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Detour Gold Corporation (Detour Gold) is operating an open pit mine at their Detour 
Lake property in northern Ontario, approximately 180 km northeast of Cochrane, 
Ontario. The topography around the mine is typical of the James Bay glacial lowlands 
underlain by glacially deposited clay, silt, sand and gravel in depths ranging from a few 
meters to tens of meters. Some of the sandy sediments at the site are carbonate-rich 
(several percent CaCO3).  
 
The ore deposit is situated in the area of the former Detour Lake mine, which was 
operated by Placer Dome Inc. from 1983 to 1999. The deposit contains an open pit 
mineral reserve of 16.4 million ounces of gold, which will be recovered over a mine life 
of 23 years. The orebody is near surface and is being mined as an open pit with a waste 
to ore ratio of 3.7. Mining of the orebody is expected to produce on the order of 500 
million cubic meters (1.5 billion tonnes) of waste rock over the life of mine. 
Mineralization is accompanied by sulfide minerals including pyrite, pyrrhotite and 
chalcopyrite, and lesser amounts of pentlandite and arsenopyrite (AMEC, 2010). 
Approximately 83% of the waste rock has a low potential to generate acid, as the 
neutralization potential (NP) to acid potential (AP) ratios (NP/AP = NPR) are > 1.5. 
Approximately 17% of the waste rock is predicted to have the potential to generate acid 
(potentially acid generating, PAG), as the NPR is < 1.5 (BBA, 2014). To facilitate 
management of ARD if it occurs, PAG rock is being stored separately from NAG rock.  
 
Previous operations at the Detour Lake site generated waste-rock stockpiles (WRS1, 2, 
3 and 4) dating from 1983 to 1999. Around the year 2000, these stockpiles were 
resloped and covered with 0.3-1.5 m of overburden, to meet closure requirements of the 
previous mine owner (Placer Dome, 2001). Monitoring indicates that these stockpiles 
had not released dissolved metals or acidic drainage to the environment during the 17 
years of operation, nor in the 13 year post closure period. 
 
Objectives 
DLM is considering installing a low permeability soil cover on new PAG waste rock 
areas to minimize the potential for ARD. Four of the historic waste rock stockpiles are 
being examined for this project to evaluate how chemical conditions have evolved in the 
historic WRS over the past 15-30 years and to determine which physical and structural 
characteristics contributed to this behaviour.  
 
Methods 
Historic WRS 1 and WRS 2 are located within the footprint of the open pit and were 
relocated. They were examined for internal structure, physical, chemical and 
biogeochemical characteristics during relocation. WRS 3 and 4 fall outside the open pit 
footprint. They are being evaluated for mineralogical, chemical and gas transport 
characteristics in the long-term using instruments (e.g. thermistors, moisture sensors, 
tensiometers, suction lysimeters, pore-gas sampling points) installed into boreholes. 
The research program has included test-pit and vertical profile excavation and borehole 
drilling and instrumentation programs in 2011-2012, followed by data collection and 
analysis since 2012. A large number of samples collected during these programs have 
been processed to determine the physical and hydrological characteristics of WRS 1 



and 2 (Cash, 2014; Cash et al., 2014). The composition of the pore water and pore gas 
within WRS 3 and 4 and chemical/mineralogical characterization of the waste rock 
solids has been extensively examined in all four stockpiles (McNeill, 2016). NSERC 
funding was obtained in 2012 to support this project and a second grant was received in 
2015 for a further five year program to continue these studies.  
 
Observations 
Observations from more than 20 test pits (< 5 m depth) and full-thickness profile 
excavations in WRS 1 and 2 indicated that these stockpiles are structured with multiple 
benches 10-15 m high, separated by compacted traffic surfaces (Figure 1). The soil 
cover is typically 0.3 to 1 m thick, and consists of silty-sand glacial overburden with 
rounded boulders up to about 0.3 m diameter. 
Structural features identified during the excavation study indicate that the stockpiles 
were likely constructed as a combined push dump and paddock dump. Areas with angle 
of repose slopes and a trend of grain size coarsening downward, representative of 
push-dump construction, were visible in the interior of the stockpiles. Areas with an 
absence of bedding structure are probably the result of smaller tip faces or paddock 
dumping.  
 

 
Figure 1. Excavation face (approximately 20 m vertical) on WRS1, showing internal 
structural features and zones of oxidation  
 
Waste rock composition and weathering are variable in the stockpiles. Areas of 
weathered (oxidized) waste rock were found at throughout WRS 1 and 2, and a distinct 
oxidation profile was not evident. The presence of oxidation appears to be related to the 
waste rock type (PAG material) and amount of sulfide minerals rather than the location 
in the stockpile. A predominance of neutral paste pH results for fine material from WRS 
1 and 2 (Figure 2) suggest that ARD has not set in. Acidic paste pH values in about 
20% of the samples indicates that after a 30 year lag time, the pH neutralization 
capacity of the waste rock has depleted in some areas, allowing localized acidic 
conditions to develop. 
 



 
Figure 2. NPR and paste pH values for waste-rock matrix samples. The box shading 
groups the samples by pH. 
 
Solid phase and aqueous chemical characterization of the waste-rock stockpiles 
Analyses indicate that the whole rock composition and major mineralogy of WRS 1-4 
are uniform. Total carbon and sulfur analyses indicate that WRS 1, 2 and 4 have similar, 
but variable C and S content (Table 1), and WRS 3 has a higher C content and a 
significantly lower S content. Acid-base accounting (ABA) conducted with these results 
indicates that approximately 60% of the waste rock samples collected from WRS 1, 2 
and 4 are potentially acid generating (PAG) and have a neutralization potential (NP) to 
acid potential (AP) ratio (NP/AP = NPR) of < 1.5. WRS 3 is lower in sulfur compared to 
WRS 1, 2, and 4 and has fewer PAG samples. In these respects, most of the new waste 
rock at Detour is more like the rock in WRS 3.  
 
Table 1. Carbon and sulfur analysis on samples from historic WRS 1, 2, 3 and 4 (range 
and average value). 

 WRS 1 WRS 2 WRS 3 WRS 4 

Carbon (wt 
%) 

1.7-0.02  
(0.5) 

2.8-0.03  
(0.63) 

2.5-0.4  
(1) 

0.9-0.2  
(0.6) 

Sulfur (wt %) 4.3-0.01  
(1.4) 

3.9-0.03  
(1.2) 

0.5-0.05 
(0.13) 

1.96-0.03  
(0.8) 

 
In-situ monitoring of WRS 3 and 4 has provided several insights into the hydrological 
and chemical conditions of these stockpiles. Air permeability measurements of the 
cover (10-11 m2) are 1-2 orders of magnitude lower than in the waste rock (~10-10 to 10-9 
m2). Diffusive gas transport dominates at air permeability values below 10-10 m2 
(Pantelis and Ritchie, 1992; Amos et al., 2015), thus the cover is restrictive to advective 
gas transport even during dry summer months, a key factor in reducing the rate of 
sulfide oxidation. Pore gas O2 is sub-atmospheric at WRS 3, due to oxidation of sulfide 
minerals and the presence of the low permeability cover that restricts the replenishment 
of oxygen (Figure 3). Increased CO2 levels in WRS 3 are associated with acid 
production and neutralization by carbonate minerals. 



