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1.0 INTRODUCTION



This paper has been prepared for the Mining Environment Research Group by the Yukon Conservation Society. Its purpose is to explore and compare mining practices in the Yukon and other northern regions in relation to permafrost and extreme cold conditions on mine sites. Discontinuous permafrost was a focus of this research due to its prevalence in the Yukon.



The approach to this paper has been multi-faceted. A review of relevant literature, informal interviews, and a compilation of case studies have been undertaken to obtain a more comprehensive understanding of permafrost and its implications for existing and proposed mining operations. Appendix III lists the contacts who were interviewed for their knowledge on permafrost, engineering and specific details on the experiences of northern mines for the compilation of case studies. Appendix II lists the references with a note on the location of documents for most texts. In addition to searching Internet resources, the following libraries were the main sources for text references, Yukon College, Yukon Archives, DIAND, Environment Canada, Renewable Resources, Agriculture Department, EBA Engineering, University of Victoria and the Minerals Library (Victoria). 



The body of literature on the dynamics of permafrost is extensive; and growing. The scope of this paper limited our review of the available research and information that related specifically to mining. The case studies focus specifically on permafrost and conditions related to extreme cold and freezing which are experienced on mine sites. This paper is not prescriptive; rather it discusses the implications and highlights potential applications of permafrost in northern mine sites. It examines the experiences across the north and management techniques that have been developed through these experiences.



An introduction to permafrost and mining notes the gap between engineering practice in permafrost, and the growing body of scientific literature on the subject. The next section examines the exploration phase of the mining process and demonstrates how disruption to the permafrost environment can impact mining projects throughout the life of the mine, exploration to closure. 



Using case studies to illustrate experiences in the field, this paper discusses the following:

initial assessment and characterization of permafrost;

design considerations and construction, including roads, foundations, dams, freezing, caps, and general construction practices;

operations phase of underground and open pit mining;

health and safety issues; 

water line maintenance;

remedial actions; 

tailings and waste containment;

monitoring; and 

reclamation and closure issues including settling and freeze back. 



As mine site experience with permafrost and freezing has grown, so have available treatment options and possible management techniques. Conclusions and recommendations presented in the report are based on the case studies and information presented throughout the paper. The complete case studies are presented in Appendix I. �

2.0 BACKGROUND 



Permafrost was once disregarded in mine planning, but experience has demonstrated the need to have a sound understanding of the permafrost regime prior to establishing a mine. Failure to have an adequate understanding of the effects permafrost can have on structures, thermal regimes, and hydrology can result in expensive and avoidable problems for mine managers. Alternatively, options to use permafrost in management techniques might be beneficial to mine design. This section explores the basic properties of permafrost to provide a context for later discussion and analysis.

2.1 General



The term permafrost refers to the ground conditions where ground temperatures are below 0(C for a full year. Permafrost can refer to ground types which are high or low in moisture content. Ice-rich permafrost is the most problematic in terms of implications for mine sites, and ground materials where permafrost has low ice content may be benign (see Section 4.0 for more detail on the implications of geological setting, permeability etc.). Permafrost is a geologic manifestation of climate (Burn, 1993), which makes up 20% of the earth’s land surface and can range in thickness from a few metres to hundreds of metres. In the northern regions, permafrost may be categorized based on depth and mean annual temperature to be defined as continuous, discontinuous or scattered discontinuous permafrost (Smith, 1999):



Continuous permafrost is generally found north of Eagle Plains, in this region depth may vary but permafrost is always present. Permafrost temperatures are less than -5(C at 15 to 25 metres below the soil surface (Ahrens et. al., 1994).

  

Discontinuous permafrost has a permafrost temperature of 0(C to -5(C at 15 to 25 metres below the soil surface (Ahrens et. al., 1994).  



Scattered discontinuous permafrost tends to occur in the coolest and wettest areas of the Yukon, for example areas where drainage characteristics allow ground moisture to be retained (Smith, 1999). This tends to be the southern most portions of the Yukon.



Alpine permafrost occurs in mountainous terrain in the zone which enjoys a warmer winter and cooler summer than in the valley bottom. This type of permafrost forms a crown at high elevations, with a ring of soft permafrost or unfrozen ground below. Alpine permafrost impacts water movement, downstream conditions, and should be a consideration when designing mine site structures (Mougeot, 1999).



The terms warm, intermediate, and cold permafrost are sometimes used, although these terms generally are more appropriately used in relation to a small area (for example, an area local to a community, or a valley). These terms describe the ground temperature. The temperature of the ground can vary from year to year, although the type of permafrost (discontinuous, continuous) is unlikely to change from year to year. The type of permafrost is important to consider in determining the implications of different thermal regimes and appropriate management techniques at mine sites. For example, disturbance or removal of the organic layer in a discontinuous permafrost zone may increase the soil temperature and thicken the active layer because the permafrost temperature in this zone is closer to melting point. In a continuous permafrost area the impact will likely not be noted more than 2 metres below surface because temperatures are consistently colder (Ahrens et. al., 1994). 



Permafrost degradation takes place from the top down only. Degradation rates and extent as well as refreezing are dependent on local factors just as much as regional conditions (Mougeot, 1999). 



When water crystallizes it expands to 9% of its original volume, this increases the soil volume when it freezes in proportion to water content. Vertical expansion which greatly exceeds that which could be accounted for by normal expansion of pore water freezing is called frost heaving (20-50 cm). Water frozen in discontinuous zones is referred to as “ice lenses”  or as ice crystals, these are segregated from soil grains. Ice lens growth depends on the nature of the soil matrix, the rate of heat removal, the upward movement of soil water and the confining pressure. 



The main condition for capillary action is the presence of frost susceptible soil. For example, silts are more prone to segregated ice formation, whereas clean gravels are not. The nearer the water table is to surface, the more readily the water may transported through the partially saturated capillary zone to enlarging ice lenses. This occurs because increased moisture content in soils increases hydraulic conductivity. 



Ice lens formation can occur at any time during the mine’s life, unless the permafrost has been managed to preserve its integrity. The consequences of basic heat and moisture transport properties of each soil are influential in the formation and degradation of permafrost and ice and must be well understood to predict the changes that might occur in frozen ground (Anderson et. al., 1984). Ice lenses are one example of the kinds of permafrost formations which change over time and can affect mining operations. The thawing of ice structures both liberates water and again reduces the volume originally taken up by the ice. This can have significant impacts on mine sites as well.



This paper also reviews extreme cold and freezing implications at mine sites. Consequently seasonal frost can be a concern for its influences on permafrost, frost heaving and thaw cycles.



The Canadian Permafrost Distribution Map and GEOPROCESS File maps (available at DIAND) and reports provide more detailed information on the presence of permafrost and related features in the Yukon (maps at 1:250,000 scale). These are Geological Processes and Terrain Hazard maps derived from surficial geology maps and are accompanied by references to more detailed studies. 



2.2 Historic Mining in Permafrost



The Klondike Gold Rush in Yukon Territory was the first gold rush in a permafrost region. Placer gold had been regarded as easier to mine, because unlike quartz gold it was not bound in rock (Ball, 1975). However, in the Klondike, permafrost acted in much the same way as quartz, trapping the gold and requiring thawing before the gold would be in its accessible state. In the Klondike, thawing was an important part of the mining process, in the same way that crushing quartz is in other parts of the world. Prior to 1887 Klondike mining was primarily a warm weather activity, when river banks and streams thawed sufficiently to allow for placer mining. The workings were generally from 2-4 feet deep because permafrost prevented working deeper underground.

In the 1880s, fire thawing became common practice among miners to work the ground deeper - all the way to the bedrock. This technique was primarily used in winter and involved setting fires to melt a shaft down to the bedrock. The necessary equipment comprised of a shovel and some wood. Gravel was removed as it thawed and piled to be sluiced in the summer. This method required over one cubic yard of wood per cubic yard of gravel melted and excavated, so therefore fire-thawing was restricted to rich gravel (Ball, 1975).

As the price of wood increased and wood scarcity became a problem, miners searched for a new way of dealing with permafrost. Steam thawing emerged as a preferred option.

Under high pressure, steam was forced through the points [of pipes] as they were driven full length into the face of surface to be thawed. The pressure was then reduced and the points left to sweat or slowly thaw the surrounding ground. When drifting, one melted only what was needed, most of the barren ground could be left frozen, and, with the proper insulation, there was very little heat loss to help crumble walls and ceilings. …Thawing was originally for sinking and drifting, but was soon applied in dredging (Ball, 1975: 4).   

Although mining techniques have evolved with time, permafrost has always presented itself as a challenge to miners in northern regions. 

2.3 Permafrost in Yukon Territory



Although there is some continuous permafrost (approximately one third of the Yukon), most of the Yukon hosts discontinuous and/or relatively thin permafrost. This is regarded as the most fragile and sensitive to disruption. Permafrost thicknesses of  less than 2 metres have been recorded in Teslin, Yukon, while near Mayo depths of 40 metres have been found. Depths of 60 metres have been recorded near Dawson City  and  a factor of ten times deeper than this in the far northern parts of the Yukon.

Figure 1 shows large mines in the Yukon which are in the discontinuous permafrost zone. 



Figure 1: Table of Large Yukon Mines (adapted from Geocon, 1993 to reflect current status 1999)

Name of Mine�Location of Mine�Status of Mine��Viceroy, Brewery Creek �Dawson City, YT�Operating��Lone Star�Dawson City, YT�Abandoned��United Keno Hill �Elsa, YT�Not producing��Tantalus Butte Coal �Carmacks, YT�Abandoned��Minto�Pelly Crossing, YT�Development��Mount Nansen �Carmacks, YT�Maintained��Mount Skukum �Whitehorse, YT�Decommissioned ��Faro and Vangorda �Faro, YT�Maintained��Vangorda �Faro, YT�Not producing��Sa Dena Hes �Watson Lake, YT�Maintained��Ketza �Ross River, YT�Abandoned��Whitehorse Copper �Whitehorse, YT�Decommissioned��Clinton Creek�Clinton Creek, YT�Not producing��

See Figures 2 and 3, Map of Permafrost Regions in the Yukon, and Map of Selected Mineral Sites, for the location of the Yukon case studies described.

�Figure 1: Map of Permafrost Regions in the Yukon















































































Note:

Alpine permafrost is found throughout Yukon in mountainous regions, although it does not appear on the above map. A comprehensive, large sized map of permafrost and ground freezing in Yukon is available through the Geological Survey of Canada (Map 1691A).�Figure 2: Selected Mineral Sites in the Yukon
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In Yukon, the mean annual ground temperature is about 4(C warmer than the mean annual air temperature. Ground temperature near the surface fluctuates greatly during the year, the fluctuation decreasing with depth. Steady temperature is reached at approximately 12 metres below the ground surface. The layer at the surface which thaws annually as the seasons change is known as the active zone.  The thickness of the active zone is primarily affected by the degree of insulation which the organic layer can provide, a thicker organic layer can provide greater insulating capacity. To a lesser but still significant degree the water content of the underlying soil and rock layers affects the active layer because evaporation will lower the ground temperature.



