were 90-pct liberated; the galena was 70-pct liberated. A
similar mineral characterization for lead mine B tailings is not available at this time. The
abbreviated results of the "maximum leachability assay” (a nondestructive, mixed HCI-HNO;
assay) (Kuryk et al., 1985) for tailings from lead mines A and B and copper mine A are given
in Table 1.

Copper mine A tailings contained abundant free pyrite, and grain size ranged from 20 to 50
micrometers. Magnetite (Fe304) and ilmenite (FeTiO3) were present in relatively significant
amounts. Chalcopyrite (CuFeS2) occurred in minor amounts, usually locked with gangue
particles. Gangue was predominantly quartz (8i0O2) and orthoclase (KAlSi30g). Several other
minerals identified in the sample included pyromorphite [(PbCl)Pbs(P04)3]); an iron-zinc
silicate, POSSIBLY danalite; and a lead-copper-antimony phase identified as either bournonite
(PbCuSbS3) or a lead-bearing tetrahedrite (3Cu3S.SbS3), which occurred as inclusions in the
iron-zinc silicate.

The tailings samples used in this study were air dried in the laboratory and crushed to the
original size range, mixed well, and stored in plastic containers.

Chemicals

All chemicals in this study were commercially available, analyticalgrade reagents used without
further purification. The deionized water was produced in ~he laboratory through distillation

(Barnstead glass still) and then deionized with a Barnstead NANOpure II Demineralizer! (18.3
Mohm/cm).

Barch Test Equipment and Method

In one series, 2 kg of lead mine A tailings were slurried with 2 L of deionized water and poured
into a 4-L, wide-mouth, polyethylene bottle. An additional 1.5 L of deionized water was added
to each of seven identical samples, yielding a solid-to-liquid ratio of 0.57. Three bottles were
equipped with fish-tank aeration systems, three were loosely covered with perforated plastic
wrap, and one was capped. Fifty-cubic-centimeter solution samples (for analyses) were taken at
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table 1 approximately 4-day intervals over the first 3 weeks prior to aeration. Pumps were
activated after 20 days to permit a sufficient number of samplings to obtain baseline metal
concentrations that would ensure the significance of any differences among aerated and
nonaerated samples. Samples were then every other week. After each sampling, 50 cm3
of deionized water was added to the bottle to replace the amount withdrawn.

In another series with the same tailings, two 25-g, 50-g, and 75-g samples were slurried with
125 c¢m3, 120 cm3, and 110 cm? of deionized water, respectively, and transferred to six 130-
cm?3 glass vials, All tailings were completely submerged. Twenty-cubic-centimeter samples
were withdrawn for metal analysis and replaced with 20 cm3 of deionized water. All six vials
remained closed with rubber stoppers except during sample withdrawal.

Three acrylic columns 1.5 m and 15 mm in outside diameter (OD) were fitted with cemented
couplings and bushings. A 5-cm-diameter perforated Nalgene plate was installed near the
bottom of each column. Qualitative, medium-pore filter paper was placed on the perforated plate
and covered with approximately 3 in of coarse silica sand. The purpose of the sand was to
reduce clogging of the paper during sampling. Sampling ports were mounted into the walls of
the column at 9-in intervals starting 7 in above the bottom plate. The bottom of the column was
equipped with a valve as an additional sampling port. Five kilograms of lead mine A tailings
was slurried with 5 L of deionized water and poured into each column, which contained 10 L of
deionized water. An additional 8 L of deionized water was added to each column, producing a
column of approximately 8 in of sand and tailings topped with 4 ft of water. One column was
aerated at a depth of 0.9 m and a second at 40 mm, while the third was left open. Fifty-cubic-
centimeter samples were withdrawn from the bottom of the tailings, within the tailings (the
bottommost column port), and in the supernatant liquid above the tailings (five remaining
column ports).

During additional tests, six l-kg samples of copper mine A tailings were slurried with 3 L of
deionized water and placed in six 4-L, wide-mouth bottles. Three were again outfitted with
aeration equipment while three were fitted with perforated plastic wrap covers. The pH of these
slurries was found to be approximately 3.0. Each of the six I-kg samples was mixed with 3 g of
calcium oxide (lime), slurried, and handled in the same manner as the six previous samples.
Slurry pH varied from 11 to 5 in the lime-treated samples, but averaged nearly 7. All 12
systems were sampled on a normal 2-week cycle by withdrawing 50 cm3 of leachate from each
container. Total volume was maintained through subsequent addition of deionized water.