 
Figure 3. Pore gas O2 and CO2 concentrations versus depth in WRS 3 on different 
dates in 2012.  
 
The pore water composition in the unsaturated zone of WRS 3 and WRS 4 also 
indicates that sulfide oxidation is ongoing in both stockpiles. Pore-water chemical 
conditions at WRS 3 and 4 (Table 2) are similar. Pore-water pH is near neutral (6-8) 
throughout both stockpiles. Elevated sulfate concentrations and depletion in total 
alkalinity indicate that sulfide oxidation is ongoing and acidity released is being 
neutralized internally. Metal and anion concentrations are generally higher at WRS 4 
(higher PAG content) than at WRS 3. Dissolved metal concentrations are low at both 
piles indicating that metals released by sulfide oxidation are probably being attenuated 
within the stockpile. Natural attenuation of the metals and sulfate may also be occurring 
at the base of the waste rock piles, where infiltrating water passes through organic-
carbon rich peat. Despite ongoing sulfide oxidation within the stockpiles, monitoring 
conducted by DLM indicates that the stockpiles are not currently releasing dissolved 
metals or acidic drainage to the environment. 
 
Table 2. Selected water chemistry parameters for porewater in the unsaturated zone of 
WRS 3 and 4 (range and average values). Porewater chemistry for WRS 1 and 2 is not 
available. 
 

 
 

Project outcomes 

• The high NP values of the waste rock result in a long lag period (more than 
30 years) before acidic conditions set in 

pH Eh (mV)

Alkalinity (mg/L 

as CaCO3)

SO4  

(mg/L)

Al 

(µg/L)

Fe 

(µg/L)

Mn 

(µg/L)

Ni 

(µg/L)

Cu 

(µg/L)

Zn 

(µg/L)

7.6-8.6 197-498 160-1550 670-42 1-102 3-121 7-1054 4-10 2-150 82-1163

374 700 280 27 29 216 6 17 225

6.97-8.6 197-498 19-675 34-2401 1-34 2-3164 0-1785 0-146 0-80 2-329

366 196 1136 10 129 127 20 9 58

WRS 3

WRS 4



• Careful management of the new waste rock is required to prevent future 
generation of low-quality drainage 

• The new NAG waste rock piles appear to be similar to WRS 3 
• The new PAG waste rock piles appear to be similar to WRS 1, 2 and 4 

• New waste-rock stockpile construction techniques (larger equipment, more 
size segregation) are likely to lead to more extensive advective gas transport. 
Advective gas transport may be addressed through: 

• Disruption of gas transport on pile slopes 
• Use of low permeability covers to limit advective gas transport 
• Improved cover design to limit diffusive gas transport and downward 

migration of sulfide oxidation products  

Summary 
The findings from our investigations improve our understanding of the contributions of 
physical structure, cover integrity, construction method, mineralogy and geochemical 
characteristics toward ARD generation in the old waste-rock stockpiles, which had 17 
years of operating history and 13 years of closure history with covers. It is anticipated 
the ARD-generating and -limiting mechanisms in the new stockpiles will be similar. This 
knowledge can be used by DLM to guide the design and management of the new 
waste-rock stockpiles to lessen the risks of ARD generation in both the short and long 
term. The research project is continuing with additional financial support from DLM and 
NSERC and technical support from the staff and graduate students from the 
Universities of Waterloo and Alberta, and Carleton University. 
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ABSTRACT 

A conceptual model is an initial step in demonstrating an understanding of site 
conditions to inform on long-term impacts from waste storage facilities.  This 
understanding provides the basis for additional work, including numerical simulations 
should they be required, and identifies appropriate objectives.  In conjunction with 
numerical simulations, a representative conceptual model establishes a high degree of 
confidence in simulated results.  A conceptual model also serves as a delivery 
mechanism for conveying information to site personnel or management who may not 
have the technical knowledge or time required to interpret results.  Although developing 
a conceptual model may seem like an unnecessary step, it is an instrumental skill which 
needs to be cultivated.  
  
The Victoria Junction waste rock pile was reclaimed with an engineered cover system 
that includes a geomembrane layer and is presented as a case study.  The waste rock 
pile is located on Cape Breton Island near Sydney, N.S., Canada, and was reclaimed in 
2006.  Using site information, a conceptual model was developed to include physical, 
flow, and geochemical components for predicting loading and long-term impacts to the 
receiving environment.  The case study details the conceptual model and methodology 
employed, and highlights the importance of implementing a monitoring program to 
ensure sufficient information is collected to adequately inform the conceptual model.  It 
was demonstrated through the conceptual model that a drain-down seepage analysis 
was required, while rigorous groundwater flow and contaminant transport modeling was 
not.  The conceptual model identified that long-term acid loading from the waste rock 
pile will be limited to levels that allow for closure objectives to be achieved.  
Consideration may be required in long-term planning given that the longevity of 
geomembranes are in the order of 500 to 1,000 years and that stored and potential 
acidity will remain for ~580,000 years.   
 
Net present value and a representative conceptual model were used to demonstrate the 
financial and environmental benefit of the reclaimed waste rock pile compared to the 
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collection and treatment of basal seepage in perpetuity.  While the net present value 
was similar for both alternatives the conceptual model demonstrated that further 
improvement in surface and groundwater quality was observed through the reclaimed 
scenario that would not have been realized through collection and treatment.   
 
1. INTRODUCTION 
 
A representative conceptual model captures something real and in its simplest form is 
an analytical tool used to organize site information and ideas.  A site conceptual model 
for mine waste management facilities includes supporting physical, flow and 
geochemistry components.  The physical component of the model describes the waste 
storage facility and surrounding landform, and the flow component describes the 
movement of water through the physical component, both above and below the ground 
surface.  Waste material is characterized in the geochemistry component and source 
terms are tested for accuracy when coupled with the physical and flow components.  
Combined, these three components demonstrate an initial understanding of site 
conditions and may inform on long-term trends such as impacts to the receiving 
environment. 
A functional conceptual model must remain flexible and evolve as new site information 
becomes available and context for the site is established.  A conceptual model that is 
inclusive but yet simple and demonstrates site processes serves as tool for the 
engagement of management / site personnel in a forum of active collaboration.  A 
collaborative effort that occurs throughout the project allows for continuous refinement 
of the conceptual model through intimate site knowledge which may or may not be 
included in reports.   
 
The conceptual model is a holistic approach that ultimately informs management on 
decisions regarding site practices in effort to meet closure objectives.  It also provides 
the basis for additional work to support the model and identifies appropriate objectives.  
Should numerical simulations be required, a conceptual model establishes an 
understanding for anticipated outcomes for simulations before they are completed, 
hence a high degree of confidence is established in the results.   
 
This paper presents a case study in which a conceptual model was developed to 
assess and predict long term performance (i.e. loading to the receiving environment) of 
the reclaimed Victoria Junction (VJ) waste rock pile (WRP) located in Cape Breton, 
Nova Scotia, Canada.  The conceptual model demonstrates that seepage numerical 
modeling was required to inform on drain-down from the WRP but groundwater flow and 
contaminant transport numerical modeling was not.  All too often there is a desire to 
proceed to numerical simulation before a representative conceptual model has been 
developed.   
 