The composition of materials on site and overall moisture content are most influential in the degree and nature of permafrost disruption. Grading, location and drainage will also influence permafrost.



Most discontinuous permafrost south of Dawson City is warmer than -2°C. This permafrost is easily disturbed and its degradation can be readily initiated by excavation, high traffic, or similar activities. There is a growing concern that global warming may be influencing this type of warmer permafrost (Osterkamp, 1999; Yongjian, 1998). In China for example, the southernmost limit of permafrost has moved northward (Yongjian, 1998).  Much of the undisturbed discontinuous permafrost south of the Yukon River in Alaska, where the Yukon River roughly follows the same latitude, has warmed significantly and some of it is thawing (Osterkamp, 1999). Work to date on the potential consequences to permafrost change are modeling exercises, and at present there are few relevant field data. Without more advanced modeling work, it is difficult to say how climate change will affect permafrost. If surface conditions change, the active layer may move in depth but permafrost may not degrade significantly. The associated changes in water balance and vegetation however could be very important for non-renewable resource sectors including mining. For most structures, the impact of global warming will depend on the depth at which they are built or anchored into the permafrost (Mougeot, 1999). 

�

3.0 EXPLORATION



Although exploration is only one phase of the mining process, it is the initiating phase and thus could affect the permafrost during the entire operating life of the mine. The following sections point to some aspects that affect permafrost during exploration. Companies may examine the impact of their activities within the context of permafrost so that they can be proactive in informing and assisting the future mine design process. 



3.1 Water and Drilling



During exploration, water is normally required for drill operation. This water may trigger irreversible permafrost degradation. In northern tundra areas it has been noted that a month later the ground may feel soggy and marshy due to melted permafrost (Wall, 1999). Long term impacts of permafrost disruption are subsequently the concern of  mine designers (Wall, 1999).



Many companies use a sodium chloride solution instead of water when the risk of the water freezing is considerable. This substance does not freeze, and can be problematic if it escapes into the surrounding permafrost environment. The thaw area increases every year after this is released into the environment (Wall, 1999). Most drill pads are left in a state of compaction that is too hard to allow revegetation, but there remains a concern that the area surrounding the drill pad can be affected by thawing of the permafrost if the ground materials are ice rich. 

3.2 Trenches and Slumping



Although trenches are sometimes necessary in exploration, digging trenches in ice-rich permafrost can result in slumping. Even a seemingly insignificant process such as digging pits for outhouses can create a thaw area  and may result in the structure collapsing upon itself as slumping of permafrost occurs.  It can be difficult to maintain a trench in permafrost for it to be useful for future sampling in exploration processes if the ground materials have a high moisture content. However, trenches in permafrost tend to reclaim themselves quickly by slumping and providing moisture for plant growth (see section 9.1 on Reclamation).

�

3.3 Waste Containment



Special considerations for waste containment should be undertaken. In discontinuous permafrost, heat from the waste contained or changes in the thermal energy transfer with the presence of waste materials could thaw the permafrost. This can result in unfrozen water content increasing in ground materials, slumping of previously frozen ground and an area of disturbance that is much larger than necessary.  These considerations are more fully discussed in section 7. In the Yukon, disposal of waste in permafrost is not allowed  in mine projects.

�

4.0 INITIAL ASSESSMENT AND CHARACTERIZATION



In order to accurately assess the condition of permafrost in an area, the particulars of thermodynamics, hydrology, continuity of thermal regime, drainage, aspect, permeability and geological setting must be determined. The presence of alpine permafrost should be assessed if the site is located in a mountainous region.  The initial characterization will be influential for the ongoing effectiveness of design decisions.



Clinton Creek mine site is an example of how crucial initial assumptions used in design considerations are to the long term ability to maintain structural integrity of the mine site. Clinton Creek Mine site was constructed in the 1960’s and 70’s era of engineering philosophy which assumed permafrost would remain permanently frozen. Ice deformations and movement were not considered to be of significant concern, nor was thaw potential. Documented slumping at this site is extensive as a result of thawed ice rich soils and the tailings remain unstable (McAlpine, 1999).

4.1 Determining Presence of Permafrost



A major problem facing the mining industry in zones of discontinuous permafrost is obtaining reliable data regarding the presence or absence of permafrost. Accurate representation of the permafrost regime can save money by ensuring that construction designs are appropriate for the terrain. There are many ways to characterize the presence of permafrost for mine design.



In the Mayo region, soil moisture content and organic layer thickness are diagnostic of a permafrost occurrence (Williams, 1996).  Williams established a test for the presence of permafrost which was accurate at over 60 test sites. He established that where the critical soil moisture content was greater than 25%, and organic layer thickness were greater than 11cm, permafrost was present. This generalization worked for the Mayo region because the soil moisture content supplied water for evapotranspiration which cools the ground surface and the organic layer which further insulates the ground. These two factors aided in sheltering permafrost from thaw in summer heat.  Many other factors may be involved, such as depth and thickness. Engineering design for permafrost related considerations are generally dependent on ice content and formation in soils (not merely the presence or absence of permafrost), but must also consider this diversity of other factors.

�

Based on extensive studies in the Yukon (e.g. the Mackenzie Valley Pipeline, Nixon), the critical moisture content in silty soil has been found to be lower at 17%. The lower moisture content is generally indicative of ice-rich materials in most areas of the Yukon.



Ice segregates when the ground freezes forming ice lenses. Uneven distribution of ice occurs even if there is even distribution of temperature (Jamieson, 1999). At Clinton Creek mine site, neither ice deformations and movement , nor thaw potential was considered to be of significant concern. Segregated ice, forming large crystals and thick lenses in alluvial valley deposits and near surface bedrock, was commonly encountered in undisturbed ground (Stepanek et al., 1992). This clue was misinterpreted by the company as a sign that all structures would freeze and be stable. Ultimately, the opposite scenario occurred. Disturbed permafrost precipitated massive instability at Clinton Creek. 



A conservative approach should be taken when determining the presence or absence of permafrost in an area. Adequate characterization of an area can be determined by probing the area on a regular grid basis with spacing defined by the specific site conditions (for example 30m x 30m is commonly used, Stepanek, 1999). It can be assumed that if permafrost is present at one drill site on the grid it will be present at other locations in the region. Since ice rich materials tend to be closer to the active layer, there is a critical area near surface which can be sensitive to disruption (Stepanik,1999). This may not be apparent at all sites, thus depth and thickness of permafrost should also be well determined.



Characterization of ice rich soils can be challenging. If present, high ice content may be of concern in the event of degradation and thawing of permafrost, or due to changes in the formation of permafrost and ice structures. Viceroy  had cleared and compacted an area in its first year of ground preparation. Mechanical testing of the soil stability (proof rolling) in the area after a hot weather period aided in the discovery of additional soft spots. These needed to be cleared before construction could be carried out safely. Waste of human, financial and ecological resources can occur because of poor determination of permafrost conditions. Thus, these initial phases of permafrost characterization are worthy of attention.



Vegetation is often indicative of the presence of permafrost. For example, Black Spruce stands appear haphazardly in orientation to the landscape. Williams established that in the Mayo region, the singular features most associated with permafrost were a thick surface organic layer and a hummocky microtopography (1996). In each area of concern, it may be possible to pick out vegetation characteristics which most represent the presence or absence of permafrost.



Although further investigation of specific sites would be needed for engineering and design purposes, these types of simple references can indicate to companies that their site does or does not host permafrost:

soil and surface geology mapping;

overburden thickness;

vegetation characterization; and

drilling. 

This will provide a general sense for guidance in design considerations.



Seasonal frost should also be taken into consideration. The following characteristics are important in determining annual frost penetration:

mean annual ground temperature;

amplitude of the annual temperature cycle at the ground surface;

nature of the ground surface cover; and

the thermal properties of the soil material (Williams et al., 1995).

4.2 Thermal Regime



Ground thermal regime must be understood on site to design for specific considerations such as thawing soils, depth and rate of thaw, information on freeze back (the condition where permafrost returns to thawed ground or moves into structures or waste contained in the permafrost region) and freeze-thaw cycling (Johnson et. al., 1984).



At the Faro mine site, Curragh discharged tailings annually at a single point. This area became a cone in the tailings impoundment during winter. Ice build up was stored in the tailings and thawed in the summer creating large flows from the tailings cone. This created a difficult situation to accurately predict the water balance, heat transfer and influences on stability between winter and summer conditions (McAlpine, 1999).



Response of permafrost to changes in exposure, insulation and correlating differences in temperature is varied. From liberation of large quantities of water in thaws to growth of permafrost conditions such as frost heaves, lenses, wedges etc. , all these condition variations could influence functioning of mine site structures. 

4.3 Permeability



Natural differences in permeability of natural materials usually range from several cm per second  to 10-8 cm per second, thus it can be very difficult to accurately predict and model permeability factors (McAlpine, 1999). Soil type makes a tremendous difference in permeability and resulting behavior of the frozen ground. For example, permeable silts easily form ice lenses, layers, and attract additional water to the freezing front, while sands and gravel exhibit low heave capabilities and may expel pore water during freezing  (Crory et. al., 1984). A clear understanding of these natural materials in the initial characterization of the site is important in determining mine site design.

4.4 Geological Setting



Permafrost can be found in all geological settings, but will be of varying concern to construction and design considerations based on the quantity of ice in the permafrost. Permafrost in solid igneous rock will have no impact on the integrity of structures if it thaws. In contrast, subtle changes in temperature and disturbance of ice rich soils can lead to very serious impacts which must be considered in design. There are many different geological settings which could be conducive to the presence of ice rich ground materials, for example, the surficial geological setting is of greatest concern where there are fine-grained frost-susceptible soils. In the Yukon, ice rich shales, organic rich and silt rich materials, alluvial and lacustrine deposits, organic rich wetlands or thick colluvial deposits with high matrix content of fines are commonly found with permafrost (Mougeot, 1999). Some types of material will maintain their integrity with thaw because pore space can absorb the liberated water, for example clay supported materials(Mougeot, 1999). In general, it is the total amount of ice content that is of concern because the more ice that melts, the greater the potential for erosion and subsidence (Dyke, 1999).



4.5 Frost Heaving



Frost heaving occurs inevitably when the following three conditions exist:

the presence of frost susceptible soil (dependent on grain size, % of fine and organic materials);

ground temperatures below 0(C (32( F); and 

a source of capillary or ground water sufficient to form and supply accumulating ice lenses in the freezing soil (Anderson et. al., 1984).