Six 333-g samples of lead mine B tailings were placed into 2-L, polyethylene, rectangular,
wide-mouth bottles. Two liters of deionized water were poured into each bottle, with three
receiving acration and three exposed to the atmosphere. Fifty-cubic-centimeter samples were
taken for analysis and replaced with deionized water.

Previous column leaching experiments have demonstrated that metal mobilization is enhanced in
unsaturated tailings. Incorporation of unsaturated tailings into a submerged tailings system
suggested the design of the experimental apparatus and test protocol described below.

A Plexiglass open-top tank 280 x 1220 x 250 mm was constructed with a partition 75 mm
from one end (fig. 1) to make two chambers, one 250 x 75 x 241 mm (inside dimensions) and
one 10 by 44 by 9.5 in. Three 1/2-in openings at the bottom of the partition were restricted with
a small quantity of glass wool. Six kilograms of silica sand was laid over the bottom of the
large chamber to a depth of approximately 12.5 mm and then covered with 7.5 kg of dry
tailings. In the small chamber, 800 g of sand was covered with 5.5 kg of tailings. Twenty-five
liters of deionized water was then dripped into the large chamber. To reduce the compactness of
the tailings and allow better interaction between the solid material and the atmosphere, an
addidonal 400 g of tailings was mixed with 400 g of sand and added 1o the small chamber. The
water level in the large chamber reached a height of 10 mm above the base of the tank, and the
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depth of the tailings in the small chamber was 215 mm. Capillary action wetted all the tailings

in the small chamber. Three sampling ports were fitted to the tank, one at the bottom of the
small chamber (port 1), one into the tailings at the end of the large chamber (port 2), and the
third above the second port but into the supernatant liquid (port 3). Aeration to the main "pond”
water was supplied through a fish-tank air pump.

Aeration

ports

Figure 1. Plexiglass tank model showing relationships of
exposed and submerged tailings.

Sixty-cubic-centimeter solution samples were removed from each port for analysis. In order to
reduce evaporation, plastic wrap was used to cover the open top of the tank. Water was
sprinkled periodically on the damp exposed tailings in the small chamber to maintain a near-
constant volume. Thus, water entering the main "pond" area first percolated downward through
the exposed tailings and then moved upward through the submerged tailings under the main
"pond."”

Ivtical Equi
Electrical conductivity and pH were measured on each sample collected. The unfiltered samples
were then split, with one portion acidified with nitric acid for metal analysis and the other left

for anion analysis. Metal analyses were carried out with the aid of a Perkin-Elmer Plasma II
ICP spectrometer and anion analyses with a Dionex 4000i ion chromatograph (1C) .

RESULTS AND DISCUSSION

Even though lead mines A and B are both located in the same mining district, column leaching
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experiments demonstrated different results. Unsaturated tailings from lead mine A underwent
oxidation, producing enhanced metal dissolution (Doepker, 1989), while tailings from lead
mine B did not appear to show the same sensitivity. On the other hand, both tailings
demonstrated constant dissolution from columns of saturated tailings.

Table 2 shows that leachate pH from aerated and nonaerated samples of lead mine A tailings
were equivalent throughout the test period, while total ion conductivity and sulfate increased
with contact time. Boron and barium, which are not shown in table 2, as well as manganese, all
decreased over the sampling period. The average values of the dissolved oxygen were measured
at 90 pet, 80 pct, and 71 pet of saturation for aerated bottles, nonacrated bottles, and stagnant
bottles, respectively. More important was that when aeration was inlroduced (at 20 days into the
experiment), the rate of sulfate production was greater in the aerated samples than in the
stagnant samples. These results indicate that oxidation had occurred and that presumably
oxygen was involved in the rate-determining reaction channel. Nickel and coba]t appear to be
good indicators of oxidation in column leaching experiments and concentrations were seen to
increase with aeration in this study. Dilution effects in this test protocol were about 1.5 pct after
each sampling.

