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Chapter 4
Waste Management: A Brief History 
and the Present State

Margarete Kalin-Seidenfaden 

Abstract In the past mines left their waste rock and tailings to weather, filling val-
leys, lakes and/or rivers. It wasn’t until the end of WWII, that uranium mining wastes 
became a public concern. Mine waste remediation started gradually with erosion con-
trol and prevention of dust storms. Base metal mines started waste remediation gradu-
ally later, with the same objectives. Tailings surfaces of base-metal mines were 
stabilized with lime and grass covers. Some of these abandoned sites were invaded by 
native plants which were thought to transport radionuclides into the food chain, but no 
evidence of bioconcentration was found. However, acid and alkaline effluents 
remained of concern. Government, jointly with the mining industry, funded not only 
ecological inventories of tailings, but soon also programs addressing acid and alkaline 
contaminants in waste effluents. Boojum Research was funded within these programs 
to address these contaminants and provide decommissioning planning. Referring to 
comprehensive articles for readers interested in details, the chapter explains a main 
driving force for the improving waste management and effluent containment.

Keywords Environmental awareness · Sulfide backfilling · Radiation safety · Acid 
rock drainage · Reactive Acid Tailings Sulfide Program · National Uranium 
Tailings Program · Mine Environment Neutral Drainage · Food chain 
contamination · Constructed wetlands · Inorganic contaminants · Municipal waste

For centuries, mine wastes, were just that – wastes. Miners left waste rock and tail-
ings to natural weathering processes, where atmospheric precipitation carried the 
weathering products through the wastes, creating acid mine drainage. Calculations 
based on weathering rates suggest that mine effluent contamination from many 
mines will continue for hundreds or thousands of years, since weathering occurs 
both under both aerobic and anaerobic conditions (Kalin & van Everdingen, 1988). 
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Over time, our understanding of the origin and production of mine wastes has led to 
improvements in mine waste management. Several methods and technologies over 
the last century have emerged to lessen the impact of these wastes on the environ-
ment. Mine management practices have further evolved with the rise of environ-
mental awareness. Table 4.1 summarizes mine waste management in the mining 
sector, comparing past and present (last 50 years) practices (Kalin, 2004). The com-
parisons of the past and the present reflect largely an astute awareness that mining 
wastes are presently confined to the mine waste management area, leaving a smaller 
footprint. In addition to this progress, the long-term generation of acid mine drain-
age is recognized through financial assurances since the early nineties, expressed 
well in an article in the Mining Journal entitled “No Simple Solution” (Knapp & 
Walsh, 1991). Financial assurances for perpetual treatment are the accepted solution 
for the decommissioning of a mine waste management area. These changes were 
initiated mainly in the uranium industry and have been translated to other mining 
operations. However, they have not necessarily been implemented worldwide. None 
of the waste management practices listed in Table 4.1 address the role of microbes 
in generating contaminants. Remediation strategies have been selected based on 
physical confinement and chemical reactions (neutralization reagents), relying upon 
retention of contaminants through the reduction or exclusion of oxygen, followed 
by application of neutralizing agents in water treatment plants.

Several practices have been implemented in the mining industry to reduce the 
environmental impact. The first practice is segregating the sulfides and backfilling  
underground workings with a high density paste made from tailings. Initially the 

Table 4.1 Comparison of past and present mining waste management site selection and design for 
waste rock and tailings over the last 50 years

Present Past

Site selection for waste rock and tailings with 
hydrological and economic considerations

Economic considerations only (e.g., 
proximity to mine)

Ore stockpiles placement and exposure Not considered
Run-off drainage systems isolated from 
contaminated flows

Sometimes considered

Progressive reclamation of site during operations Not considered
General mine-closure plan considered Not considered
Strict design criteria for storage facilities for 
chemicals and fuel

Sometimes considered

Segregation and stockpiling of rock types according 
to acid-generating potential

Unsegregated waste rock piles

Improved dam design, including liners and leak 
detection systems

Dams constructed from coarse tailings, 
overburden, or waste rock

Thickened tailings; Underwater tailings management 
facilities

Above-ground tailings management 
facilities, no thickening

Tailings cleaning—sulfide separation Not available
Tailings: high-density paste backfill Not available
Highly acid-generating material used as backfill Conventional backfilling, using only 

coarse fraction of the tailings

Source: Kalin (1998)
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practice of backfilling high sulfide wastes was considered an environmentally desir-
able option, but experience in some Canadian mines demonstrated that the high-
sulfide waste used for backfill could catch fire and prevent further mine operation. 
Thus, for safety reasons, the sulfur content of mine backfill is severely restricted. 
Generally, though, the volume of broken rock and tailings exceed the volume of the 
cavities created by mining. Hence, it is not possible for all generated wastes to be 
accommodated in the mine voids from which they were extracted. The surplus must 
be stockpiled, unless a use can be found for it as aggregate (sand or gravel), if the 
sulfur content is negligible. The challenge of isolating or otherwise finding benefi-
cial uses for waste rocks and tailings from open pit operations remains.

