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Presenter
Presentation Notes
Al Hodaly from UBC Bio-Resource Engineering and myself are very pleased to talk to you today about issues concerning the transformation of Water Covers to Wetlands



Outline of Discussion 

• Tailings Water Covers: 
– Key Mechanisms  
– Current Closure Options 

• Natural and Constructed Wetlands 
– Fundamental Principles 

• Water Covers to Wetlands 
– Opportunities and Limitations 

• Conclusions and Recommendations 
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Presentation Notes
First, I’ll briefly discuss the current application of water covers – in particular, some issues specific to closure.

Next, I’ll highlight the fundamental principles of the design of constructed wetlands, and how they can be applied to mitigate mining environmental challenges.

Then, we’ll apply our understanding of these two systems to evaluate the potential of wetland construction as an option for reclamation of tailings impoundments
. 
Specifically, we’ll outline some site-specific circumstances that are obvious constraints and opportunities for the effective implementation of this closure option.

And of course, we’ll conclude with some key principals derived from this review and make recommendations, particularly with respect to tools for evaluation of the viability of this option.



Typical Tailings Impoundment 
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In standard tailings impoundments, a large portion of tailings are exposed to air and may after a time experience the onset of ARD



Tailings Water Cover 

WATER 
RETENTION 

DAM 

Water Depth =  
f (O2 diffusion, hydrologic inputs) 
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Ensuring the tailings are covered by water effectively reduces the availability of oxygen to the tailings, as oxygen has a low solubility and low diffusion coefficient in water. 




• Chemical Stability 
– Low O2 Diffusion  ↓ ARD Potential  
– Oxidation Potential: aeration, tailings resuspension, GW, waste 

composition, etc… 

• Water Retention Dams: 
– Typically cross-valley construction  
– Require long-term monitoring and maintenance 
– Water Level Maintenance:  

• Precip/Evap, SW/GW Inflow and Outflow, Seepage 
• Require Spillways for Runoff 

 

Tailings Water Covers 

Presenter
Presentation Notes
A number of factors control oxygen levels into the water column and the subsequent effect of oxygen on underlying waste
Among other factors, these include :
the depth of the water cover
The effects of wave action, thermal overturn, 
 Oxygen levels in groundwater 
And characteristics of the underlying tailings

One of the primary concerns with water covers is the long-term performance of Impoundment Structures – 
water retaining dams must be designed with consideration of geological and ecological changes and disturbances over time and water levels must be maintained to inhibit oxidation of tailings and ensure overtopping does not occur




• The Value of Wetlands 
– Habitat Restoration or Replacement  
– Aesthetically Appealing 
– Wave, erosion, and flood control  
– Inexpensive Pollution Treatment or Prevention 

Wetlands: A Reclamation Alternative 

• Can be Highly Effective for ARD Treatment 
e.g. West Virginia Coal Mine  
– pH  3.0 →  5.5 
– Sulfate 250 mg/L → 10 mg/L 
– Iron  50 mg/L → 2 mg/L 
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Why is wetland construction an attractive option at mine sites?
WETLANDS HAVE MANY ECOLOGICAL AND SOCIO-ECON VALUES AND FUNCTIONS:
wetlands can provide an important habitat for a number of wildlife species
wetlands are appealing to the public aesthetically and they may even contribute to the transformation of a site for end land use as a park, for example. 
  Specifically in reference to water covers, wetlands can be valuable as they be important contributors to erosion control, wave damage protection and flood control
Finally, Compared to other methods, wetlands can provide an inexpensive and passive option for treatment of acid discharges or drainages containing some dissolved or suspended solids

There are many examples of where Wetlands have been effective in the Treatment of ARD, especially throughout many coal mines in the US.
For example, after drainage from a series of abandoned underground West Virginian Coal mines passed through a wetland, substantial drops in sulfate and iron level were observed.





Metals and Wetlands 

• Direct Uptake by Plants. 
• Complexation with wetland matrix. 
• Chemical/Microbiological Oxidation or 

Reduction. 

Three Pathways for Metal Retention 

O2 

M (OH)x 
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So what happens to acidic drainages in wetland environments

Metals may be transformed by 3 main processes in these environments.

metals may be directly taken up by plants, which is typically believed to be the most important mechanisms, but this is highly dependent on the quality of the acidic drainage, species present and the physical composition of the wetland sediment.

they may complex with organic acids formed from the degradation of organic matter OR other soil constituents

They may form metal-hydroxides, particularly in aerobic systems like that shown, or precipitate as sulfides as in anaerobic wetlands, - this is of course facilitated by SRBs






Aerobic Wetlands 

• Large SA 
• Horizontal flow 
• Wetland vegetation 
• Best for alkaline 

drainage 
• Efficient when pH >5.5 
• Typical water depth:     

6 to 18 inches          
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1 Aerobic Wetlands
An aerobic wetland consists of a large surface area pond with horizontal surface flow. The pond may be planted with cattails and other species of wetland plants. Aerobic wetlands can only effectively treat water that has a net alkalinity. In aerobic wetland systems, metals are precipitated through oxidation reactions to form oxides and hydroxides. This process is more efficient when the influent pH is greater than 5.5.
A typical aerobic wetland will have a water depth of 6 to 18 inches. Variations in water depth within the wetland cell may be beneficial for performance and longevity. Although shallow water zones freeze more quickly in winter, they enhance oxygenation, oxidizing reactions, and precipitation. Deeper water zones provide storage areas for precipitates but decrease vegetative diversity. 