The basic principles governing the occurrence of segregated ice and concomitant frost heaving in frozen ground involve:

the tendency of natural systems to move toward a state of minimum energy;

the rate at which soil and earth materials transmit heat and moisture

the liberation of latent heat when water changes from the liquid to a solid phase

the redistribution and reconfiguration of interfaces and changes in the interfacial energies created during the resulting soil freezing or thawing; and

the restructuring of the soil matrix due to resulting soil deformation(Anderson et. al., 1984).



Control or prevention of frost heaving requires the removal or elimination of one or more of these conditions.



4.6 Location of Structures



To effectively choose the location for building mine structures a variety of factors must be weighed and considered. The following excerpts of case studies from Faro, Brewery Creek, Prairie Creek, Manitoba hydro dams, and Rankin Inlet show some of the complexities involved and decisions made under different circumstances.



In both Faro’s Vangorda site and Viceroy’s (formerly Loki Gold) Brewery Creek, alternative locations for structures were chosen as a result of discovering permafrost in the originally intended areas. In both cases, the location was changed from the initial planning stage to avoid problems which could arise from instability (McAlpine, 1999). Once a site has been chosen and construction is underway, it becomes more expensive to change the plan and relocate mine site structures.



At Brewery Creek mine site, Viceroy agreed to excavate any soils with water content greater than 17% (Lister, 1999). Initially, the site was cleared in one location for construction of the heap leach pad before the foundation conditions were investigated. It was then determined that a lower soil moisture content was present higher up on the hill than the cleared site and would be more appropriate to ensure the stability of the heap leach pad (McAlpine, 1999).



Clearing must be carried out properly with a close eye for ice-rich soils. Concerns about the integrity and stability of BYG’s Mount Nansen dam have arisen because during the initial construction of the dam at BYG’s Mount Nansen site, an insufficient amount of ice rich material was removed. This has led to concerns about the integrity and stability of the dam and contained tailings. In the planning phase, it was never resolved how to prevent this slumping, only how to fix it after a problem is identified (McAlpine, 1999). These three examples demonstrate the need for adequate site characterization. The following three examples reiterate this point. 



At the Prairie Creek Mine, near Nahanni, it was intended that silver would be mined and tailings would be kept in a pond surrounded by permafrost. The tailings area was excavated, but failed before it could be used due to slumping of the entire hillside (Stepanek, 1999).



The hydro dams in northern Manitoba were built in discontinuous permafrost at 0( C. During construction, some areas were excavated, ice rich soils were removed and inert materials were placed as insulating fill. Other areas were left as found and monitored afterwards for shifts and slumps.



The open pit at Rankin Inlet Nickel Mine was refilled with tailings during closure. This site is intertidal and this has led to the periodic flooding of the tailings area and difficulties in achieving full freeze back of the impoundment area (Jamieson, 1999).



There are often many confounding factors involved in determining the appropriate location for mine site structures. The presence and characteristics of permafrost in a region can have serious implications for ongoing maintenance and mine site management. Preventative measures seem most prudent in dealing with the location and appropriate design of mine site structures in permafrost areas. 



�

5.0 DESIGN CONSIDERATIONS AND CONSTRUCTION



Any surface disturbance or loading has the potential to initiate deformation of permafrost and change the thermal regime of an area. This is particularly a concern in discontinuous or warmer permafrost areas (Stepanek, 1999).  Frost heaving is an example of this. It can be an expensive problem to fix in roads, dams, and foundations. Additionally, permafrost integration may be useful as a mine site management tool, and therefore it is an important design consideration. Proper design is more readily achieved when accurate initial characterization has taken place. So much remains to be learned about permafrost that a cautious approach to design and construction is still the most appropriate. 

5.1 Permafrost and Preventative Design



Designing for foundations, buried pipelines, artificial ground freezing, in-ground cryogenic liquid storage, and road beds involves a number of concerns. These include the rate of growth, shape, and spread of frost bulbs, surface and lateral heave effects and fissuring (Crory et. al., 1984). It is interesting to note that heave forces and displacements are always in the direction of heat flow (Crory et. al., 1984). This may be of particular concern where thermal regimes and heat flow directions will change due to the presence of mine structures.



Control of the surface energy balance or near surface thermal properties may be required to ensure structural integrity. This can be achieved with covers, fill, natural or synthetic insulation layers. Removal of  vegetation will increase the thaw rate, while thermopiles (see below) prevent  long term thermal degradation of permafrost initiated by construction disturbance, rather than lowering ground temperatures over long term (Johnson et. al., 1984). 

5.2 Permafrost in Construction



There are four approaches to dealing with permafrost  in the construction phase:

Avoid it, and select an alternate location. 



Destroy it by stripping the insulative vegetative cover and allowing it to melt over a period of years. One problem with this is the considerable amount of time that must lapse between stripping the ground and construction. Adequate time must be allowed to ensure full thaw.



Remove permafrost. This provides a more controlled approach through mechanically removing the permafrost materials and can minimize the impacts of thawing and slumping. 



Preserve it. This is standard practice. Permafrost preservation is achieved by building on piles which allow air to circulate under buildings, or by building up the construction site with gravel fill which insulates and protects the permafrost, among other techniques. Refrigeration can be accomplished by using thermal piles or freeze tubes (the trans-Alaska pipeline uses these). These tubes are filled with non-freezing liquid and act like coffee percolators. They are cooled during the winter months and draw heat from the ground to slow thawing during warm weather. 

5.2.1 Passive systems for preserving permafrost



Refrigerated foundations operate on the principle of maintaining underlying permafrost in a stable frozen state by passive or mechanical means. For example, the Ross River school uses cryo anchors, which are passive heat pipes which dissipate the heat from beneath the insulated school to the outside environment, thus keeping the soils frozen. 

Another system available for use is the placement of corrugated metal pipe culverts in above ground granular pads. The culverts are oriented to the prevailing winds, which refreeze any thawed soils. 

5.2.2 Active systems for preserving permafrost



Heat pumps such as those used in hockey arenas and curling rinks are used in Ross River in garages and truck bays. Although the operational costs of these units are high, the advantage of these systems is that heat collected can be used to heat the building. 

Deep footings involve digging down to stable, usually granular, soils. “At a Dawson City apartment building, ice rich permafrost soils were removed by backhoe to the stable granular materials at approximately 4.0 metres below grade. Recast concrete pads and steel columns were installed directly into the granular base. Granular backfill reduced the potential for future uplift problems due to frost jacking. Main support beams for the building rest on the pile caps and a clear airspace is maintained beneath the building (Trimble, 1996: 169).”

Shallow footings are also used throughout the Yukon. The various designs involve concrete placement on a prepared granular base or engineered fill. Pile foundations of different  configurations can also be used throughout the Yukon, although the specific requirements a site may make some alternatives more appropriate than others. 

Some structures may be most effectively constructed in cold season to ensure minimal impact on the permafrost and active layer. During the construction of some shafts and pits, cold brine solution may be injected to freeze the surrounding ground and pore water and maintain the stability of the permafrost (Reimer, 1999). 



Due to the fragility of the permafrost in the Red Dog area, diversion ditches are not dug because the integrity of the structures could not be maintained against slumping associated with permafrost degradation. The result is that more water has to be treated because diversion ditches are not successful. Attempts are made to minimize the impact to vegetative cover because vegetation insulates the permafrost from thermal degradation in summer heat. Slopes are reconfigured with the use of coarse rock liners to increase stability (Kulas, 1999).

5.3 Roads



There can be a significant impact from linear development and removal of surface insulation in the building of roads. See section 4.5 on frost heaving for common considerations in road building. Exposure to sun with road clearance can lead to increased thaw and degradation of permafrost. In turn, this can increase erosion and maintenance required to decrease overall impact.  The experience of building the Dempster Highway has increased engineering knowledge of road design in permafrost (YTG Highways).



At the Red Dog mine, road surfaces require a greater initial expenditure in order to minimize ongoing maintenance costs. Geotextile fabric is used for stability on the tundra and to hold in the fines. This is covered with a 6 foot lift of gravel and bulk material before the surface covering of the road is added. This quantity of building materials is required to maintain insulation from the ice rich permafrost soils (Kulas, 1999).



In contrast to the Red Dog management procedures for roads, Viceroy’s Brewery Creek site developed a foundation evaluation and characterization process. They use a test pit grid search for ice rich soils, before the construction of roads. Roads on this site are mostly built  to avoid permafrost rich areas or may use major fills to avoid thaw. One road crossing, a haul road in a valley from Golden to Lucky pit, will cross permafrost. Trees will be minimally cut and vegetation left as intact as possible in order to minimize risk and control the disruption of permafrost. This road will be given a base of filter fabric and will be constructed with a rock drain, attempting to protect the permafrost core (Lister, 1999).

�5.4 Foundations



There has been strong linkage between general construction experiences across the north and techniques in the mining industry for construction of mine site buildings, and particular design requirements for foundations. Section 5.2.1 and 5.2.2 describe some general concepts of active and passive systems for preserving permafrost, this section gives more detail on the experiences of specific mine sites. 



At Red Dog mine, all facilities were built elevated above the permafrost with insulation in floors.  The heavy industrial buildings such as the concentrator and heavy equipment garage were built on cement slabs. Radiator culverts are interconnected as a tubing network under the buildings in a system which sucks in cold air in the winter to super-cool the ground and then is shut off in the summer. Many areas were excavated and back filled.  The environmental coordinator at Red Dog relates that there have been no problems since construction (Kulas, 1999). 



Although Red Dog was used as a successful model for design and construction considerations, BHP has encountered some problems with permafrost. Their  milling and other process buildings were constructed on slabs. Rock fill was installed over bedrock and the accommodations complex was constructed on this base. Although the mill and process buildings have maintained their structural integrity, the accommodations complex is showing some structural movement (Williams, 1999).



Of the three case studies relating to foundations, Nanisivik mine site has encountered the most severe problems with permafrost. Three years after start-up the mill structure showed alarming deformation. Investigation revealed a melting ice lens 1-1.5 metres thick was present about 10 metres beneath the mill building, although no ice lens was identified during construction. Temperature measurements showed that the permafrost active layer had depressed to a depth of 10 to 12 metres underneath the centre of the building and to about 5 metres near the edges.  Remedial action involved driving four drifts (underground mine excavations) into the ice lens. Construction of a large number of concrete pillars in and beside the excavated drifts to support the roof has stabilized the situation and saved the mill from structural damage. Massive positive support of the crown pillar, combined with keeping the temperature as low as possible, has prevented further subsidence of the foundation.

�5.5 Dams



The impacts of permafrost on dam structures and waste impoundment areas can result in the following:

thaw of permafrost can increase seepage pressures;

settlement of structures;

loose material which may cause liquefaction if disrupted;

increased potential for piping of the dam structure; and

catastrophic failure.