The VJ WRP was reclaimed with an engineered cover system that includes a 
geomembrane layer (high-density polyethylene) with the objective of limiting the ingress 
of meteoric water and oxygen to the underlying waste material.  Reduced loads to the 
receiving environment have been observed and are expected to continue provided 
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cover system performance is maintained, which is largely dependent on the 
geomembrane, as well as the overlying layers and overall stability of the landform.  The 
conceptual model indicates that stored and potential acidity will be leached from the 
reclaimed WRP for ~200,000 years, while the longevity of geomembranes is estimated 
to be upwards of 1,000 years (Rowe, 2005).  Studies conducted by Benson et al (2010) 
estimate the minimum lifespan of geomembranes used in cover systems is on the order 
of 55 to 125 years. 
 
While it is perceived that any leakage through a geomembrane constitutes a failure from 
their traditional use as a liner, it may not be the case for meeting closure objectives for 
waste storage facilities in the mining industry.  Although there is a considerable range in 
the estimates of geomembrane lifespan, it is conceivable that a geomembrane will 
performing satisfactory as a barrier beyond this period as long as appropriate design 
considerations are included in the cover system.  The key is adequate information to 
inform on long term performance and to develop an understanding of risk for impacts to 
the receiving environment.   
 
2. VICTORIA JUNCTION 
 
2.1 PHYSICAL MODEL 
 
The reclaimed VJ WRP is located on the site of a historic coal preparation plant 
approximately 5 km northeast of Sydney and has a footprint of approximately 26 ha and 
a height of 40 m.  The WRP is located in a topographic low and thought to be 
constructed on the edge of a post-glacial lake created by a large depression in bedrock.  
Geology generally consists glacial till over sedimentary bedrock.  There is a sand 
deposit in the wetland immediately north of the WRP, along with a peat layer that 
encompasses the wetland.  
 
The VJ site has evolved over many years to accommodate operational changes to the 
coal preparation plant and as part of the remediation activities post-closure of the 
facility.  The coal preparation plant operated from the mid 1970’s to 2000.  During 
operations, the coal preparation plant washed up to 4 million tonnes of raw coal per 
year, of which 15–20% was placed into the WRP and 3% into tailings ponds. Two coal 
tailings ponds were constructed as required by processing and storage demands, and 
were eventually relocated within the WRP and encapsulated with waste rock.  Three 
additional tailings ponds were constructed within the confinements of the WRP.  It was 
general procedure to keep the coal tailing ponds covered with supernatant water to 
prevent oxidation from occurring.  Upwards of 10 million tonnes of potentially acid 
forming (PAF) waste was placed in the WRP.   
 
In 1987 a 1 m thick bentonite wall was constructed along the north and east toe of the 
WRP to reduce acid rock drainage and metal leaching (ARD/ML) moving through 
shallow overburden into the wetland.  A toe-drain collected upwelling seeps that were 
treated through an active treatment plant.  The toe-drain was upgraded to the leachate 
collection system (LCS) in 2006 during construction of the cover system, and 
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encompassed the entire perimeter of the WRP.  A basic lime slurry addition water 
treatment plant was located adjacent to the WRP for the collection and treatment of 
ARD/ML-affected runoff.  This was replaced in 1994 with another lime slurry water 
treatment plant that included various surge, settling and polishing ponds before 
discharging into Smiths Brook east of the pile.  In 2003, six pump-and-treat wells were 
installed into bedrock to the north of the WRP to intercept deeper impacted 
groundwater.  A wet well was installed north of the lower surge pond to intercept 
ARD/ML impacted water percolating through the base / lining of the lower surge pond.  
The lower surge pond received water from the pump-and-treat wells, the LCS, and the 
wet well through a series of pumps.  Fig.1 shows key landform features and remediation 
measures.  
 

 
 
Figure 1.  Victoria Junction WRP and site features.  Photo taken post-closure with 
passive treatment. 
 
An engineered cover system was implemented as part of the closure plan for the WRP 
in 2006.  The cover system was designed based on several closure objectives: 

 providing a measurable positive effect on the environment compared to the 
impact pre-closure; 

 minimizing the impact to wetlands connected through Northwest Brook; and 
 site aesthetics in accordance with industry standards and public expectations. 

 
The cover system comprises a till growth medium layer placed over a granular drainage 
layer and a 60 mil HDPE geomembrane.  The cover system was designed to limit the 
ingress of meteoric water and oxygen, thus limiting the transport of stored acidity and 
generation of potential acidity.  In 2013, the active water treatment plant was 
decommissioned and a passive water treatment system constructed in the lower surge 
pond to the east of the WRP, as shown in Fig. 1.  The passive treatment system is 
recharged with lime and polymer, and ARD/ML impacted water is actively pumped from 
the LCS into the treatment system.   
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2.2 FLOW MODEL  
 
The VJ WRP is located within the Northwest Brook watershed.  Northwest Brook flows 
from Grand Lake, located approximately 100 m south of the site, around the east side of 
the WRP and through the wetland into the Atlantic Ocean approximately 6 km north of 
the site.  Two sampling locations upstream of the WRP provide water quality prior to 
mixing with ARD/ML and one sampling location downstream of the WRP (VJ ST-2016) 
is a receptor for ARD/ML and used to evaluate load to the receiving environment.  
Smith’s Brook is a small tributary flowing into Northwest Brook northwest of the WRP 
and provides alkalinity to the wetland from an open limestone channel constructed 
within the lower portion of the brook.  There are also alkalinity contributions to the 
system from the active / passive treatment discharge water, two limestone pools 
imbedded within a surface runoff collection ditch, and natural alkalinity in flows from 
Grand Lake and groundwater. 
 
Groundwater elevations in the vicinity of the WRP are relatively shallow, approximately 
1-5 m below the ground surface, and flows are generally towards the north-northeast.  
Groundwater discharges north of the WRP, supported by the vertical hydraulic 
gradients, presence of the wetland, and artesian flow in some of the monitoring wells.  
Recharge is anticipated to occur to the west and east of the WRP based on the 
topography.  Flow contours were generated for the site from monitoring wells and 
extended to encompass the landform by interpreting groundwater elevations from 
topography and water elevations in local water bodies.  Contours indicate flow is 
focused towards VJ ST-2016 (see Fig. 2) and supports the use of this location as a 
receptor of ARD/ML in the geochemistry model. 
 

 
 
Figure 2. Groundwater contours in the vicinity of the VJ WRP. 
 
In general there are strong downward hydraulic gradients below the WRP and weak 
upward hydraulic gradients in the wetland north of the WRP.  The upward hydraulic 

 



CLRA’s National Annual General Meeting and Conference 
 

gradients in the wetland are attributed to the topographic highs surrounding the site and 
are anticipated to have existed prior to placement of the WRP.  The strong downward 
hydraulic gradients are likely the result of the large hydraulic heads within the WRP 
caused by maintaining a supernatant water cover over the coal tailings ponds and the 
high ingress of meteoric water into the bare waste, and have reversed the natural 
upward hydraulic gradient below the pile.  The cover system has reduced the ingress of 
meteoric water from an estimated 400 mm per year to less than 1 mm per year, based 
on pre-cover system analysis by AMEC (2005) and estimated leakage through defects 
as described by Giroud et al. (2000) coupled with three years of cover system field 
performance monitoring data.  Drain-down is expected to occur until the WRP reaches a 
steady state water content.  A portion of drain-down has already occurred, evident by 
decreased water levels within the WRP following placement of the cover system in 
2006.  Drain-down, along with net percolation, will contribute loadings to the receiving 
environment through basal seepage. 
 