The overburden and waste rock from open pit operations must be stockpiled out-
side the pit during active pit operation and can comprise up to ten times the ore vol-
ume. Returning this waste material to the pit when it is mined out is generally 
prohibitively expensive. Sometimes pit benches are filled with rocks allowing a high 
hydraulic conductivity. This allows groundwater to flow along the pit walls rather 
then through the tailings. It is called surround grout construction. Thus, when the pit 
is mined out, where possible, the void is filled with water by force flooding or allow-
ing the groundwater and rain to gradually fill, creating pit lakes. In Germany, the 
former coal mining voids (open cast mines) were filled with river water (Jordans, 
2018), although not all operations have been successful, as iron-laden water has 
emerged in the Spree river (IGB [Leibnitz Institut für Gewässerökologie und 
Binnenfischerei], 2018).

There are companies that segregate sulfides in tailings and store them under water, 
pending the day when they can be economically processed. It is also common prac-
tice to use and isolate waste rock and tailings as backfill in underground mining 
operations. Tailings-paste fill operations use the non-sulfide fraction of the tailings 
backfill after thickening, allowing immediate recycling of water. Sand-fill operations 
have the option of thickening the slime portion at the concentrate level, producing a 
thickened product as a valuable, impermeable cover for old tailings and waste rock 
deposits. Both processes allow the immediate recycling of water, a useful measure.

4.1  Mine Waste Site Ecology: The Beginning and Food 
Chain Contamination

The generally accepted restoration technique for mining wastes applies lime and 
fertilizer, followed by crimping of straw (GARD Guide; Verburg et al., 2009). This 
is usually followed by seeding with a commercial grass seed/legume mixture. The 
reclamation of uranium tailings in Canada followed the same methodology. In some 
early mines in the Northwest Territories of Canada, though, the tailings areas were 
left for indigenous species to repopulate.

The roots of naturally invading trees and shrubs were likely to penetrate deeper 
than the roots of the grass and legume covers, concentrating toxic metals from the 
tailings in their tissues. This led governmental regulators and scientists to raise con-
cerns over potential food chain contamination through this indigenous vegetation. 
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Of serious concern were the long-lived radionuclides contained in the uranium min-
ing wastes.

The Institute of Environmental Studies (IES) at the University of Toronto, 
Ontario, Canada launched investigations of the indigenous flora on alkaline, barren 
uranium tailings abandoned for 10 to 15 years. A diverse flora of indigenous, ter-
restrial, and aquatic biota was found (Kalin, 1984). A total of 15 uranium tailings 
sites were studied, both acidic and alkaline, and re- and un-vegetated, in the prov-
ince of Ontario, Canada. Later the uranium mine sites in the Northwest Territories 
and the Province of Saskatchewan (Kalin, 1985) were included. Another part of the 
funding supported an MSc thesis (Caza, 1983) to study the growth and colonization 
of Trembling Aspen on uranium tailings (Fig. 4.1a).

Radium-226, Uranium-236, and Lead-210 concentrations were determined in both 
terrestrial and aquatic vegetation as well as in the tailings around the root areas. As 
a result of this work, it became evident that indigenous terrestrial plants posed no 
threat to the food chain, as the radionuclides and most metals remained generally in 
the roots and surrounding soils. Tree roots form a dense carpet-like structure below 

Fig. 4.1 (a) Trembling Aspen stand growing on bare tailings. (b) A root carpet is lifted to docu-
ment the horizontal root growth of the grass cover. (c) Root penetration of the grass cover showing 
gray and brown regions. Gray areas are unoxidized tailings. (Photographs by 
M. Kalin-Seidenfaden)
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the grass cover on seeded tailings (Fig.  4.1b), surrounded by iron precipitate 
(Figs. 4.1b, c). The vegetated surface covers reduced wind dispersal and erosion of 
the tailings, while decreasing rainwater infiltration. Figure 4.1c highlights the dif-
ference between oxidized and unoxidized areas of the tailings. The oxidized areas 
(brown) contained elevated levels of radionuclides.