At the Prairie Creek mine, construction of the tailings pond initiated fracture of slope and massive failure. They had cut down the hillside and exposed permafrost. The thawing was enhanced and speeded up by the addition of a PVC liner which allowed the solar heat to be retained close to the ground. 



Problems associated with overfilling of tailings impoundments and dam instability pose ongoing challenges for mine managers at BYG. The original design at BYG did not allow for the addition of a drain, and the foundation cannot be rebuilt, which would be two likely solutions to the problems at hand. A geosynthetic liner may be added on the face of the dam to limit permeability and reduce seepage pressures. Initial beaching of tailings on the dam face was intended to accomplish this limited permeability, but it takes time for the tailings to settle and is sometimes not as effective as anticipated in its ability to reduce seepage pressures (McAlpine, 1999). This issue relates to permafrost through thawing which has created more liquid in the system than was originally anticipated. This in turn leads to seepage which may threaten the dam integrity.



At the Red Dog mine, the tailings dam is an earthen dam with HDPE plastic liner on the face to control seepage losses. It is the view of the Red Dog management plan that nothing can be done to prevent  the impact of permafrost on the dam (Kulas, 1999). The dam is not designed to be a frozen core dam because the heat of water in the tailings is above freezing temperatures.



BHP elected to construct 2 ice core dams in their tailings and waste disposal plan. One of the dams is small, while the other is much larger, standing 20m high, spanning 250m across at the top, and thick enough to have a tote road on top of it. The tailings impoundment area, formerly a lake, is divided into 5 cells. Each cell is separated by dividers with soil filter curtains designed to entrap contaminants and prevent their migration between cells or into the outer environment. The design of the tailings impoundment system recognizes that it is necessary to build a pocket of permafrost in the tailings containment, and includes plans to allow development of ice lenses (Williams, 1999). 



The above examples depicted a range of approaches. The first, a lack of concern witnessed at Clinton Creek is no longer acceptable as an approach to mining in permafrost. The other approaches were monitoring and mitigation of anticipated permafrost impacts or planning and designing a pathway for permafrost alteration and growth in a way that minimizes damage. The evolution of dam design is witnessed in these case studies with the development of precautionary and proactive approaches.



5.6 Freezing



In northern climates, the presence of extreme cold conditions must be reflected in the design of mine site flow channels. It is important that there be a safe way to allow fluids to continue to flow in winter conditions. Culverts are more susceptible to freezing than open channels. However, build up of ice and snow in open channels can also lead to difficulties. 



At the Faro mine site, ice flows over one dam structure (“74 Structure”) glaciates in winter. This became a problem with quick thaws because erosion over the edge of the dam structure was increased. In situations like this, it can be more effective to have ponds with higher fluid retention capacity such that overflows are minimized. 



Experience with freezing is universally present. Throughout the paper there are specific examples of freezing in relation to the many phases of a mine’s life. These are further depicted in many case studies, including Prairie Creek, Clinton Creek, BYG, Northern Manitoba Mines, Minto, Nanisivik, and Viceroy.

5.7 Caps



Caps can be built as a protective layer over tailings and waste rock facilities. They need to be very thick to provide a thorough separation from the active layer and to protect the permafrost or enhance freeze back. DEW line landfills have witnessed full freeze back within 18 months (Reiner, 1999).



At Rankin Inlet Nickel Mine, pore water content in impounded tailings has evolved over 30 years of containment and has a very high total dissolved content which depresses the freezing point of the pore water. It is possible that a thicker cover is required to shelter the tailings in the summer and to enhance the potential for freeze back of permafrost (Dyke, 1999). Due to the incremental freezing of contained water, the last water to freeze will be the highest in salinity, contaminant or metal content (Jamieson, 1999).  Higher salinity content results in higher unfrozen water content, as well as lower hydraulic conductivity and transition times which leads to complex chemistry which is difficult to accurately predict (Dawson, 1996). Thus, ensuring the full freeze of a tailings area and is important to reduce potential for contamination with the very poor quality pore waters (high salinity, high concentration of metals, and other contaminants) from a mine site, but may be very difficult to maintain for long term storage of mining wastes. 

�

6.0 OPERATIONS



The operations phase of a mine’s life is characterized by constant change. For example, open pits deepen, mine works extend farther underground, and tailings and waste rock are accumulating. Every activity undertaken at the mine site during operations requires consideration of permafrost. Failure to consider the implications of permafrost can create problems ranging from deformations of well casings to health and safety hazards.

6.1 Underground Mines



At most underground mines permafrost is not a concern because solid rock is not an ice rich material. Underground operations can take advantage of the permafrost environment. For example, at Polaris the backfill is wetted to encourage freezing. At this mine the air temperature underground is maintained below freezing. This raises unique concerns for worker health and safety as well as the running of equipment, but maintains permafrost integrity and minimizes the mine’s footprint (Pelly, 1999).

6.2 Open Pit



Open pits will retain an active layer  underneath the surface due to the warmth and movement of fluids (Jamieson, 1999). At the Faro zinc mine, this caused localized bench failures. Tote roads following the contours of the open pit were unstable from frost heaving, thaws and accompanied the bench failures. Safety considerations became important. This expensive operational problem was directly related to the retention of the active layer throughout the surface of the pit (GeoEngineering, 1990). 



At the Iron Ore Company of Canada’s Schefferville operations, permafrost is prevalent. After blasting, the rock must be mucked out quickly or secondary blasting is necessary. Similarly, influences of extreme cold and freezing conditions are apparent in many aspects of operation at the Red Dog mine. In the open pit, after the drill holes are blasted, there is a short window of time available to muck out the rock before it freezes solid and needs to be blasted secondarily. When drilling, blast patterns are designed to facilitate quick removal of rock and also to avoid filling blast holes with water that could freeze and thereby inhibit packing of the blast hole. Monitoring wells also must be quickly set up after drilling before they are able to freeze.  







6.3 Health and Safety



Drilling underground usually requires the use of water to suppress dust generation which would otherwise be a health and safety consideration for mine workers. When drilling in permafrost, water will freeze and plug the drill holes before it is possible to pack them with explosives. Consequently, brine solutions must be used or special approval must be given to drill in dry conditions. One example of this is the use of a rubber seal against the rock face to capture dust generated in drilling) (Pelly, 1999).



The Mine Safety and Health Administration, responsible for ensuring worker health and safety in Alaska, has granted Red Dog a special permit to allow the packing of blast holes with explosives before all have been drilled to avoid difficulties with freezing (wiring is accomplished after all are set up).



As discussed in section 6.2, the localized bench failures at Faro have created a safety problem.

6.4 Water Lines



Water lines are used in all aspects of mining to move fluids as well as water. If these lines freeze it can be expensive both in time and money to repair. Different operations attempt of protect their water lines from freezing in different ways. 



All water lines at Red Dog are insulated and heat traced to avoid freezing. Operational cost for maintenance and electricity is expensive but necessary in order to properly maintain the piping systems. Standby power and heat generators are also kept on site.



Both Viceroy and BYG use the warmth of fluids in the pipes to maintain unfrozen conditions. BYG insulates water lines to further ensure freezing does not occur and steams out the pipes or bypasses them when they do freeze (Hureau, 1999). At Viceroy, the heap solutions are warmed with the captured heat from a used oil burner and diesel exhaust gasses (Lister, 1999). Consequently, the temperatures of the solution only decrease by 1ºC over the winter season. There have been a few problems with header lines freezing but in an attempt to mitigate this problem, in conjunction with insulation, the last distance of the return line is now heat traced (Lister, 1999). 

�

7.0 TAILINGS AND WASTE CONTAINMENT



The integrity of containment structures is essential and must be maintained in the long term. Influences of permafrost have the potential to aid or hinder design criteria in developing management techniques for effective long term storage of tailings and waste. The following sections discuss examples of frozen core dams, encapsulation of wastes with permafrost, and special considerations such as acid mine drainage and contaminants.



7.1 Frozen Core Dams



In the Yukon, frozen core dams are not appropriate for use, except possibly in the very far north.



Design considerations for frozen core dams must consider the potential that the dam might not freeze fully while the mine is in operation due to the significant source of heat contributed from the tailings water.  



A typical frozen dam consists of a frozen core keyed into a frozen foundation, an upstream sandy prism overlain by a rock fill blanket, and a downstream rockfill prism. In addition a freezing column may be necessary at some stages of dam construction. The frozen core zone can be constructed from compacted earthfill or from hydraulically placed material. The dam profile is similar to that of an unfrozen rockfill dam. The primary design issue is the freezing and the foundation and seepage barriers. 



Successful performance of frozen core dams has occurred where the average annual air temperature is less than -7°C, such as the water supply dam at Crescent Lake or the Lupin tailings dams (Dawson, 1996). At the Russian Petrovsk Dam frozen conditions could not be maintained and the entire dam had to be rebuilt. Average annual air temperatures in the Petrovsk area are -4°C (Dawson, 1996).



Frozen dams are generally not higher than 20m. Higher dams are difficult to keep frozen as larger surface areas thaw more readily. BHP has recently constructed a dam 20m high which is intended to be a frozen core dam.



At the Mount Nansen mine site, BYG has been monitoring the permafrost temperatures and its changes in and below the core of the dam. This is accomplished with a string of thermistors drilled past the permafrost to the foundation in the dam, berm and embankment  (Hureau, 1999). BYG feels that it will take time to attain freeze back because the dam is located in a valley (Hureau, 1999). Others do not anticipate that the dam will fully freeze at this latitude (Stepanek, McAlpine, Godin, 1999) 



Finally, it is important to remember during operations that snow acts as an insulator in winter, and should be removed from areas which require freeze back to allow penetration of the cold. 



7.2 Permafrost Encapsulation of Waste



Effective disposal of waste through permafrost encapsulation relies on attaining full freeze back of the structures and waste in a timely manner. Many factors contribute to the rates of freeze back as well as overall potential for maintaining structural integrity, avoiding contamination and attaining full freeze back over long term. Examples from Rankin Inlet, and landfills from DEW line and Russian sites are described to outline factors of concern in attempting to use permafrost for encapsulation of wastes.



At Rankin Inlet, it was anticipated that the tailings would exhibit freeze back, but this has not yet occurred. It has been suggested that mean annual air temperature required would be maximum -6ºC. Gravel was placed on tailings at Rankin Inlet in 1994 and permafrost has returned 4-5 metres into the tailings. The current model predicts 15 years to freeze back in the tailings, but there remain concerns about the degree and impact of salinity on the freezing point (Dyke, 1999). Prediction of freeze back rates are based on a wide range of factors and may be difficult to model with precision.