There are two components to drain-down for the WRP: saturated drain-down, which will 
contribute greater loading over a shorter period; and unsaturated drain-down, which will 
occur over a longer time frame and generate a lower loading.  Fig. 3 shows water levels 
(i.e. saturated drain-down) in two of the monitoring wells that were completed in the 
tailings layer one year prior to placement of the cover system and the decrease in water 
levels over time.  The rate of decrease in water levels illustrates a more rapid drain-
down shortly after placement of the cover system, followed by a gradual decrease.  The 
trend in the rate of drain-down was extrapolated with trend lines to estimate the 
cessation of saturated drain-down.  It is estimated that the drain-down of water perched 
within the pile is currently 70 mm/yr and will continue for another 10–20 years, at which 
time the unsaturated drain-down of water will result in a much lower rate of basal 
seepage.  Fig. 4 presents the decrease in water levels through a cross section of the 
WRP over the course of reclamation. 
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Figure 3. Estimated time to cessation of saturated drain-down in the WRP. 

 
 
Figure 4. South-North cross section illustrating the decrease in water elevation in the 
WRP. 
 
Lines 1, 2 and 3 in Fig. 4 represent the observed decrease in water levels following 
installation of the cover system and associated reduction in water ingress.  Line 1 was 
generated from water levels observed prior to placement of the cover system and 
shows water perched to an elevation of approximately 33 m, approximately 10 m above 
the base of the WRP.  Line 2 represents the current elevation of water levels, a 
decrease of approximately 5 m since 2006.  The predicted water table elevation at 
cessation of drain-down was determined from water elevations up- and downstream of 
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the WRP and wells within the footprint of the pile screened in underlying till.  The water 
elevations for wells completed in the till have not changed over time and are reflective of 
Line 3, indicating that the final water table will likely mound within the base of the pile at 
approximately 3 m and diminish to near zero at the LCS.  Groundwater flow through the 
WRP is estimated based on a cross section 3 m high and the entire width of the WRP.  
 
2.5 GEOCHEMISTRY MODEL 
 
Loading to the receiving environment has evolved over time and can be characterized 
by three distinct phases:  

 Phase 1 – pre-cover system with active treatment,  
 Phase 2 – post-cover system with passive treatment, and  
 Phase 3 – long-term post-cover system with passive treatment. 

 
An acid load mass balance was developed for each phase to quantify loading to the 
receiving environment (Figs. 5, 6 and 7, respectively), with the first two phases 
providing the basis for long-term predictions.   
 
In the pre-cover system phase, two sources contribute loading to the receiving 
environment: basal seepage (groundwater mounding and net percolation) and runoff 
from the site.  Sinks, or components acting to reduce this load, include the groundwater 
collection system (pump-and-treat and wet wells, and LCS) and the active treatment 
system.  The source term for basal seepage was based on measured water quality at 
the base of the WRP and an iterative process using the acid load mass balances for 
Phase 1 and Phase 2.  Although not necessarily required to determine loading to the 
receiving environment, runoff was back calculated from the other components for 
completeness.  Grand Lake also contributes a background / natural acid load to the 
system and the load is essentially a result of the high flow rates observed in Northwest 
Brook rather than elevated concentrations.  The load removed by groundwater alkalinity 
was calculated based on the decrease in alkalinity observed between groundwater 
quality up and down-gradient of the WRP. 
 

 
 
Figure 5. Phase 1 – Acid load mass balance pre-cover system. 
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The total calculated acid load at VJ ST-2016 is 148 t/yr, and a difference of 1 t/yr from 
the observed load would suggest that the flow and geochemistry models closely 
represent site conditions.  The total acid load generated is 894 t/year, of which runoff is 
the largest contributor at 688 t/year.  The active treatment system neutralized 788 
t/year, while 2 t/year were neutralized by natural alkalinity in groundwater.  In terms of 
basal seepage, approximately 49% is intercepted by the active treatment system, with 
the remaining reporting to groundwater flow, which is key in developing an 
understanding of loading to the receiving environment.  
 
The mass balance changes substantially after installation of the low flux cover system 
and remediation of the site, both in terms of the load produced from surface runoff and 
basal seepage.  The passive treatment system is introduced in this phase and replaces 
the active treatment system.  A drain-down component is also introduced as a result of 
the decrease in net percolation.  The total acid load generated from the site is reduced 
from 894 t/yr to 43 t/yr and clean runoff from the site represents 688 t/yr of this 
reduction.  Approximately 23% of basal seepage is intercepted and treated before being 
discharged. The total calculated acid load at VJ ST-2016 is 68 t/year, compared to the 
current observed load of 66 t/year.   
 

 
 
Figure 6. Phase 2 – Acid load mass balance post-cover system. 
 
While an acid load of 66 t/yr was observed at VJ ST-2016, the pile contributes 
approximately 44% of this load.  The average acidity concentration in Northwest Brook 
at the outlet to Grand Lake and at VJ ST-2016 is approximately 1 mg/l and 1.5 mg/l, 
respectively.  This highlights that the acid load at VJ ST-2016 is primarily the result of 
the high flow rates in Northwest Brook rather than elevated concentrations.  The acidity 
concentration of basal seepage from the WRP is approximately 2,250 mg/l, and load is 
attenuated as a result of the low flow rate from the pile.  It is important to note that there 
is also an alkalinity load at VJ ST-2016 of approximately 540 t/yr, which is able provide 
the required buffering capacity.  The natural alkalinity load from Grand Lake alone is 
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greater than the observed acid load at VJ ST-2016 at approximately 120 t/yr.  
Considering the amount of alkalinity present at VJ ST-2016, there is a net negative acid 
load of approximately -470 t/yr. 
 
Although the total acid load generated from the site was reduced by approximately 95% 
(894 to 43 t/year), the acid load at VJ ST-2016 decreased by approximately 56%.  The 
pre-cover system and current mass balances provide context for the observed water 
quality at VJ ST-2016 in that a proportional decrease in loading was not observed after 
changes in water collection and treatment.  This is primarily attributed to 
decommissioning the pump-and-treat wells and wet well, as well as the natural 
contribution from Grand Lake. 
 
Using the mass balances and conceptual model for pre-cover system and current 
conditions, a mass balance was developed to predict loadings to the receiving 
environment 100 years post-cover system.  It is estimated that saturated drain-down will 
be completed in another 10 to 20 years and the bulk of water from unsaturated drain-
down will have occurred in 100 years; therefore, the acid load from drain-down will be 
negligible.  The period of unsaturated drain-down is supported by numerical modeling 
completed for another reclaimed coal WRP with similar waste.  Contributions to the 
LCS, and, therefore, the passive treatment system, are anticipated to decrease as 
drain-down completes.  As a result, it is estimated that the load captured by the LCS will 
be negligible.  Any contribution is anticipated to be from groundwater mounding and 
seasonal fluctuations in groundwater elevation.  The mass balance closed for the 100-
year period would suggest a decrease in acid load to 38 t/year, equivalent to the 
background load from Grand Lake.  
 