Anaerobic Wetlands 

• Large pond 
• Organic substrate (12-24 inches) 
• Horizontal Flow within substrate 
• Planted with emergent vegetation 
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2 Compost or Anaerobic Wetlands
The type of wetland that is most favourable for treatment of acidic drainage are Anaerobic wetlands, which consist of a large pond with a lower layer of organic substrate. The flow is horizontal within the substrate layer of the basin. The quickest way to acquire an organic substrate layer is by using a compost layer, which is typically made from spent mushroom compost that contains about 10 percent calcium carbonate. Other compost materials include peat moss, wood chips, sawdust or hay. Piling the compost a little higher than the free water surface can encourage the flow within the substrate and will encourage initial rooting of plants.

A typical compost wetland will have 12 to 24 inches of organic substrate and be planted with cattails or other emergent vegetation. The vegetation helps stabilize the substrate and provides additional organic materials to perpetuate the sulfate reduction reactions.

WATER LEVEL VARIATIONS ARE ACTUALLY BENEFICIAL IN TERMS OF PLANT GROWTH AND GERMINATION (this will be discussed later).



Constructed Wetland Design 
Some Design Principles… 
• Do not overengineer – mimic natural systems  
• Utilize natural energies (e.g. streams) 
• Design for minimum maintenance 
• Design to Fulfill Multiple Goals 

– Water treatment  - Replacement of similar habitat 
– Wildlife habitat  - etc.. 

Key Variables 
• Hydrology 

– Hydraulic Loading, Basin Depth and Geometry, Residence Time 
• Metal Loading Rate 
• Substrate/Soils 
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There are some basic principles which should be adhered to in successful wetland design:

First – don’t over engineer the wetland – cells on the impoundment can have a variety of depths and shapes and so will have different diversities and abundances of species..
Natural energies - for example of hydrologic inputs can be used and maintained in the system design
As the geotechnical stability of the system must be monitored and the long-term efficacy of constructed wetlands is NOT prove, these systems, must of course be monitored and adapted as needed.


Finally - not all wetlands can meet all goals - design parameters are selected to meet specific goals - such as the maintenance of anaerobic conditions to inhibit ARD generation, or to control wave action. 
These goals must be pre-defined so that these multiple functions can be satisfied by the final system design.


The principal design parameters for this treatment system include hydraulic loading rate, basin depth, basin geometry, and metal loading rate (this includes iron, manganese, and other metals).  These design parameters will ensure that this system of treatment will be able to meet the maximum flow of effluent received, as well as sufficient treatment efficiency required.




Constructed Wetland Design 
Performance Evaluation… 
• Design Objectives 
• Survival Potential  
 
Consider system changes in: 
 - temperature - water levels and flow rates 
 - water chemistry - metals and sediment loadings 
 - nutrient and trace metal conc - micro-organisms 

 
Short term water treatment promising - but little long-term data 
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The performance of constructed wetlands is measured in terms of their success in achieving design objectives and survival potential

Chemical, physical or biological System Parameters are commonly monitored to assess conditions and the adaptability or resilience of the system to various changes.

It should be noted that the data derived from existing studies of WETLANDS CONSTRUCTED FOR ARD TREATMENT is extremely promising - however, in a sense, this data is relatively short-term(maybe around 10 years old) and little info exists about the long-term effectiveness of constructed ARD wetlands.

For example - in the early years of constructed wetland study Sphagnum had a well documented capacity to retain substantial amounts of iron and various metals. It was subsequently demonstrated that this metal retention capacity was limited to one growing season and when this capacity was exceeded, the moss typically died.