The engineering design of landfills in the Arctic at DEW line sites may provide some useful information for mine site design. If permafrost is very cold and continuous, it may be possible to use it to aid in containing waste. DEW line experiences indicate that such sites in the Yukon occur only in the far north eastern part of the territory.  Some DEW line landfills have witnessed full freeze back within 18 months (as monitored with thermistors). However, heat flows from mine waste such as high liquid content tailings may impact the permafrost integrity more extensively than solid landfill wastes(Reiner, 1999). Tailings, in comparison to landfill waste, have a higher ice content and greater water movement making encapsulation a difficult challenge and prediction of time frames for equalization unreliable (Reiner, 1999). 



Experiences in Russia with landfill encapsulation of waste emphasize the importance of only using very cold permafrost which is situated in an area where tectonics are not a concern (Romonofsky, 1999). Types of wastes and temperature will greatly influence potential for movement (Romonofsky, 1999). All water in permafrost does not necessarily freeze because there is a preferential attraction to some soil particles (for example, clay) so the water does not completely enter the ice crystal structure (Dyke, 1999). The presence of unfrozen water in permafrost may increase pore water movement, as well as the ability of contaminants to move.



If there remains uncertainty that permafrost will freeze back and encapsulate the impounded waste, then design must allow for permafrost thaw and release of pore water pressures. In this case, some release of effluent would likely occur, therefore water balances must be carefully monitored. However, if the solutions involved might be toxic, this release should not be allowed. In this scenario, the preferred option consists of  a liner system which must be used for the whole tailings area to limit what is released to surface and ground water. These liners have a thirty year guarantee from the manufacturer if covered, but will degrade in 2 to 3 years if left exposed (Stepanik, 1999). Not much is known about the impact  to liner integrity from permafrost related shifts in the ground surface, but the unevenness and potential for damage from chunks of ice can break and tear the liner. To ensure effective encapsulation of waste, alternatives be considered such as clearing  permafrost or to build in a permafrost free area (Stepanik, 1999).

7.3 Acid Mine Drainage



Mines located in regions of permafrost may use permafrost to combat acid generation in tailings and waste rock by freezing and keeping them in a frozen state. Pyrite oxidation is an exothermic reaction, meaning that heat is given off during the reaction. This has implications for permafrost, and tailings encapsulation in permafrost. Available data and modeling approaches show that there may be a considerable decrease in the rate of oxidation of pyrite as the temperature approaches OºC (Canmet, 1993). 



Kinetic scaling was an important consideration in the determination of why modeled AMD rates were not correctly  predicted at Equity Silver mine. The tests showed that the rocks were reactive but the planners were counting on cold temperatures to prevent AMD (Ferris, 1999). At this mine, the they did not factor in the rock thermoconductivity and the balance between heat generation and heat release. As the pile increases in size, more heat is stored within the rock pile creating a positive feedback loop for AMD generation. Within two years Equity Silver had and AMD problem (Godin, 1999).



Information compiled through the MEND program, “Mine Effluent Neutral Drainage” program (a government/industry group promoting research on Acid Mine Drainage), indicates that AMD is not eliminated or reduced to negligible levels in the permafrost environment. Potentially acid generating materials within the active zone are capable of generating AMD. Also, frozen ground can, under some conditions, create AMD (Dawson, 1996). 



Frost wedging, frost shattering, and frost weathering are all terms that refer to the physical breakdown of rock and soil into smaller particles. This also occurs in minerals (MEND, 1996). This is a mechanism in cold climates that may actually increase the rate of acid generation. Konishchev and Rogov (1983) determined that mineral disintegration and exposure of new reactive surfaces still occurs in permanently frozen mine materials.



The data from the Lupin mine shows that about 3m of a sand/gravel mixture cover is required to freeze the active layer in the permafrost and keep the tailings permanently frozen. Using a water cover with frozen perimeter dykes may be feasible although this has not been attempted in practice. The high annual evaporation rates, coupled with the low annual precipitation rates in the North make this approach difficult because it will be hard to maintain a water cover. 



“In discontinuous permafrost regions it may be practically impossible to develop permafrost in the tailings (MEND, 1993:iii).” Current design theory for this idea requires total containment of tailings with a frozen perimeter dyke, using non-mechanical heat tubes to extract heat from the ground during the winter and reducing heat entry in the summer. Heat tubes of this nature have been used in northern roads, pipelines, and airfields, including the Alaska pipeline. There are concerns however, about increasing the exposure of contaminants through creating channels in the containment structure (Nahir, 1999).



A marginal and unproven alternative to develop and maintain permafrost in the discontinuous permafrost regions may be a convective rock cover. The principle of the rock cover is that during winter, heat is extracted from the ground by air convection through the large voids in the rock and during the summer the cold air is trapped in the voids acts as an insulation blanket (Canmet, 1993: iii). One thermal analysis for uranium tailings in Canada supports this theory (Woo and Drake, 1988). There are concerns that air and water contact are meant to be minimized in order to ensure acid generation rates remain low, and this “convective cover” would enhance flow-through of both water and air.



Woo and Drake note that the problems associated with uranium mine tailings are similar to those associated with wastes from other metal mines. However, significant information gaps exist regarding their interaction with the northern environment. The objective of their study was to “establish a model to describe and predict the effects of uranium mine tailings on the hydrological and thermal environments of the tundra permafrost in Keewatin (Woo and Drake, 1988:i).” 

�

7.3.1 Control Strategies for Acid Mine Drainage in Permafrost Regions



There are many different control strategies for AMD in permafrost regions. Some are more proven than others, and caution should be exercised when selecting the most appropriate for a specific site. Some of the more common control strategies are:



Freeze control – immobilizes fluids controlling AMD reactions and migration. This system does not necessarily stop AMD production in tailings, and it is important to note that freezing large quantities of mine waste can be problematic. In continuous permafrost, total freezing could be achieved once the containment area is filled or by freezing thin layers during filling. Allowing tailings to freeze back after filling requires perimeter dykes (MEND, 1996).



Climate Control- low annual precipitation levels and cold temperatures of permafrost are natural buffers to AMD production. Some engineered strategies can be used to control, to some extent, the production of AMD in the permafrost climate.



Engineered Dry Cover- Can be used to restrict water and oxygen from entering the waste piles. MEND has identified the need for the development of lower cost dry covers, as well as the exploration of the use of different materials for the dry cover . 



Subaqueous Disposal - Disposal of potentially AMD creating materials under a water cover to restrict the ingress of oxygen into the material. Low oxygen availability hinders oxidation. This kind of disposal scheme normally requires a pipeline, which can be problematic if maintaining the pipelines in as ice-free state is a challenge. This is the design plan for the Voisey’s Bay site near Nain, Labrador. 



Blending and Segregation - Blending and segregation of acidic and alkaline materials can result in a net neutral waste product that produces a non-acidic leachate. If sufficient quantities of alkaline materials are not economically available, blending ratio is not adequately maintained, or blending is not achieved, this is not an effective strategy. MEND is undertaking further study on this strategy.



Collection and treatment - Collecting and treating leachate is a proven and demonstrated control strategy, however post-closure it is less feasible problematic because of the logistics and high cost of long term operation of a seasonal treatment facility, and no cash flow upon closure to facilitate long term care.

7.4 Contamination



Due to the incremental freezing of contained water, the last water to freeze will be the highest in salinity, contaminant or metal content. This has been noted at sites such as Rankin Inlet where impounded tailings remain partially frozen. Impoundments where partial freezing occurs may have a higher degree of toxicity associated with the unfrozen fluids (Jamieson, 1999). At the Lupin Mine, the freezing point depression due to process chemicals in the tailings was approximately –0.3°C. Other studies indicate similar results with unfrozen water content of 5% at -40(C. This could affect the influences on chemistry in the tailings and contaminants contained within them.  



The Giant gold mine located near Yellowknife, NWT, has been in operation since 1948. The mine operators have lowered the water table to the extent that the discontinuous permafrost which was once present no longer exists (O’Reilly, 1999). The mine produces arsenic trioxide as a by-product of its roaster, which is then stored underground in mined out chambers. Due to the potential harmful effects of a leak into the water source for Yellowknife and surrounding area, Giant was ordered as part of their Water Licence to develop a management plan for the arsenic trioxide. Although the engineering design for the underground chambers has improved over time, the earlier capsules may not be as stable and impermeable as required. Already some chambers have discharged arsenic from water percolating through (O’Reilly, 1999). One design idea for the management plan was to open the chambers in winter and blow cold air through to freeze the capsules in an attempt to restore permafrost to the site. This idea has not been further developed because of the high risks associated and uncertainties about  effectiveness of this approach over the long term. 



Given the significance of the potential risks and impacts associated with tailings and waste containment structures, long term monitoring is a key component of the mine management plan.

�

8.0 MONITORING



Early detection of permafrost disruption is critical in avoiding catastrophic unplanned events such as dam failure or structural deformation in buildings. Monitoring devices such as temperature sensing equipment can be built into structures, liners, etc., to act as an early warning system. Probing, drilling and retrieving undisturbed core is an indicator of a sound structure with permafrost integrity intact.  Geophysical techniques with ground -truthing can also be effective (Johnson et. al., 1984).

8.1 Thermistors and Piezometers



Two types of gauges are commonly used to measure and monitor changes in mine site structures, thermistors and piezometers. Thermisters monitor change in temperature. Piezometers measure changes in pressure of fluids or compression of a substance subjected to this pressure. At BHP, sixty thermisters were built into the dam to enable technicians to closely monitor the dam. BYG uses pneumatic piezometers and thermistors to determine the thermal regime and degree of freezing in the dam. Similarly, temperature probes in the dams at the Manitoba hydro-dams warn of thaw conditions. At Brewery Creek, Viceroy uses thermistors to ensure that the process solutions remain unfrozen and effectively extract the minerals from the heap leach pad. 

8.2 Settling



It is not difficult to monitor settling, however, to observe trends requires time. Regular structural inspections can help to indicate settling activity before visual cues are observed. At Nanisivik, only three years after construction, serious structural deformation was observed in the mill building.  The problem was corrected using cement pillars. This situation may have been remediated less expensively if it had been detected earlier.

8.3 Liner Integrity



Since all liners leak to some extent, it is difficult to monitor liner integrity. PVC tends to be a somewhat resilient to settling due to its flexible nature, and therefore maintains its integrity under greater stress than other liner types.



Below the heap leach pad at Brewery Creek there is a double composite liner with a perforated collection pipe in the gravel layer between the liners which allows for monitoring for leaks. In its next cell construction design, Viceroy plans to use a geosynthetic clay liner instead of an upper silt layer. This will have a low permeability and the ability to swell with leaks. This liner may be more able to allow for shifts caused by permafrost related settling than other liners. A leak detection system will again underlay the new liner system (Lister, 1999). 