 
 
Figure 7. Phase 3 – Acid load mass balance 100 years post-cover system. 
 
This provides context for what benefit the passive treatment system currently provides.  
Based on the current mass balance, it captures approximately 23% of basal seepage, 
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reducing loading to the receiving environment from 77 t/year to 68 t/year.  Loading to 
the receiving environment without the reduction from the passive treatment system 
would still be below pre-cover system loading and site closure objectives would still be 
met. Where the load captured by the passive treatment system is anticipated to 
decrease as saturated drain-down completes, a strategy for decommissioning the 
passive treatment system may be to maintain its operation for 10–20 years until 
saturated drain-down is complete and further improvements to the wetland are 
observed.   
 
The conceptual model developed for the site identified groundwater mounding and 
drain-down as having the greatest uncertainty, and the distribution of load between 
these components has an impact on the predicted long-term loading.  As a result 
seepage numerical simulations were undertaken to quantify and validate the drain-down 
estimates, which were then used to validate the mounding component.  Results indicate 
that saturated and unsaturated drain-down in the post-cover system mass balance is 
approximately 40 mm/yr, resulting in approximately a 20 t/yr decrease in load.  In order 
to calibrate the model the saturated hydraulic conductivity of the till underlying the WRP 
was increased approximately one order of magnitude to 4.0 x 10-4 cm/s, still within the 
range reported in the literature.  Updating the conceptual model with this saturated 
hydraulic conductivity increased the load due to groundwater mounding by 
approximately 20 t/yr, which made up for the loss in loading from drain-down.  
Considering the changes in load from drain-down and groundwater mounding and 
assuming that the LCS will continue to capture 10 t/yr, the long-term load 100 years 
post-cover system is approximately 50 t/yr, which includes 38 t/yr from Grand Lake. 
 
The acid load mass balances provide a strong understanding for loading to the 
receiving environment, and enabled long term predictions 100 years post-cover system.  
Coupled with the seepage numerical simulations there is a high degree of confidence in 
the results.  The results indicate that loading has decreased substantially following 
placement of the cover system and will continue to decrease as drain-down diminishes.  
Leapfrog Hydro was used to develop groundwater plumes from monitored water quality 
to provide an understanding for how groundwater has evolved in conjunction with site 
reclamation activities.   
 
Extensive groundwater sampling was conducted from 2002-current and permitted the 
generation of six 3D groundwater plume models of mean yearly sulfate concentrations 
to visualize groundwater plume evolution over the period (Figs. 8a-f).  An improvement 
in groundwater quality (i.e. a decrease in the plume’s extent and concentration) was 
observed over the monitoring period and three key phases of groundwater evolution 
were identified: 

 significant improvement in water quality following placement of the cover system 
in 2006 and 7 years of active deep bedrock water treatment (Figs. 8a to 8b); 

 a slight decline in water quality immediately following the decommissioning of the 
pump-and-treat wells (Figs. 8b to 8c); and 
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 steady improvement in water quality over the short term with trends that support 
the flow model, thus strengthening the conceptual model as a whole (Figs. 8c to 
8f). 

 
Groundwater quality improvements observed in the modelled plumes are supported by 
the acid load mass balance.  Pockets of high concentration appear to be dissipating and 
there is also less impact to deep groundwater as vertical gradients in the WRP have 
diminished as a result of the decreased flux through the cover system 
 
As the conceptual model demonstrates, longevity of ARD/ML is controlled by the rate of 
transport of acidity from the WRP, which in the long-term is controlled by groundwater 
mounding and net percolation.  Using a simple analysis under the assumption that 
potential acidity will be generated at a rate greater than the mobilization of stored 
acidity, the longevity of ARD/ML will be a function of the loading from each component.  
The long-term loading rate for both groundwater mounding and net percolation is 20 t/yr 
and 1 t/yr, respectively.  Based on the ABA analysis and the physical model, there is 
approximately 670,000 t of total acidity, of which 90,000 interacts with groundwater and 
580,000 interacts with net percolation.  Groundwater mobilizes acidity at a much greater 
rate than net percolation.  Acidity mobilized by groundwater mounding will be lost over 
~4,500 years.  The acidity mobilized by net percolation will be lost over ~580,000 years.   

 
 
Figure 8. Groundwater sulfate plumes: a) 2002, b) 2010, c) 2011, d) 2012, e) 2013, f) 
2014. 
 

a) b) 

c) d) 

e) f) 
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3. NET PRESENT VALUE 
 
The mining industry is frequently challenged with the choice to either treat in perpetuity 
or undergo reclamation activities to manage ARD/ML generating waste.  The VJ site 
operated with active water treatment for more than 30 years prior to reclamation and 
provides a unique opportunity to evaluate the decision to engage in reclamation.  
Comparing the two alternatives requires an analysis such as net present value (NPV), a 
tool often used to quantify closure costs by discounting future cash flows to a common 
denominator.  
 
An NPV analysis for VJ was completed beginning in 2006 for both the treatment and 
reclamation alternatives for a 100 year period.  Due to the time value of money, a 100 
year period is essentially the same as in perpetuity (Phillip and Myers, 2003).  Closure 
costs are typically quite difficult to forecast in the early stages of mine closure planning.  
Future costs for VJ for both the treatment and reclamation scenarios were based on 
past operating and maintenance expenditures.  This provides a good estimate of future 
costs, although there are still many assumptions and variables such as discount rate, 
changes in the price of commodities, and actual improvements observed in the 
receiving environment.  The NPV for each scenario under different discount rates is 
presented in Table 1.  Although the treatment scenario has a lower NPV at a 4% 
discount rate, one must consider the risk (i.e. probability and impact) of each scenario, 
both from a financial and environmental stand point.  For example, the load generated 
from the site under each scenario are significantly different, each with their own unique 
financial and environmental risks.  In the conceptual model it was demonstrated that 
under active treatment approximately 49% of the basal seepage load was collected and 
treated.  It is likely that water quality in the receiving environment would have taken a 
different trajectory than the cover system scenario given the acid load mass balance.  
The conceptual model also shows that a system failure under the treatment alternative 
would have a much greater impact to the receiving environment, and therefore financial 
impact, with an acid load generation of 894 t/yr compared to 43 t/yr in the reclaimed 
alternative.  Although the NPV analysis has many assumptions, the decision to install 
the cover system was obviously not solely dependent on NPV.  The goal of site closure 
was to minimize cost while mitigating risk.   
 
It is also important to note that if the discount rate was reduced to say 1%, the 
difference between NPVs for the two scenarios would be substantially different, with the 
collect and treat option being substantially higher.  The key point to highlight in making 
this comparison is that hindsight perspective for the VJ WRP closure activities provides 
a good argument for discount rate being an output from an NPV analysis, and to use 
this understanding to inform risk, rather than how discount rate is typically utilized (i.e. 
as an input to NPV analysis).   
 