 DAM 

During or Post Operation 

Tailings Water Covers 
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If we first look at the tailings during operations there are a few things occurring that influence subsequent transformation to a wetland:
permeability of course decreases due to increased consolidation with application of greater and greater volumes of tailings, so (although to a much lesser extent than if tailings were drained)
Although the flux of water from the tailings may be decreasing, the residence time of water in that system increases and thereby allows for a greater time for reactions between pore water and tailings.
Seepage of acidic or neutral drainages continues to be a concern

Many studies have shown that a potential for Oxygen infilitration, tailings resuspension and subsequent oxidation exists due to aerating influences, due to high winds during storms or the influx of large volumes of water during spring freshet

Also, as 




 DAM 

Post Operation 

A Water Cover to a Wetland 

Groundwater Flow 

ISSUE  
Mobilization (surface or GW) of 
dissolved or organic acid associated 
metals 

ISSUE 
Long-term Dam Stability 

ISSUE  
Metals uptake and  
transmission to wildlife 
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Now looking at the system post-closure, if direct wetland vegetation is done (ie in the absence of a cover), some infiltration into the tailings is expected!

With degradation of overlying organic matter, infiltration of soluble organic acids COULD occur and thereby promote the mobilization of soluble metal-organic complexes. In Arid climates, where there is a net upward movement of pore water, Hg may enter biota through reactions with organic

Also not a walk away solution as long-term monitoring (of geotechnical and geochemical conditions) also required.

THERE ARE A FEW MORE SPECIFIC ISSUES That can complicate the EFFECTIVE IMPLEMENTATION OF WETLANDS AS AN IMPOUNDMENT RECLAMATION OPTION



Wetland Issues (cont…) 

• Hydroxides: 
– Fe, Mn Hydroxide - limited by volume of material produced 

– May dissolve in presence of organic acids (release 
coprecipitated metals) 

• Uptake of Metals by Biota 
– Wetlands – biodiversity desirable, favoured habitat  for birds 

– Organic-acid associated metals may be transported 
downstream 

– How to limit interaction with tailings? 
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Ferric Hydroxide precipitates limited by physical density and volume of material produced

Ferric hydroxide precipitation is limited by physical density and the volume of material produced

As wetlands are often inhabited by many organisms (AND THIS IS ONE OF THE GOALS OF THE WETLAND), the accumulation and transfer of metals though plants is an important concern.

Most metals present in sulfide form are not bioavailable - SO if anaerobic conditions maintained, this uptake should not be problematic

However - One way to limit metal uptake by plants is to place some sort of barrier between the wetland zone and the underlying material. 
The tailings surface may initially be prepared using coarse, NAG waste rock, which can improve conditions for driving - and thus aid in construction of the wetland - and also enable use of this material.



Wetland Plants  
• First Plants: 

– Select based on Local Conditions and Tolerance 
– Polycultures may be more effective than Monocultures 
– Typha latfolia - common cattails 

- readily available  - tolerant 
- easily transplanted  - low accumulation 
 

• Field Study on High S Tailings (Griffiths, 1988): 
– Cattails transplanted onto tailings demonstrated 200% 

population density increase after one year 

– Some planted seed germination (comparatively little success) 

– decreased sulfate, Fe, Cu, Ni; increased pH 
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One of the key findings of studies of NATURALLY OCCURRING WETLANDS receiving acidic drainages, is that naturally abundant and viable plants are tolerant to the conditions found there. For example, wetlands which effectively receive and treat ARD contain plants which prefer acidic waters - intolerant plants are essentially eliminated.
So in the case where ARD is  NOT appreciably present, but has a potential to be generated, plants amenable to a wide range of water conditions are preferred.
Emergent vegetation actually benefit from fluctuating water levels in terms of plant growth and seed germination.
TYPHA LATFOLIA - or common cattails - seem to fit this criteria AND they are easily transplanted and readily available - As well, as cattails do not accumulate metals through uptake, they generally have little accumulation in their tissues

In an experimental field study where various wetland type covers were constructed over high sulfide tailings, it was found that...



After Veiga et al. (1999) 
Bioaccumulation and Biomagnification 

Other Issues – Mercury 

 
 

70 to 90% of Hg is methylated 
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Hg 

Organic Acids Bacteria 

Soluble 
complexes 

Colloids 

CH3Hg+ 

CH3Hg+ 

? 
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THE FIRST RELATES TO HG

FIRST – Hg, particularly Methylmercury, and Selenium can be BIOACCUMULATED, which means that as it is ingested, a significant portion is retained in the organism.

The scenario shown demonstrates how metallic mercury can form soluble complexes with organic acids and be biotically transformed to its readily bioavailable form – MeHg - and subsequently enter the food chain.

SECOND – Hg is BIOMAGNIFIED, which means as you move up trophic levels of the food chain, it is present in increasing concentrations.

As MeHg is so easily assimilated by organisms, its transfer through the food chain  is particularly efficient and the ratio of MeHg to Total Hg increases up trophic levels. Consequently, 70 to 90-% of the Hg in carnivorous fish is methylated. 

As carnivorous fish are those most commonly consumed by humans, people dependent on fish as a primary protein source can be particularly susceptible.