8.4 Freeze Back



Experiences from DEW line disposal sites indicate that long term monitoring of the frozen regime will be needed in order to ensure the maintenance of the integrity of the landfill structure. Long term monitoring will also aid in assessing the degree and rate of permafrost freeze back the waste (Reiner, 1999). Thermistors have been used at DEW line sites for monitoring have indicated that freeze back can be witnessed within 18 months. However, this is not consistent at all sites (Reiner, 1999).  In landfills, it is necessary to choose an optimum water content and degree of saturation because there needs to be a balance between movement of water and  potential for freeze back. Other examples have been discussed in sections 5.6 and 7.1.





�

9.0 RECLAMATION AND CLOSURE



The reclamation and decommissioning phase of a mine’s life requires careful planning if problems with permafrost are to be avoided. In the best case scenario, permafrost can be built into a reclamation plan. Many problems can be avoided if reclamation is considered during mine planning and design. 

9.1 Slumping



Among the most active geomorphological features in permafrost terrain are retrogressive thaw slumps. Also known as ground-ice slumps or tundra mudflows, these features consist of a steep, ice-rich headwall and a mudflow of gentler gradient downslope (Burn, 1989). The slumps are usually products of disturbed terrain at the surface, sometimes of anthropomorphic origin. Other origins can include riverbank erosion.  Thaw slumps occur when ice-rich sediment is exposed and begins to melt. 



The preferred management technique for dealing with mine cuts in a permafrost region is to allow natural degradation of the permafrost slopes and slumping of the cuts to aid in reclamation (Henning, 1999). This method first allows the natural vegetative mat on the surface to melt, slough, slump and drape over the disturbed area in a way that increases the stability of the cut. Subsequently, the sheltering of the exposed permafrost serves to insulate from further thermal degradation of the permafrost, slumping and thaws thereby enhancing long term stability. It also provides a layer of organic material that already has root systems and integrity to help prevent erosion. In contrast,  to mechanically decrease the side slopes of a mine cut requires a much larger land disruption and the stripping of the vegetative layer. Rather than aiding stability, this can result in increased erosion. The experience of Alaskan mine sites has been that natural slumping processes of permafrost can reclaim a mine cut area in 4 to 10 years depending on site specific considerations such degree of disturbance, presence of ice wedges, soil and vegetation types etc. (Henning, 1999).



This approach may be of concern for physical safety reasons during the slumping period. It is also possible that some sites may not be conducive to this revegetation approach because without careful control of erosion slumping may lead to a catastrophic consequences.



Near McGrath, Alaska, formerly a site of placer mining, natural slumping processes have meant that recontouring and revegetation of a pit wall has occurred. Over a six year period the exposed outer surface of the ice wall beneath the organic mat melted. The open edge of the organic mat gradually sank down to the original ground level. As the ice wall melted, melt water and silt from the wall flowed across the mining pit floor, providing water and nutrients for the rapid growth of native vegetation. 



9.2 Adits



Adits which are used to drain fluids throughout the winter season commonly form ice plugs. This can lead to a build up of pressure from the accumulation of unfrozen liquid behind the ice plug, and can lead to explosive destruction of the integrity of the adit (Enns, 1999). Adits in Roger’s Pass, in Yoho National Park, the UKHM mine site (No Cash, Onek, and Keno 700) and Mount Skookum have all experienced problems with frozen adits (Enns, 1999). UKHM was requested by the Yukon Territory Water Board to do more work to mitigate this problem and design the adit so it would drain more effectively, but this has not been accomplished (Enns, 1999).  It is worthy of note that some adits never experience problems with ice build up, but this is very difficult to predict (McAlpine, 1999).  



At Mount Skukum, the adit is very long with lakes 93 metres above the bottom of the adit. This can lead to a high pressure situation if the water flows out of the adit become blocked by ice. Flows in the adit should be restricted or diverted before the pressure is able to build up (McAlpine).



UKHM Water Licence requires that a heat trace line be used at Galkeno and Onek as an interim measure until further investigation is carried out, so that the release would be chronic rather than episodic.

9.3 Revegetation



Burn and Freile (1989) determined at their test sites near Mayo that, “succession toward a closed-canopy spruce forest is well under way about 40 years after a disturbance” in their study of revegetation. This has implications for reclamation planning. Although the study area is known to host permafrost, the explicit investigation of permafrost was not a component of the study. The study concluded that non-toxic placer tailings can successfully host vegetation, depending on slope and other environmental factors.



Smith (1999) observes that where land is cleared for agricultural purposes in areas of discontinuous permafrost, the organic mat remains somewhat intact as soil is preserved. When ground is prepared for mining and the entire organic mat is removed, it is more difficult for revegetation to be successfully established and permafrost may be more severely impacted. Some Alaska mine sites have allowed the vegetative mat on top of the mine cut to slump with permafrost degradation and drape over while maintaining the integrity of the organic mat (Henning, 1999). 

9.4 Long Term Stability



Problems can occur when the reclamation plan is based on the premise that the permafrost is intact when in fact it has thawed or is in the process of thawing. Dykes constructed on ice-rich permafrost may require regular ongoing monitoring and maintenance as thawing and settlement continue after abandonment (GeoEngineering, 1990). Thus, ongoing assessment is necessary to adequately design and maintain long term stability of a mine site in a permafrost region, thereby ensuring continuous improvement and the opportunity to be proactive instead of reactive in response to permafrost conditions.  

9.5 Climate Change



It is widely accepted that climate change is more than a theory, and that as temperatures change the north will likely be affected by a greater range of temperatures on an annual basis, as well as an overall warming trend. If these predictions are accurate, the Yukon’s discontinuous permafrost may be most sensitive to the thermal disruption and may thaw.

 

The impact of climate change is often predicted using general circulation models (GCMs).  “In northwest Canada topographic influences on climate are substantial, but not well represented at the scale of most GCMs (Burn, 1993:182).” Because of  this, no clear picture has yet emerged of what effects climate change will have on the Yukon.



The thermistors at the Red Dog mine in Alaska show a warming trend, which mine management attributes to climate change (Kulas, 1999). Preliminary analysis of the trend has not been undertaken.



Woo and Drake’s final report noted that, “the climactic warming predicted by 2050 might be sufficient to change the permafrost regime in Keewatin. The long term radiological hazard of uranium mine tailings means that long-term changes should be considered. (1988:39)”  The same is true for the Yukon - reclamation planning must incorporate climate change if structure stability and decommissioning are to be successful.





�

10.0 CONCLUSIONS AND RECOMMENDATIONS



The case studies and literature review presented in this paper point to several recurring themes, concerns, and areas where experience has informed and improved practice. The most important recommendation which emerges from this paper is the need to proceed with caution in the application of permafrost and freezing management techniques, particularly in the Yukon where discontinuous permafrost conditions are the most prevalent. 



Discontinuous permafrost is more difficult to characterize and map than continuous permafrost, but can have a similar degree of impact in influencing options for mine design. Further, the fragility (warmth, shallowness, and thinness) of discontinuous permafrost can result in disruption which is permanent. This can have long term repercussions and therefore should be considered in Yukon mine designs. The implications of the site characteristics (such as geology, moisture content, etc.) are as important as the type of permafrost. Innovations such as frozen core dams and encapsulation of mine wastes in permafrost may not be appropriate in most of the Yukon because full freeze back and permafrost integrity will be difficult to achieve. 



One concern which emerges from this paper is the need to bridge the gap between the body of scientific literature about permafrost and engineering assumptions for mine sites. Both approaches to understanding and predicting the potential changes and formations of permafrost have merit, however increased dialogue would enhance the overall knowledge in relation to mine sites. As we learn more about permafrost and are capable of using it in mine design, it is important to bear in mind that the legacy of our present decisions will be carried in the long term sense. 



As experience with mining in permafrost zones grows, one of the lessons we can learn is that adequate site characterization and collation of sufficient site specific data ensures that decision making is more informed and that alternatives can be evaluated with a deeper understanding of their consequences. Complexities in design increase with permafrost degradation in a compounded way , and therefore initial planning must be conservative and take a preventative approach. While remedial action may be possible, costly mistakes may be avoidable with appropriate planning. 



Exploration companies need to examine the impact of their activities within the context of permafrost so that they can be proactive in informing and assisting the future mine design process. This holds true through construction, operation, and long term maintenance of a mine site. A comprehensive monitoring program which includes dynamic responses to changes in the permafrost is necessary throughout the life of the mine. 



Although this paper focused on case studies of technical issues related to permafrost and freezing in northern mine sites, the depth of engineering detail was kept general. The GeoEngineering report (1990) was useful in its technical analysis. However, in the last nine years the body of scientific literature about permafrost has greatly expanded. This new knowledge could inform an updated version of the GeoEngineering report. How water and ice move in permafrost can be identified as an area of possible future research which would directly inform mine design. This report has emphasized the importance of accurate initial site characterization, but techniques for monitoring, assessment, and response to changes in mine site conditions as a result of permafrost and freezing influences must also improve. 



As we look to the future and try to understand what implications global warming will have on the northern environment, issues such as long term containment, monitoring, and design for mines in areas of permafrost and freezing become more immediate. A fuller understanding of the implications of permafrost and freezing on northern mine sites is desirable for assuring responsible mining practices in the long term sense.  



�APPENDIX I: CASE STUDIES

BHP, Ekati Diamond Mine, Lac de Gras, NWT.

Construction, ice core dams, monitoring, ice lenses

After looking to Red Dog mine as a case study in planning and design for modern northern mining, BHP elected to construct 2 ice core dams in their tailings and waste disposal plan. One of the dams is quite small, while the other is much larger, standing 20m high, spanning 250m across at the top, and thick enough to have a tote road on top of it. Sixty thermisters were built into the dam to enable technicians to closely monitor it. The tailings impoundment area, formerly a lake, is divided into 5 cells. Each cell is separated by dividers with soil filter curtains designed to entrap contaminants and prevent their migration between cells or into the outer environment. The design of the tailings impoundment system recognizes that it is necessary to build a pocket of permafrost in the tailings containment, and includes plans to install ice lenses. 



Milling and other process buildings were constructed on slabs. Rock fill was installed over bedrock and the accommodations complex was constructed on this base. Although the mill and process buildings have maintained their structural integrity the accommodations complex is showing some structural movement.  

�

BYG Mt. Nanson Mine Site, YT. 

Dam stability, permafrost thaws, water balance

Map#105I3, Latitude/Longitude 62.0417/137.1375

Not mapped by Geological Survey of Canada (Map of Permafrost and Ground Ice Conditions of Northwestern Canada1691A)

During the initial construction of the dam at BYG’s Mount Nansen site, not enough ice rich material was removed, this has led to concerns about the integrity and stability of the dam and contained tailings. In the planning phase, it was never resolved how to prevent this slumping, only how to fix it after a problem is identified (McAlpine, 1999). Differences between seepage predicted and witnessed may be due to the impact of the fluids as a heat source that percolates through the dam structure as well as difficulties experienced in determining an accurate thermal analysis to define and evaluate the impact of flowing heated liquids (McAlpine). The optimistic assumptions implemented in the dam design have led to the construction of a dam with a low safety factor for design criteria for the conditions experienced. Increased seepage has been noted, and other effects are difficult to detect before a large scale problem occurs.