Table 1. Net present value for collection and treatment in perpetuity, and reclaimed 
WRP. 
Discount Rate  

(%) 
Treatment 

($) 
Reclaimed 

WRP 
($) 
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1 29.5M 16.1M 
2.5 17.0M 14.6M 
4 11.2M 13.8M 

 
4. CONCLUSION 
 
An understanding for current and long-term loading to the receiving environment was 
developed through the use of a conceptual model.  The VJ site has transitioned from 
active to passive treatment following placement of a low flux cover system, with 
continued improvements observed in the receiving environment and a reduction in 
loading from the WRP.  Although the reclaimed WRP had a higher NPV (4% discount 
rate) than treating ARD/ML affected water in perpetuity, loading to the receiving 
environment was reduced, and environment and financial risks were mitigated.   
 
The total acidity in the VJ WRP is estimated to be lost over 580,000 years, assuming 
that cover system performance can be maintained over the long-term.  While there is 
variability in the estimated lifespan of the geomembrane layer, it is likely far less than 
the time required to release the total acidity in the WRP.  Degradation of the 
geomembrane is inevitable, both in the short-term during initial placement procedures, 
and over the long-term due to service stresses, anthropogenic activities, animal 
bioturbation, and the effects of vegetation, leading to increased net percolation and 
therefore loading to the receiving environment.  It is imperative that cover systems that 
incorporate a geomembrane layer are designed to consider the effects of short and 
long-term degradation to reduce the risk of increased load to the receiving environment.   
 
A well-designed monitoring program is critical to the conceptual model and requires 
sufficient information is collected, both spatially and temporally.  While groundwater flow 
and contaminant transport numerical modeling is commonly used in predicting long term 
impacts to the receiving environment, it was not required in this instance given the 
conceptual model and site information.  This case study illustrates the importance and 
opportunity for using the conceptual model to communicate performance and risk, and 
ultimately inform management on decisions regarding site practices in order to meet 
closure objectives.   
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Fig. 1. Principal component analysis of the bioavailable elements in waste 
materials from the Victor Mine (n = 32) as compared to reference sites in 
isolated interior uplands (n = 35) and on uplands along the Attawapiskat 
River (n = 37). The waste materials include peat, silty loam overburden, fine 
and coarse processed kimberlites (FPK and CPK) and limestone. 
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Abstract: The Fire Road Mine coal mine in eastern Canada has been a source 
of acid mine drainage since the mid 1980's.  Lime neutralization treatment has 
been ongoing and lime treatment costs and mine water acidity levels have 
dropped significantly over time. Placement of the resulting treatment sludge back 
onto and into the backfilled mine site may be a factor in reducing the mine water 
acidity.  One of the originally defined benefits of placing the sludge back into the 
waste rock was that the sludge would fill up the void spaces and possibly 
decrease the rate of oxygen diffusion to the waste rock that was above the 
ground (mine) water elevation.  This would possibly reduce the rate of acid 
generation. 
 
There were questions about how far the sludge migrated into the vadose zone 
and the characteristics of that sludge over time. Excavations in the early 1990’s 
indicated that the sludge only dried out near the surface but remained moist at 
depth.  Discussions ensued about variations in conductivity over time being an 
indication of reduced moisture content in the sludge as it dewatered over time. 
 
Geophysical research projects have been conducted since 2001 to identify 
variations in conductivity across the backfilled mine sites by the University of 
New Brunswick, Department of Earth Sciences.  The geophysical surveys have 
been useful for corroborating the decrease in acidity as identified by annual and 
biannual groundwater well monitoring surveys.   The geophysical surveys have 
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also been instrumental in identifying the distribution and changing conductivity of 
the lime treatment sludge in the waste rock.  

 
During the early Spring of 2016 ground water chemistry, apparent conductivity 
(EM31) and electrical resistivity (ERI) surveys along with test pit trenching were 
conducted to provide information as to: 
 
1. Is the groundwater acidity continuing to decrease? 
2. Is sludge still present in the vadose zone? 
3. Why are some previously highly conductive zones becoming less 

conductive over time? 
4. Does the sludge dry out and become less conductive over time? 
5. For future investigations, is the benefit of depositing sludge in the vadose 

zone temporary, or is it long term. 
 
The ground water well monitoring  survey illustrated (Figure 1) that acidity levels 
continued to decrease across the mine site. 

 
 

Figure 1 Decreasing acidity in groundwater as determined from monitoring 
wells across the Fire Road mine site 2004- 2016. 

 
Apparent conductivity and electrical resistivity surveys were re-acquired in areas 
that had not been surveyed or received sludge deposition for more than a decade 
by the University of New Brunswick, Department of Earth Sciences. Then, test pits 
were excavated to allow in-situ measurements of electrical resistivity and 
sampling for water content in areas where sludge is present or absent. This data 
was compared to the conductivity /resistivity survey results acquired from surface 
surveys.  This information was also compared to soil texture and soil chemistry 
from the finer material collected at selected intervals along the test pit wall.  

 
 

 



Electromagnetic apparent conductivity (EM31) (Figure 2) and electrical resistivity 
imaging (ERI) surveys  have been instrumental in identifying the locations of 
highly conductive mine water and what we had postulated is the treatment sludge, 
which had settled out in the vadose zone during disposal.  However, the 
conductivities of these zones varied across the site, across seasons and over 
time. Observations from previous geophysical surveys over several seasons 
indicated that the sludge may dry out and become less conductive. 

 
Figure 2 Apparent Conductivity (EM31) in 2016.  Note the locations of the test pits 
(TP1, TP2, TP3) and ERI survey lines 101 and 109. 
  
Along with results of the 2016 geophysical surveys, areas of known sludge 
deposition history were identified.   Test pit locations were selected on the basis of 
known sludge deposition based on surface and geophysics information (test pit 1),  
location of no evidence of sludge deposition (test pit 2) and area of uncertain 
deposition of some undetermined amendment (test pit 3), as indicated in Figure 2. 
Test pits (trenches) were excavated to determine presence/ absence of fine 
grained material in the waste rock void spaces, soil texture and chemistry 
including pH, major cations and cation exchange capacity. Not surprisingly, test 
pit 1 had the highest calcium content and the highest conductivity, the soil texture 
of test pit 2 with no amendment had very little fine grained material in the void 
spaces between the waste rock, and the unknown material fine material in test pit 
3 with the moderate conductivity level contained higher magnesium levels.  The 
surprising result was the consistent low pH  (3.5-4) of the fine grained material 
across all test pits. 
 
ERI results support the hypothesis that resistivity imaging can identify areas 
where sludge is likely resident in the vadose zone. This information was beneficial 
to determining the behaviour of the sludge in the vadose zone and initiated 



discussions about the whether the benefits of sludge in this zone are temporary or 
long term.     Improving the mine water chemistry to "zero lime demand" is the 
ultimate goal for mine water treatment at this mine. 

 
 





underlie the design of closure options at each site. These RBDOs are being used by 
EcoMetrix’ closure planning team to identify appropriate closure options for each site.  

The Problem Formulation also presents an analysis of who or what may be exposed to 
which environmental Constituents of Potential Concern (COPCs), as well as where and 
how these exposures may take place.  EcoMetrix has relied on previous reports such as 
Environmental Effects Monitoring (EEM) studies, annual monitoring reports, and 
existing closure plans prepared for all three sites to determine the answers to these 
questions.  