4.2  Boojum and Government/Industry Programs

The uranium industry was one of the first to include environmental issues in their 
close-out plans, as public awareness raised these issues in the late 1960s. From 
these efforts, several principles were developed to govern management practices, 
such as ALARA (As Low as Reasonably Achievable) for radiation safety at ura-
nium operations. It was later followed by BATEA (Best Available Technology 
Economically Achievable) for all other mining operations (Pouw et  al., 2015). 
Comprehensive historical reviews of risks and environmental policy have been writ-
ten by Faber & Wagenhals (1988) and Kamieniecki & Kraft (2013). These efforts 
are commendable and have brought about significant change in the mining industry.

The accepted treatment of contaminated drainages from both tailings and waste 
rock piles has remained the same for decades. Neutralizing agents, such as lime, are 
added to acid streams leaving a metal-laden sludge behind which needs further sta-
bilization. The reactivity of the sludge depends on the pH of effluent, the lower the 
pH the greater the reactivity (McDonald et al., 2006). It is often returned to the tail-
ings piles. The neutralisation leads to an increase in pH with the formation of  
inorganic  particulates, which settle out of the water column, either with time or 
supported by flocculating agents. With aging of the sludge, and through microbial 
activity, the metals are released again. A research team at NRCan (Natural Resources 
Canada) addressed the stability of the resulting neutralizing sludge and concluded: 
“Current sludge management practices are ad hoc and frequently do not address 
long-term storage” (Zinck, 2006).

INAP (International Network for Acid Prevention) has created a guideline, the 
GARD Guide (Global Acid Rock Drainage: GARD), which is an internationally 
recognized guide to the prediction, prevention, and management of drainage pro-
duced from sulfide mineral oxidation (Verburg et al., 2009; Kleinmann & Chatwin, 
2011). In accordance with the guide, most current mine operation practices empha-
size containment of the wastes, thereby reducing the volume of effluent, not its 
quality. These containment practices require significant financial commitment from 
the operating mining company. But, while the management practices outlined in the 
GARD Guide certainly reduce the immediate environmental impacts, they may, in 
many ways, delay the onset of longer-term mine drainage issues. These entrenched 
practices are a hindrance to novel approaches to mine waste management and the 
acid challenge.

Remediation efforts and drainage treatment are viewed by some in industry and 
government as ‘the price to be paid’ and therefore accepted as part of mining and 
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metal extraction. To some degree, physical and chemical aspects of natural weather-
ing processes are abated by present mining practices, but the fundamental contribu-
tion of microbial populations is ignored. Herein lies the long-term challenge. Only 
when the microbial oxidation is controlled will long-term weathering processes 
subside. Hence, current mine environmental management practices are, in a true 
sense, not sustainable.

While discussions on the food chain were ongoing, some regulators were starting 
to think about the idea of declaring mine wastes as hazardous materials. Mine 
wastes are rocks, broken or ground, and certainly not hazardous. They need appro-
priate handling, as rocks are part of nature, supplying essential elements supporting 
living systems in the aquatic, terrestrial and even in the atmospheric areas of the 
planet. The challenge arises due to the very large surface area of mineralized rock 
that is exposed. The weathering of this rock releases an excess of some elements 
which, in many cases are toxic to the surrounding ecosystems, altering the pH and 
the electrical conductivity- two key drivers of ecosystem change.

As food chain contamination was no longer a pressing issue, concerns turned to 
contaminated fresh- and groundwater. The uranium industry in Canada anticipated 
the development of more stringent environmental regulations, and was seeking sus-
tainable, ecological approaches to address drainages from their wastes and for 
decommissioning of mine waste management areas. The Canadian government then 
funded a 5-year program, the National Uranium Tailings Program (NUTP), in 1981, 
to address the long-term environmental impact of uranium tailings. The long-term 
goal for these was to seek a sustainable approach to the decommissioning of mine 
waste management areas. With the encouragement of the government and the ura-
nium industry, Boojum Research Ltd. (Boojum) was founded in 1982 as an R&D 
company. Its objective was to find long-term, sustainable, economic solutions to 
mine closures.

Boojum Research’s first assignment under NUTP was to remove contaminants 
from alkaline uranium mine waste holding ponds. Several abandoned, pH-neutral, 
tailings ponds were investigated for their indigenous aquatic floras. In base metal 
and gold tailings, extensive meadows of Chara vulgaris were found growing 
(Figs. 4.2a, b). These algae appeared to be ideal biological polishers, as they were 
also fast growing, and did not transport contaminants from the sediment back into 
the water when the biomass decayed, but relegated the biomass and contaminants 
into the sediment.