The original design did not allow for the addition of a drain, and the foundation cannot be rebuilt. A geosynthetic liner may be added on the face of the dam to limit permeability and reduce seepage pressures. Initial beaching of tailings on the dam face was intended to accomplish this limited permeability, but it takes time for the tailings to settle and is sometimes not as effective as anticipated in its ability to reduce seepage pressures (Mc Alpine, 1999).

�

Clinton Creek, YT.

Dam stability, water balance, mass movement of tailings

Site conditions: extensive discontinuous permafrost with ice content low to moderate where material frozen. Permafrost occurs as thin seams, reticulate veins, lenses, and/or wedges. Massive ice may occur at depth (4LM on GSC Map of Permafrost and Ground Ice Conditions in Northwestern Canada).  

Clinton Creek Asbestos Mine operated between 1968-1978, in a discontinuous permafrost zone approximately 100km north of Dawson City, Yukon Territory. The active layer of permafrost was reported to be 0.3m-0.5m on north-facing slopes. The mine site was constructed in the 1960’s and 70’s era of engineering philosophy that assumed permafrost would stay frozen. Ice deformations and movement were not considered to be of significant concern, nor was thaw potential. “Segregated ice, forming large crystals and thick lenses in alluvial valley deposits and near surface bedrock, was commonly encountered in undisturbed ground (Stepanek et al., 1992).”



Hutchin Lake at the top of Clinton Creek had a water control structure which was washed out in an extreme rain event of 1977, leaving only ¼ remaining. The rock dump slid across the valley in 1986 as a result of being built too close to ice rich soils and poor strength materials (McAlpine, 1999). This blockage increased the lake depth above the slide.



Three open pits were mined, producing almost 12 million tons of tailings, 35 million cubic metres of waste rock, and 7 million cubic metres of dry tailings. Most of the overburden rock from the main pit was dumped over the north facing wall of the Clinton Creek valley. When the toe of the dump reached the valley floor it began to spread over the low shear strength and ice-rich alluvial soils at the valley bottom (Stepanek, 1992). This movement was stopped by a wall of tailings and waste rock, which formed a dam when the containment structure intended for their impoundment broke. Currently documented slumping due to thaw of ice rich soils indicate the tailings are still moving (McAlpine, 1999). There has been no sampling of in situ materials



A number of errors contributed to the failure of the containment structure. The steep hillside did not have sufficient capacity to support the waste rock dumped from the north wall. Permafrost degradation contributed to the foundation failure of the dam (Stepanek and McAlpine, 1992). 



In order to stabilize this site, fill would have to be placed to raise the lake behind the waste rock dump (McAlpine, 1999).



�

Crescent Lake Dam, Thule, Greenland

Dam stability

The Crescent Lake Dam is an earthfill embankment constructed near Thule Air Base, Greenland, to impound a dependable water supply for the base. The existing natural reservoir of Crescent Lake had a maximum capacity of 370 000 cubic metres, and could be increased significantly with the construction of a 3.6m high dam and a small auxiliary dyke.  Dam design was based on the premise that the soil in the central part of the embankment would stay frozen throughout the year, creating an impervious core section, and that the water surface elevation would remain below the top of the frozen portion of the dam. Studies of the temperature verify this design premise. Data shows that two winters were required to establish an stable thermal regime in the dam. For more information on this case, see Fulwider. The dam reached its final height of 6.25m in 1959. Currently the dam performs well even though the operational requirement to keep the water elevation below the base of the active zone was not strictly adhered to (MEND, 1996).





DEW Line Landfills, YT and NWT.

Permafrost encapsulation, ice content monitoring, freeze back

The experiences of engineering design of landfills in the Arctic at DEW line sites may provide some useful information for mine site design. If permafrost is very cold and continuous, it may be possible to use it to aid in containing waste. However, heat flows from mine waste such as high liquid content tailings may impact the permafrost integrity more extensively than solid landfill wastes. Long term monitoring of the frozen regime will be needed to ensure that integrity of the landfill structure is maintained and freeze back of permafrost into the waste is accomplished. Caps need to be very thick to provide a thorough separation from the active layer. DEW line landfills have witnessed full freeze back within 18 months, as monitored with thermistors. Tailings, in comparison, have a higher ice content and greater water movement making encapsulation a difficult challenge and prediction of time frames for equalization unreliable. In landfills, it is necessary to choose an optimum water content and degree of saturation because there needs to be a balance between movement of water and  potential for freeze back. Based on DEW line experiences, the far north and east of the Yukon may be the region most able to successfully contain waste in permafrost (Reiner, 1999).



�

Giant Mine, Royal Oak, NWT.

Underground mine integrity, arsenic contamination

The Giant gold mine located near Yellowknife, NWT, has been in operation since 1948. The mine’s operations have lowered the water table to the extent that the discontinuous permafrost which was once present no longer exists (O’Reilly, 1999).  The mine produces arsenic trioxide as a by-product of its roaster, which is then stored underground in mined out chambers. After almost 50 years of this practice, some 17-20 chambers exist underground, each containing 280,000 tons of arsenic trioxide dust. Each day an additional 10-13 tonnes is produced. Given the highly toxic nature of arsenic trioxide, the near proximity of Great Slave Lake, and the potential harmful effects of a leak into the water source for Yellowknife and surrounding area, Giant was ordered as part of their Water Licence to develop a management plan for the arsenic trioxide. Although the engineering design for the underground chambers has improved over time, the earlier capsules may not be as stable and impermeable as required. Already some chambers have leaked arsenic from water percolating through (O’Reilly, 1999). One design idea for the management plan was to open the chambers in winter and blow cold air through to freeze the capsules and restore permafrost to the site. However, this idea was discarded. 

�

Lupin Mine, NWT.

Tailings and waste containment, encapsulation, operation, reclamation

Lupin Mine is located on the west shore of Contwoyto Lake, Northwest Territories, about 400km northwest of Yellowknife. The gold/silver mine has been in operation since 1982 and milling capacity is currently 2200 tonnes/day. 



The initial tailings containment was created by damming a small watershed to create an enclosed basin. Tailings were then placed in a surface impoundment contained by frozen dykes which uses a synthetic liner for initial containment prior to freezing of the core. 



An early leakage incident occurred through fractures in the bedrock where a thaw bulb remained from the original drainage pattern. Tailings remain frozen throughout the year below a depth of 3 m, indicating that the active layer is no more than 3m thick. Although laboratory testing had indicated that net acidity would not be generated at low temperatures, operation has shown that portions of the tailings are now generating acidic drainage. Acid is being generated in the ‘old’ tailings.



Mine Dyke 1A and 2, core built simultaneously, were covered with PVC liner and left to freeze. The downstream shell and crest were constructed later. 



Freezing point depression due to process chemicals in the tailings was estimated at -0.3°C



Closure planning calls for a non acid generating layer to be placed over the tailings to bring the tailings entirely into frozen ground.



Minto, YT.

Dam stability, tailings containment

Map #115I11, Latitude/ Longitude 62.6018/137.0860

Not mapped by Geological Survey of Canada (Map of Permafrost and Ground Ice Conditions of Northwestern Canada1691A)

Minto deposit is designated to be developed where there is a high proportion of ice rich materials. It is the intention to maintain thickened tailings at this site at a gradient of 5.5% slope, permafrost degradation of the ground could be a serious concern, particularly because the tailings impoundment area is to be located in a valley leading to the mainstem Yukon River.

�

The Monarch Adit, British Columbia.

Frozen adit, maintenance, monitoring

The Monarch lead zinc mine ceased operation in the 1950s. Located inside British Columbia’s Yoho National Park, the mine featured an adit overlooking the main line of the Canadian Pacific Railway. In the late 1970s the cement plug on the adit experienced an explosive unplanned event as the result of ice pressure on the cement cap. The water contained in both the adit and former open pit mine above, coursed down the mountainside and washed out the CP rail line. Tourists were trapped in the park and the disaster took weeks to clean up. The adit was re-engineered and has successfully maintained its integrity since then. Yearly inspections by rail authorities and park wardens are a precautionary measure to avoid further unplanned events on the rail line (Mickle, 1999). 



Nanisivik Mine, NWT.

Permafrost integrity, foundation structure, construction, remediation, monitoring

Nanisivik Mine is located in an area of continuous permafrost in the Canadian high arctic, with ground temperatures of approximately -10°C. Three years after start-up the mill structure showed alarming deformation. Investigation revealed a melting ice lens 1-1.5m thick was present about 10m beneath the mill building, although no ice lens was present during construction. Temperature measurements showed that the permafrost line had depressed to a depth of 10 to 12m underneath the centre of the building and to about 5m near the edges.  Remedial action involved driving four drifts into the ice lens. Construction of a large number of concrete pillars in and beside the excavated drifts to support the roof has stabilized the situation and saved the mill from structural damage. Further melting of the ice lens has been avoided by blowing cold air through the drifts during the winter. Stressometers, extensiometers, and thermistors have been installed and are monitored regularly. 



Massive positive support of the crown pillar, combined with keeping the temperature as low as possible has prevented further subsidence of the foundation.   

�

Northern Manitoba Hydro Dams, Manitoba.

Permafrost stability and maintenance

The hydro dams in northern Manitoba were built in discontinuous permafrost at 0ºC. During construction, some areas were excavated, ice rich soils were removed and inert materials were placed as insulating fill. Other areas were left as found and monitored afterwards for shifts and slumps. The dams were designed with extra freeboard to accommodate periodic settling. Temperature probes monitor the warming of the dam and warn of thaw conditions. Currently, areas where subsidence continues to occur are filled as needed.



Prairie Creek Deposit, NWT

Permafrost assessment, slumping

At the Prairie Creek Deposit, near Nahanni, it was intended that silver would be mined and tailings would be kept in a pond surrounded by permafrost. The tailings area was excavated, but failed before it could be used due to the slumping of the hillside which filled in the area. The price of silver dropped and this mine couldn’t afford to rebuild the tailings area and so never began producing silver. 





Polaris, Nunavut.

Frozen core dam

Polaris is located on Little Cornwallis Island in an area of continuous permafrost. Tailings are disposed of at a depth of 26m into a natural lake. A frozen core dam is in place to control lake discharge. The dam was constructed during the winter season using layers of saturated coarse rock. The dam’s frozen condition is maintained using styrofoam and an earth shell. 

�

Rankin Inlet, Nunavut.