Mercury Methylation 

• Methylation Sites: 
– Sediments 
– Particle surfaces 
– Root systems of certain plants 
– Within organism intestines 

• Numerous Methylating Bacteria: SRBs important 

• Natural Organic Acids (humic and fulvic acids) 
– Hg-organic complexes important to bioavailability, mobility 
– Methyl-group donors (abiotic and biotic methylation possible) 
– Potential for intestinal methylation of Hg-organic complexes? 
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Methylation can occur in a number of places -  sediments are thought to be most important, but particle surfaces to which Hg is adsorbed, root systems of certain plants, and the intestines of various organisms are also viable locations. 

Methylation can occur abiotically or biotically BUT bacterially mediated methylation seems to be most significant.
Numerous Bacteria are believed to be capable of methylation but: SRBs are thought to be particularly important

Natural Organic Acids ( such as humic and fulvic acids)- which are essentially degradation products of organic matter - are believed to play a special role in Hg Bioavailability and Mobility.
FIRST: Hg form strong complexes with soluble organic acids and can be transported great distances in this form
SECOND: These organic acids may act as Methyl-group donors (and thereby may promote both abiotic and biotic methylation)
THIRD: A Potential may exist for direct intestinal methylation of Hg-organic complexes – studies conducted with earthworms at UBC and numerous studies involving fish suggest intestinal methylation may be possible.

So – as you’ll see – the role of bacteria and – once again - organic acids is particularly important in could come into play in some situations in the context of mining.




Mercury and Wetlands 

• Plants incorporate Hg, degrade. 
• Hg complexed with organic acids. 
• Direct HgSo or Hg(OH)2 uptake by 

microorganisms. 

Three Pathways for Biotic Hg Methylation 

O2 

Presenter
Presentation Notes
So what happens to mercury in wetland environments

Mercury may be transformed by 3 main processes in these environments.

mercury may be directly taken up by plants and subject to future transformation or food chain transfer
they may complex with organic acids formed from the degradation of organic matter OR
Studies have shown that mercury in the form of a hydroxide and s sulfide can be bioavailable to methylating bacteria 

SO Although most Hg is also expected to precipitate as a sulfide or hydroxide or be adsorbed to organics, a portion will likely be methylated – particularly given the abundance of organic acids AS WELL AS SRB or other bacteria in these systems 

Actually, mainly because of these reasons, Wetlands are widely recognized as an important source of MeHg for natural waters. In terms of designing a wetland that is sensitive to the methylation potential of Hg, it is extremely difficult – I’ve only come across one pilot study conducted by the USEPA where methylation levels were kept in check by extremely close control of sulfur inputs into the system – something which is obviously very difficult in many mining environments.




Other Issues - Selenium 

• Biomagnifies up trophic levels 

• Selenate (SeO4
2-)or Selenite (SeO3

2-) bioavailable: 
– Dissolved or adsorbed to clay/HFMO 
– Uptake by aquatic organisms or rooted plants 
– Selenate, selenite predominant forms in wetlands 

• Why a concern for wetlands? 
– Significant potential to enter food chain: 

– Long residence time 
– Weakly adsorbed in sediments, easily taken up by plants 

– A fine line between micro-nutrient and toxicant 
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ANOTHER BAD ACTOR MAY BE Selenium.

Like Hg, Selenium can also be biomagnified up trophic levels of the food chain.

It is bioavailable in both predominant oxyanion forms – selenate or selenite and in a wetland environment, it can be taken up rooted plants or aquatic organisms. 




Conclusions 
Opportunities 
• An alternative reclamation option 
• Wave and erosion control 
• ARD  Prevention - maintained anaerobic conditions 

Constraints 
• Impoundment characteristics (substrate, water depth, etc..) 
• Potential mobility, bioavailability of metals associated with 

organic acids 
• Metal uptake by biota 
• Long-term viability of wetlands 

Tools to Evaluate this Option must be developed 



Recommendations 

Further Study… 
 
• Effects of various amendments (e.g. gypsum) on metals 

partitioning 

• Potential for anaerobic wetlands to exacerbate 
dissolution of metals co-precipitated with hydroxides 

• Bioavailability of metals associated with organics 

• Uptake of metals from tailings by wetland plants 



Thank-you… 



Particle Associated 
•Fe-Mn Hydrous Oxides 
• Organic Matter 
• Clay Minerals 

Solution 
•Complex Ions 
•Uncharged Complexes 
•Organic-Hg 

Solution              Colloid            Particulate 

Sediment 

Sediment  
• Bacteria  
• Organic Matter 
• Mineralogy 

After Veiga (1999) 
Tailings 

Run-off              Erosion           Atmospheric 
Waters                                           Emissions 

Metal Mobilization 



Solution              Colloid            Particulate 

Sediment 

FOOD WEB 

After Veiga (1999) 
Tailings 

Run-off              Erosion           Atmospheric 
Waters                                           Emissions 

Metal Mobilization 
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