Since phosphate is often limiting to aquatic plant growth, supplementing phos-
phate to Chara was investigated to alleviate one of the forcing functions restricting 
their growth and productivity. The effects of phosphate on the growth of Chara sup-
ported by NRC IIPAP funds, the  Masters thesis of M. P. Smith (1988). Forcing 
functions are defined as one or more resources that halt or slow progression of fur-
ther development (see Chapter 5 for details). This research was supported by 
Boojum and an IRAP grant (Industrial Research Assistance Program of the National 
Research Council of Canada) and lead to introduction of Chara as bio-polishers to 
ponds where they did not previously exist. After several failures, the algae were 
finally established in several tailings ponds, supporting metal and radionuclide 
removal (Kalin & Smith, 1986).
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The NUTP research program was followed in 1983 by the Reactive Acid Tailings 
Sulfide Program (RATS). This program focused on modeling, prediction, and meth-
odologies to reduce or remediate the long-term environmental effects of acid- 
generating materials (John & Joe, 1987). Boojum’s first project under the RATS 
program took place on a tailings site covered with a hard-oxidized crust of pyrrho-
tite (FeS). When unoxidized pyrrhotite is exposed to moisture, it starts to burn. 
Rains produced acid run-off. Further, the mining company could not risk using 
heavy re-vegetation equipment to establish a cover, as the crust could not carry the 

Fig. 4.2 (a) Boojum researcher, M.P. Smith, holding a sample of Chara vulgaris found in a nickel 
mine tailings pond. (b) Gold mine tailings pond in northern Ontario with dense populations of 
Chara vulgaris (in the ponds). (Photographs by Boojum Research)
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weight of the heavy equipment. The crust would break, exposing the un-oxidized 
FeS, and rain or moisture would ignite it.

Field surveys showed that cattails (Typha sp.), moss, horsetails (Equisitum sp.), 
and blue-green algae (cyanophytes) grew along the banks of a nearby alkaline mine 
slime stream. The alkaline stream resulted from washing explosives from the under-
ground walls or using shotcrete to cover acid-generating walls (Jones & Wong, 
1994). Similar organisms were found growing on the tailings, mostly associated 
with sticks or rocks, despite the reactivity of the pyrrhotite. On the edge of the bar-
ren tailings crust, vegetation was noted, similar to that along the alkaline creek. The 
distribution patterns were comparable to those observed on uranium tailings several 
years earlier (Kalin, 1984). Detailed measurements in the colonized areas generally 
produced hints that physical topography (rocks providing shade or decaying wood) 
and/or chemical conditions were growth-supporting factors.

The FeS tailings needed to be covered to reduce the acid run-off. The first level 
of ‘vegetation’ included a moss cover as it could colonize bare surfaces. Early 
attempts to grow moss in greenhouses and onsite were unsuccessful, but with the 
proper fertilizer and shade, a green haze developed in some of the boxes in the 
greenhouse trials (Fig. 4.3a). The treatment that produced the greenest boxes was 
translated to the field, where trials were run to determine the best season for starting 
(Fig. 4.3b). One example of successful plant growth was an island overgrown with 

Fig. 4.3 Ecological engineering measures for stabilization and cover for pyrrhotite tailings. (a) 
Tailings covered with alkaline mine slimes fosters colonization by indigenous plants. (b) 
Experiments to fertilize the pyrrhotite tailings surface at various times during the season. Fall fer-
tilization was successful. (c) Horsetails colonized the alkaline mine slimes without any fertilizer. 
In background are the permeable waste rock dikes to accumulate mine slimes. (d) Tailings several 
years after decommissioning recommendations implemented. (Photographs by Boojum Research)
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horsetails (Equisitum sp.; Fig. 4.3c). This overgrowth had established without our 
help and served as an example for our trials. At the end of the RATS program, we 
recommended to the mine operators that they create permeable dikes (composed of 
coarse, un-compacted, larger waste rocks) and divert mine slime streams into these 
dikes. The mine manager implemented the recommendations and after several 
growing seasons, native horsetails and moss covered the site. A photo taken 10 
years later shows the success of the treatment (Fig. 4.3d).

In addition to the alkaline stream on the pyrrhotite tailings, a slow-moving, acidic 
(pH 2.5) creek was chosen on the site to address the forcing functions for aquatic 
acid systems (Fig. 4.4a). The creek water contained high concentrations of sulfate 
(4–6 g.L−1 SO4) and dissolved iron (1–2 g.L−1). Loose straw (not bales) was used as 
an organic carbon amendment for microbial growth. The straw was added to several 
sections of the creek (Fig. 4.4b). In the winter, while drilling holes in the ice cover, 
hydrogen sulfide was released. In the spring, clear water was found in the straw- 
filled section. Within the straw the pH was up to about 3.5, a remarkable increase 
from the low of 2.5 (Fig. 4.4c).