Permafrost encapsulation, unfrozen tailings, cap, freeze back

Rankin Inlet Nickel Mine mined sulphide minerals from an open pit between 1957 and 1962 in the Distract of Keewatin on the northwest coast of Hudson’s Bay, Nunavut. Tailings were excavated and re-deposited in the drained open pit between 1992 and 1994 (Meldrum, 1998). This area was covered with 1 metre of gravel fill.



At Rankin Inlet, it was anticipated that the tailings would exhibit freeze back, but this has not yet occurred. It has been suggested that mean annual air temperature required would be maximum -6 ( C. Gravel was placed on tailings at Rankin Inlet in 1994 and permafrost has returned 4-5 metres into the tailings. The current model predicts 15 years to freeze back in the tailings, but there remain concerns about the degree of salinity and the impact on freezing point (Dyke, 1999). Prediction of freeze back rates are based on a wide range of factors and may be difficult to model with precision.



The unfrozen condition of the tailings at Rankin Inlet can be attributed to many factors. This site is intertidal, which has lead to the periodic flooding of the tailings area. Pore water content has evolved over 30 years of containment and has a very high total dissolved content which depresses the freezing point of the pore water. It is possible that a thicker cover is required to shelter the tailings in the summer and enhance the potential for freeze back of permafrost (Jamieson, 1999). 



Due to the incremental freezing of contained water, the last water to freeze will be the highest in salinity, contaminant or metal content. Impoundments where partial freezing occurs may therefore have a higher degree of toxicity associated with the fluids remaining unfrozen (Jamieson, 1999). 



�Red Dog Mine, Cominco Ltd. Alaska, USA. 

Construction, operation, dam stability, roads, frozen blasting conditions

The Red Dog Mine is located 100 miles north of the Arctic Circle in a belt of continuous permafrost which is hundreds of feet deep. This permafrost is fragile due to a mean annual temperature close to freezing point. The active zone can be thin but this depends on slopes and direction of facing. The area consists of treeless tundra. 



The permafrost in this area easily bulbs with the introduction of a heat source, so the design of this mine site required careful attention to details related to protecting the permafrost.  All facilities were built elevated above the permafrost with insulation in floors.  The heavy industrial buildings such as the concentrator or heavy equipment garage were built on cement slabs. Radiator culverts are interconnected as a tubing network under the buildings in a system which sucks in cold air in the winter to super-cool the ground and then is shut off in the summer. Many areas were excavated and back filled. There have been no problems since construction.



The tailings dam is an earthen dam with HDPE plastic liner on the face to enhance impermeability. It is the view of the Red Dog management plan that nothing can be done to prevent  the impact of permafrost on the dam. The dam is not designed to be a frozen core dam because the heat of water in the tailings is above freezing temperatures. Thermistors and piezometers are monitored in the dam. Visual inspections are also undertaken.



Road surfaces require a greater expenditure to build in order to minimize ongoing maintenance costs. Geotextile fabric is used for stability on the tundra and to hold in the fines. This is covered with a 6 foot lift of gravel and bulk material before the surface covering of the road is added. This quantity of building materials is required to maintain insulation from the ice rich permafrost soils.



Due to the fragility of the permafrost in this area, diversion ditches are not dug because the integrity of the structures could not be maintained against slumping associated with permafrost degradation. The result is that more water has to be treated because diversion ditches are not successful. Attempts are made to minimize the impact to vegetative cover because vegetation insulates the permafrost from thermal degradation in summer heat. Slopes are reconfigured with the use of coarse rock liners to increase stability. 



Influences of extreme cold and freezing conditions are apparent in many aspects of operation at the Red Dog mine. In the open pit, after the drill holes are blasted, there is a short window of time available to muck out the rock before it 



Red Dog, continued

freezes solid and needs to be blasted secondarily. When drilling, blast patterns are designed to facilitate quick removal of rock and to avoid filling blast holes 

with water that could freeze and thereby inhibit packing of the blast hole. The Mine Safety and Health Administration, responsible for ensuring worker health and safety in Alaska, has granted a special permit to allow the packing of blast holes with explosives before all have been drilled (wiring is accomplished after all are set up). Similarly, monitoring wells must be quickly set up after drilling before they are able to freeze.  



All water lines are insulated and heat traced to avoid freezing. Operational cost for maintenance and electricity is expensive but necessary in order to properly maintain the piping systems. Stand by power and heat generators are also kept on site.   (James Kulas, 1999)

�

Viceroy, Brewery Creek Mine, YT.

Site selection, maintenance, liner integrity, monitoring

Map #116B1, Latitude/Longitude 64.0315/138.2757

Site conditions: extensive discontinuous permafrost with ice content low to moderate where material frozen. Permafrost occurs as thin seams, reticulate veins, lenses, and/or wedges. Massive ice may occur at depth (4LM on GSC Map of Permafrost and Ground Ice Conditions in Northwestern Canada).

Viceroy (formerly Loki Gold) developed, as part of their licencing process with the Yukon Territory Water Board,  a permafrost design criteria manual for the construction and operation of the heap leach mine in an area with discontinuous permafrost conditions. This manual recommends that any soil with moisture content greater than 17% should be removed before construction.



An area was cleared for the construction of the heap leach pad, but it was discovered that the area was an ice rich permafrost region. This area dewatered in the first season after being stripped (1995). More detailed analysis to depict the permafrost conditions indicated that further up the hill was lower in moisture content. This new location was chosen and cleared for the actual construction of the heap leach pad. During this construction of the heap leach pad, not much permafrost was encountered. The exception was in the bottom cells (#1-3) where some high moisture content soils were removed (Lister, 1999). 



Waste rock containment is accomplished through the sequential back filling of the open pits that have been mined out . This limits the concerns for permafrost implications in the waste rock dumps (Lister, 1999).



A foundation evaluation and characterization process is conducted, using a test pit grid search for ice rich soils, before the construction of roads. Roads on this site are mostly built  to avoid permafrost rich areas or may use major fills to avoid thaw. One road crossing, a haul road in a valley from Golden to Lucky pit, will cross permafrost. Trees will be minimally cut and vegetation left as intact as possible in order to avoid undue excavation and risk of the disruption of the permafrost. This road will be given a base of filter fabric and will be constructed with a rock drain, leaving permafrost core.



The heap solutions are warmed with the captured heat from a used oil burner and diesel exhaust gasses. Consequently, the temperatures of the solution only decrease by 1ºC over the winter season. 



There have been a few problems with header lines freezing but in an attempt to mitigate this problem, in conjunction with insulation, the last distance of the return line is now heat traced. Additionally, there has been some concern 



Viceroy, continued 

regarding the build up of ice on the heap leach pad where process solutions are applied.  



At the Brewery Creek mine site, there is an 8 metre dike around the heap leach pad, and a ditch spillway to the pregnant pond. This ditch filled with snow and with the accumulation of mass slipped down surface and smashed a feeder pipe. 



This broken pipe then impaled the leach pad liner and punctured it through both liner layers. Viceroy now uses a sprinkler system to minimize drift and freeze up concerns, pipes before did not have enough spread and distribution of solutions (Lister, 1999). Preventive measures would clear the spillway and ditch more regularly and more closely monitor the changes in flow and pressure of the feeder pipe solutions (McAlpine, 1999).



Below the heap leach pad there is a double composite liner with a perforated collection pipe in the gravel layer between the liners which allows for monitoring for leaks. Thermistors are located at the top of the primary liner and indicate fairly consistent temperatures in the range of 4ºC-6ºC. Higher in the pad the temperature fluctuates more drastically with seasonal influences. 



Ore is only added onto the heap leach pad in the summer (April - early November). In cold temperatures it becomes more difficult to install the drippers for the heap leach solution due to freezing of the ore in large chunks. Consequently the furrows need to be mechanically ripped. This condition carries a greater potential to damage the lines and is considered less than optimal (Lister, 1999).



Voisey’s Bay, Labrador

Subaqueous tailings disposal, pipeline, reclamation

Voisey’s Bay is a proposed nickel/copper/cobalt mine located in the discontinuous permafrost zone near Nain, Labrador. The proposed operation is still undergoing environmental assessment. The tailings for the operation are predicted to be highly acid generating, with a pyrrhotite content of over 90%. Subaqueous disposal of the tailings in an existing lake is the proposed operation plan for waste disposal. 



The tailings will travel in a pipeline from the mill to the North Tailings Basin. The pipeline raises over 250m between the two sites, and tailings will be pumped through. Care must be taken to maintain the pipeline ice-free at its discharge point into the tailings basin. 

Current reclamation planning calls for the development of a pit lake post-closure, although the possibility of backfilling the pit is still under discussion.



�APPENDIX II: GLOSSARY

Active Layer�The layer at the surface which thaws annually as the seasons change is known as the active zone.  The thickness of the active zone is primarily affected by the degree of insulation which the organic layer can provide, a thicker organic layer can provide greater insulating capacity. To a lesser but still significant degree the water content of the underlying soil and rock layers affects the active layer because evaporation will lower the ground.��Alpine Permafrost�Alpine permafrost occurs in mountainous terrain in the zone which enjoys a warmer winter and cooler summer than in the valley bottom. This type of permafrost forms a crown at high elevations, with a ring of soft permafrost or unfrozen ground below.��Cold Permafrost �Permafrost with a temperature of below -5ºC. This term is generally only used when discussing a small area. ��Continuous Permafrost�Generally found in Yukon north of Eagle Plains, in this region depth may vary but permafrost is always present. Permafrost temperatures are less than -5(C at 15 to 25 metres below the soil surface��Discontinuous Permafrost�Has a permafrost temperature of 0(C to -5(C at 15 to 25 metres below the soil surface.��Drift�A nearly horizontal mine passageway driven on or parallel to the course of a vein or rock stratum; also an exploratory mine tunnel.��Frost Heaving�When water crystallizes it expands to 9% of its original volume, this increases the solid volume when it freezes in proportion to water content. Vertical expansion which greatly exceeds that which could be accounted for by normal expansion of pore water freezing is called frost heaving (20-50cm).��Ice Lens�Water frozen in discontinuous zones is referred to as ice lenses. These are segregated from soil grains. Ice lens growth depends on the nature of the soil matrix, the rate of heat removal, the upward movement of soil water and the confining pressure. ��Piezometer�A device which measures changes in pressure of fluids or compression of a substance subjected to this pressure.��Permafrost�Ground conditions where ground temperatures are below 0ºC for a full year. In the northern regions, permafrost may be categorized based on depth and mean annual temperature to be defined as continuous, discontinuous or scattered discontinuous permafrost (Smith, 1999).��Thermopile�An apparatus consisting of a number of thermoelectric couples combined so as to multiply the effect and used to generate electric currents for various purposes. Also used, in a very sensitive form, for determining intensities of radiation due especially to its heating effect. ��Thermister�An apparatus which monitors change in temperature.��Warm Permafrost�Permafrost with a ground temperature of above -1ºC. This term is normally used in reference to a small area.��
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