EcoMetrix has consulted with Ministry of the Environment and Climate Change 
(MOECC) and Ministry of Natural Resources and Forestry (MNRF) to ensure that this 
section is complete. The end result of this analysis is the Conceptual Site Model (CSM), 
which summarizes visually how constituents move from potential source areas on a 
mine site, such as a tailings impoundment, through the environment to the human and 
ecological receptors that may be exposed. An example of a CSM diagram is presented 
in Figure 1. 

 
Figure 1: Illustration of a Conceptual Site Model (CSM) 

Exposure Assessment 

In the Exposure Assessment, EcoMetrix has investigated how much each human and 
ecological receptor is exposed to each COPC. Based on the CSM, an environmental 
fate and transport (pathways) model has been constructed that estimates the exposure 
value (EV) for each person or ecological receptor identified in the Problem Formulation. 
EV estimates are calculated using conservative exposure factors so that potential 
exposures are not underestimated. Site-specific data have been used wherever 
available; for these sites, measured concentrations of constituents in surface water, 
sediment, soil, terrestrial and aquatic plant tissues, and benthic invertebrate tissues 
have been used to quantify exposure.  



Toxicity Assessment 

In the Toxicity Assessment, also called an Effects Assessment in an ecological context, 
an effect level or benchmark value (BV) is identified for each COPC. The derivations of 
BVs are conservative by design, and may use the lowest available effect levels or 
include uncertainty factors to make sure the assessment does not underestimate risks. 
For humans, potential cancer, non-cancer, and developmental (fetal) effects have been 
evaluated. For ecological receptors, survival, growth, and reproductive effects were 
evaluated. In order to accomplish this task, EcoMetrix searched the literature for the 
health effects that each COPC might cause, summarized the results of the studies 
underlying the investigation of these health effects, and tabulated the numerical results.  

Risk Characterization 

In this section of the report, EcoMetrix has combined the results of the Exposure and 
Toxicity (Effects) Assessments into single measures of risk. Given the conservatisms in 
the Exposure and Toxicity (Effects) Assessments, these measures of risk are expected 
to be overestimates of true health risks. For non-cancer and developmental effects in 
humans, and for ecological receptors, the risk measure is the Hazard Quotient (HQ), 
which is calculated as the EV divided by the BV. For cancer effects in humans, the risk 
measure is the Incremental Lifetime Cancer Risk (ILCR). EcoMetrix has compared 
these measures to the targets set out in the various federal and provincial guidance 
documents to determine whether risks to human or ecological receptors could be ruled 
out.  The relative magnitudes of the HQs and ILCRs have therefore been discussed in 
the context of uncertainties and overall conservatism to allow prioritization of 
environmental risks to be undertaken. 

Risk-Based Design Objectives 

For the higher priority human and ecological health risks, mitigation options were 
considered to be necessary at closure to protect the potentially affected receptors.  
Closure and reclamation options have therefore been developed that target the sources 
of, and pathways for, the high priority COPCs to mitigate potential health risks.  These 
options have been developed using RBDOs. The derivation of a RBDO starts from the 
target measure of risk according to federal or provincial guidance, and works backwards 
through the risk assessment process to arrive at an exposure concentration that is not 
expected to result in a human or ecological risk.  

Once all of the required RBDOs have been estimated using this reverse process, the 
Risk Characterization step is re-evaluated to demonstrate that with closure options in 
place, high priority health risks in the riparian receiving environment will have been 
reduced to an acceptable level.  The closure options meeting the RBDOs can then 
proceed to further technical and financial analyses, as well as any other analyses 
deemed appropriate, so that a scientifically defensible closure plan that is protective of 
humans and the environment can be developed.  
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Introduction 
 
Extraction of natural resources can leave large areas of disturbed land, partially or 
completely stripped of vegetation, making them unstable, erosion prone and unable to 
provide food or habitat for fauna. Shrubs and non-vascular species in biological soil 
crusts (e.g. lichens) are integral components of tundra ecosystems. Without 
reclamation, it could take hundreds to thousands of years for disturbed areas to recover 
naturally due to extreme environmental conditions.  
 
Assisted revegetation is intended to accelerate plant establishment and growth on 
disturbed sites. Current reclamation practices are limited by lack of native plant material, 
harsh environmental conditions, high costs and lack of previous regulatory 
requirements. Many northern shrub species have low, unknown, or cyclic seed 
production, which creates challenges for collection and storage. Due to the lack of 
commercial seed suppliers in the north, propagation of shrub species by cuttings has 
high potential to create a consistent source of plant material to reclaim large areas, if 
timely root development can be promoted. Lichens, mosses and biological soil crusts 
play key roles in harsh environments as they stabilize soil, modify infiltration, increase 
soil fertility, and prevent erosion. However, only limited research has been conducted on 
their use in reclamation due to their slow growth rates and historical perception as being 
less important compared to vascular plants.  
 
Researching innovative, cost effective and sustainable methods to reclaim disturbed 
northern land and develop self-sustaining communities will create techniques to restore 
disturbed land and assist with conservation of one of the few remaining natural 
environments worldwide. The objective of this research program is to develop and 
improve methods for collection, propagation and dispersion of native shrub and lichen 
species in harsh northern environments.  
 
 



Methods 
 
Shrub cuttings 
 
Shrub cuttings were collected from eight dominant tundra species at Diavik Diamond 
Mine, Northwest Territories, located approximately 300 km northeast of Yellownife. 
Cuttings were collected from Arctostaphylos rubra (Rehder & Wilson) Fernald (red 
bearberry), Betula glandulosa Michx. (bog birch), Empetrum nigrum L. (crowberry), 
Ledum decumbens L. ssp. decumbens (Aiton) Lodd. ex Steud. (marsh labrador tea), 
Loiseleuria procumbens (L.) Desv. (alpine azalea), Salix sp (willow species). Vaccinium 
uliginosum L. (bog bilberry) and Vaccinium vitis-idaea L. (bog cranberry). 
 
The effects of three common horticultural practices affecting rooting of shrub cuttings 
were evaluated. The main objectives were to determine if the concentration (0, 0.1, 0.4, 
0.8 %) of a common growth hormone (indole-3-butyric acid (IBA)), soaking length (0, 1, 
3, 5, 10, 20 days) and time of year of collection (spring, summer, fall) could promote 
root initiation and development in growth chamber experiments over 60 days to create a 
more consistent source of plant material available for reclamation of disturbed northern 
sites. Treatment choices were selected based on a review of scientific literature, 
common horticultural practices and ease of application. 
 
Lichens 
 
Lichens were collected at Diavik Diamond Mine for a multi year field experiment. 
Specific objectives are to determine the effects of substrate type (crushed rock, lake 
sediment, processed kimberlite), containment type (none, jute, erosion control material, 
erosion control material and jute, woody debris, woody debris and jute, tundra soil, 
tundra soil and jute), and placement type (none, slurry, dry placement) on growth and 
survival of lichens. One hundred grams of sieved lichen material was used per 50 x 50 
cm plot. 
 