The improvements in the creek water had been clearly induced by microbial 
activity. The ice cover on the creek slowed the flow, while reducing wind-driven 
mixing and oxygen diffusion. Heterotrophic microbes growing on the straw 

Fig. 4.4 (a) Pyrrhotite tailings crust. In the foreground is the creek in which the first straw addi-
tion was made. (b) Straw addition in acidic creek before winter at the time of setup. (c) Clear sec-
tion of creek with straw in spring, all iron had been precipitated. (Photographs by Boojum 
Research)
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consumed oxygen, lowering the redox potential of the water. The combination of 
low oxygen and organic carbon fostered the growth of anaerobic, iron- and sulfate- 
reducing microbes. Stumm & Morgan (1996; p. 477) provided a clear explanation 
for geomicrobiology processes. In general, a group of heterotrophic microbes alters 
the surrounding growth conditions by making them a little less oxidative. This, in 
turn, provides the proper conditions for the next microbe group to lower the redox 
state even further. When the local conditions are reducing, microbes such as iron 
and sulfate-reducing microbes will precipitate iron onto the straw while increasing 
the pH. The emerging smell of H2S, the rotten egg smell noted in the winter sug-
gested that not enough oxidized iron had remained in the water to form iron sulfide. 
If the pH had been high enough and the Eh low enough some pyrite could possibly 
have formed (Fernández-Remolar et al., 2003; Reitner & Thiel, 2011).

These experiments provided key observations for mine waste and water manage-
ment, such as:

• No microbes were needed to seed the acidic water; they invade or awake when 
food is available.

• Iron precipitate covered the straw, reducing access to the organic carbon, not 
desirable.

• Ice cover reduced oxygen access, giving anaerobic microbes a chance to flourish.

Iron reduction by microbes raises pH, and this, in turn, leads to the in-situ metal 
precipitation. To reproduce these conditions in any mine effluent, two things needed 
to be developed. First, a living, floating vegetation cover would replace the ice 
cover. This would provide a continuous supply of organics, through decomposing 
litter and root exudates, and it would also decrease wind mixing of the water. 
Second, an iron-precipitation pond is needed upstream of the living cover to prevent 
intense iron encrustation of the root systems. In the creek, the straw became 
encrusted with iron, forming secondary mineral spheres (Fig.  4.5). The straw 

Fig. 4.5. A piece of straw under the dissecting microscope from the creek to which straw was 
added. Note the iron precipitates (mineral balls) on the straw. (Photographs by Boojum Research)
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provided organic carbon supporting the establishment of oxygen-consuming 
microbes. The microbial-based treatment system thus developed was named Acid 
Reduction Using Microbiology or ARUM.

The RATS program was followed by the Mine Environment Neutral Drainage 
(MEND) program in 1989. All programs were under the auspices CANMET 
(Canada Centre for Mineral and Energy Technology) of the NRC (Natural Resources 
Canada). MEND funding supported projects developing constructed wetlands for 
the treatment of AMD. Officials of these programs expected the same successes 
found while treating organic waste waters. They anticipated that same processes 
would take place with inorganic substances (Kadlec & Knight, 1996; Mitsch & 
Gosselink, 2000).

The stated objective for MEND, as Boojum understood it, was to “...develop 
technologies to prevent and control acidic drainage, or -- how to stop the lime 
trucks.” These technologies were to address decommissioning of mine waste and 
water management areas, working within the wastewater management areas, before 
discharge to the receiving environment. The technologies to be developed were to 
provide acceptable conditions for a sustainable, walk-away so that the treatment 
plant could eventually shut down.

Although Boojum Research obtained funding under all government/industry 
programs it continued under MEND, but eventually differences in objectives lead to 
a divergence. Boojum Research focused on containing the weathering products 
within the waste and water management area (In Chapters 8 and 9 detail), whereas 
MEND reviewers were seeking solutions in wetlands (Kadlec & Knight, 1996).

The construction of microbially-active sediments and the addition of targeted 
nutrients to reduce or deactivate the predominantly oxidative environment within 
wastes is the focus of our ecological engineering solutions. The goal was the devel-
opment of ecological tools which would improve the drainage leaving the site. 
Hence, Boojum’s challenge was to determine the forcing functions within the mine 
wastes, alleviate them, and have natural bio-geochemical processes transfer con-
taminants to sediments and transform them back into ore bodies of the future 
(Debus, 1990).
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