An examination of the effect of the solid-to-liquid ratio (Table 3) shows that initial
concentrations of calcium, barium, cobalt, magnesium, manganese, nickel, lead, sulfur, and
zinc all increased with increasing solid-to-liquid ratios. This solid-to-liquid-ratio effect was
nearly eliminated with seven dilutions (17 pct per sampling) and a contact ime of 87 days.

Results obtained from the samples from the 4-L bottles and 130-mL vials were similar to the
results obtained from the three 23-L columns (Table 4), except that acration (either shallow or
deep) did not appear to greatly affect contaminant concentrations, especially nickel, cobalt, and
sulfate. This was most likely due to the smaller waste surface-to-solution volume ratio for the
columns (0.021 in"!) comy to the 4-L-bottles (0.17 in -1) To maintain constant volume, the
dilution effect for the 23-L columns was about 1.1 pct per sampling, compared with 1.5 pct for
the samples from the 4-L bottles.

Sulfate, boron, and magnesium concentrations were greater from samples taken within the
tailings than from samples in solution or drawn from below the tailings. Concentrations of
nickel and cobalt, although always low, were highest in the solution phase, while the
concentrations of barium, manganese, and zinc were found to be greatest in the sample
extracted from below the tailings. Concentrations of aluminum, calcium, copper, lead, and iron
appeared to be independent of sampling location. Dissolved oxygen within the solution phase
averaged from 99 to 96 pct of saturation. The leachate drawn from within the tailings produced
oxygen saturation values of 70 pct of saturation, while pore leachate collected from below the
tailings gave values from 46 to 50 pct of saturation.

Results from the open-top tank experiment are summarized in Table 5. Metal concentrations
from the "pond” water (port 3) and from under 12.5 mm of tailings (port 2) were very similar,
indicating near-equilibrium of the pond tailings pore water and the bulk pond water. However,
samples taken from port 1 below the exposed tailings produced high concentrations of sulfate,
calcium, magnesium, and manganese. This situation reflects both a backflow of pond water,
which is the result of a combination of capillary flow and evaporation, and downleaching of the
tailings when replenishment water was agded. Metal concentrations from samples taken at port
1 were less than were anticipated on the basis of earlier column leaching experiments (Doepker,
1989). It is expected that over a longer time, the influence of oxidation on the exposed tailings
will greatly affect the quality of the pond water.
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Copper mine A tailings were found to produce acidic column leachates with high concentrations
of dissolved metals. Two results from the supernatant water above these 12 samples are
reported in Table 6. Neutralization with lime prior to slurrying decreased metal concentrations
(except for calcium and boron) in the leaching water; however, most metal concentrations
increased with contact time in both neutralized and unneutralized systems. In general, metal
concentrations were increased through aeration. The pH of the leachate decreased with
increasing contact time for the neutralized samples. Oxygen consumption in the nonaerated
sample can be inferred from the lower percentage of oxygen saturation. It would appear that the
dissolution rate of metals from these tailings was greatly enhanced by the presence of oxygen.

In an as-yet unpublished study2, metal dissolution from columns of copper mine A tailings
could not be substantially reduced even when the surrounding atmosphere contained only 1 pct
oxygen.

Results from the 2-L samples of acrated and nonaerated lead mine B tailings also showed that
contaminant concentrations increased with contact over a 56-day period as observed for the
tailings from lead mine A. However, constituent concentrations in aerated and nonaerated
samples were within 10 pct of each other. These values will be described in a later report. The
observations agree with results from column leaching experiments in that little enhanced metal
dissolution was seen in unsaturated lead mine B tailings.

SUMMARY AND CONCLUSIONS

Although this report has been limited to tailings samples from only three mines and contact
times were short, it is apparent that oxygen plays an important role in metal dissolution in
submerged mine tailings. Dissolution behaviour as determined from column leaching studies
(wet-dry cycle and solid-liquid time effects) can be used to qualitatively predict contact time and
aeration influences on submerged tailings. Dissolution from submerged tailings depends on
contact surface area, leachate exchange rates (dilution effects), and dissolved oxygen, as well as
the nature of the tailings themselves. Neither biological activity nor naturally occurring organic
water contaminants were addressed in this study, but these factors are either presently being
investigated or studies are being planned.
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2 Investigations in progress at the Spokane Research Center, U.S. Bureau of Mines.