Results and Discussion 
 
Shrub cuttings 
 
Cuttings from all eight species collected at Diavik have the capacity to produce roots, 
although cuttings with roots across all treatments in spring, summer and fall, ranged 
from 1 % for fall Arctostaphylos rubra cuttings to 88 % for spring Salix sp. cuttings. Time 
of year of collection had a strong influence on root development for Salix sp. and 
Vaccinium vitis-idaea cuttings. Effects of soaking length and IBA concentration were 
less clear due to limited root initiation for most species, and interactions with time of 
year of collection. While species specific factors play a role in root initiation and 
development, other factors including environmental conditions may also be involved.  
 
 
 



Lichens 
 
After one year, preliminary results indicate that lichen fragment retention was enhanced 
with jute, lichens were more frequently associated with micro topography, and all 
treatments with dispersed lichen fragments (dry or slurry) had similar species frequency. 
Plots with no lichens had very few lichens. Most lichen fragments appeared health. A 
final assessment of lichen plots will occur in August 2016.  
 
Preliminary Conclusions 
 
Cuttings from all eight shrub species have the ability to produce roots, but root initiation 
and development was species specific. Time of year of collection had the strongest 
influence on root initiation and development. Placement of lichen fragments on plots 
significantly increased presence of all species monitored, while type of placement (dry, 
slurry) did not appear to play a significant role in species survival or frequency. Plots 
with jute appeared to have the highest retention of lichen fragments across all 
treatments. On-going and future research will potentially lead to more informed northern 
revegetation guidelines. 
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Introduction 
 

The Hollinger Tailings Management Area (HTMA, or Site) is located in Timmins, Ontario 

northeast of the intersection of Highways 655 and 101, and in part occupies a portion of 

the historical basin of Gillies Lake. The Site is owned and maintained by Goldcorp 

Canada Ltd. Porcupine Gold Mines (PGM). The HTMA consists of two distinct historical 

mine waste deposits, the Hollinger (or Gillies Lake) Tailings Area (HTA) and the 

McIntyre Concentrate Dump (MCD). Deposition of combined gold tailings to the Gillies 

Lake basin by Hollinger Mines took place from approximately 1917 to the late 1950’s. 

The MCD was used by the McIntyre Mine for storage of off spec sulphide rich gold 

concentrate from the sulphide flotation process in the mill between the 1933 and 1956, 

at which time it was filled to capacity. In 1988 and 1989, a gold recovery project took 

place at the site that consisted of re-mining the tailings and sulphidic concentrate, 

resulting in the exposure of large areas of unoxidized tailings and concentrate, and 

subsequent generation of acid rock drainage that drained towards Town Creek. 

 

Rehabilitation Activities at the HTMA 
 

Plans for rehabilitation at the Site were documented in the HTMA Closure Plan 

(SENES, 2007) and its subsequent amendment (Goldcorp Canada, 2009). For the 



purposes of Site closure planning the HTMA was divided into six closure areas including 

(Figure 1): 

 Area 1, the McIntyre Concentrate Dump; 
 Area 2, Gillies Pond, a remnant of Gillies Lake within the HTMA; 
 Area 3, situated southwest of Gillies Pond; 
 Area 4, the western portion of the site immediately adjacent to Highway 655 
 Area 5, situated at the north end of the site adjacent to the McIntyre Tailings 

Management Area; and,  
 Area 6, Town Creek and the area northwest of Gillies Pond. 

 

 
Figure 1. Location of the Hollinger Tailings Management Area (HTMA) in 
Timmins, ON 

 



During the closure planning process PGM collaborated with the City of Timmins and 

Mattagami Region Conservation Authority (MRCA) to determine a long-term land-use 

plan that would benefit the community. According to the plan, the Site will be maintained 

as a green space for walking and hiking and will not be used for activities that could 

physically disrupt the vegetation. The overall objectives of the rehabilitation work at 

HTMA included: 

 Improving surface water quality in Town Creek and groundwater quality on site in 
the long term; 

 Improving the long-term physical stability of the tailings to eliminate mine 
hazards, stabilizing soils to reduce steep slopes and limit surface erosion so that 
no further tailings enter Town Creek; and, 

 Improving the aesthetics of the HTMA by removing debris and vegetating the 

surface.  

 

Closure and rehabilitation works at the Site were implemented in two phases (AMEC, 

2014a; 2014b). Phase 1 included the following general activities that took place during 

2009 and 2010: 

 Construction of temporary and permanent outlet control structures for Gillies 
Pond; 

 Diversion of drainage from the MCD and the southern portion of Area 3 into the 
south end of Gillies Pond; 

 Diversion of drainage from the northern portion of Area 3 into the north end of 
Gillies Pond; 

 Rehabilitation of Town Creek and construction of a new channel from the outlet 
of Gillies Pond to a point 500 metres (m) downstream of Hwy 655; and 

 Rehabilitation of Areas 5 and 6. 

 

Phase 2 was completed in 2011 and 2012 and included the following general activities: 

 Relocation of the upper 0.5 m of acid generating tailings from the southern 
portion of Area 3 into Gillies Pond to prevent further acid generation; 

 Relocation of concentrate from the MCD into Gillies Pond to prevent further 
oxidation and acid generation; 

 Application of a cover to southern portion of Area 3 and the MCD comprising 
sand and gravel topped with a vegetative medium layer (biosolids); 

 Reshaping the banks of Gillies Pond and placing rip rap on the slopes for erosion 
protection; and, 

 Rehabilitation of the former settling ponds located east of Gillies Pond. 

 



The application of biosolids in the fall of 2012 was the final rehabilitation activity at the 

HTMA. At present the primary activities at the Site are related to monitoring. 

 

Assessment of the Performance of the Rehabilitation Activities 
 

PGM retained EcoMetrix Incorporated (EcoMetrix) to assess the performance of the 

rehabilitation measures at the HTMA (EcoMetrix, 2015). Among other things, the 

assessment comprised the following: 

 A summary and interpretation of a post-rehabilitation biological monitoring survey 
in Town Creek; 

 An analysis of water quality trends in, and treatment requirements for, Gillies 
Pond; and, 

 An evaluation of water quality in Town Creek post-rehabilitation. 

 

The first of two planned post-rehabilitation biological monitoring surveys in Town Creek 

was implemented in the fall of 2014.  The survey included the characterization of water 

quality, sediment quality, benthic macroinvertebrate community structure, fish 

community structure and aquatic habitats in Town Creek (Azimuth 2015). Based on the 

results of this study it can be concluded that: 

 The channel constructed to convey drainage from the HTMA to Town Creek is 

functioning as designed, as is available as aquatic habitat over its entire length. 

 The establishment of riparian vegetation is advancing along the entire length of 
the channel, dominated at this time by herbaceous plants (grasses) with a limited 
number of poplar and willow seedlings having emerged in the downstream 
section. 

 Metal levels in creek sediments show an increasing trend with increasing 
distance downstream of the HTMA and were within the range of those measured 
in previous assessments (Minnow, 2001, 2003).  

 Benthic invertebrate density and diversity was similar at the three survey stations 
with some shift in community composition from upstream to downstream, likely 
associated with habitat differences. Benthic invertebrate community endpoints 
were similar to those measured in previous assessments (Minnow, 2001, 2003). 

 Fish were collected along the entire study area length, which included the 

constructed channel and Town Creek to its mid-reach, indicating that water 

quality even in the most upstream areas of the system is not a limiting factor to 

fish presence. There appear to be no complete barriers to upstream fish 



migration from the Mattagami River to the mid-reach of Town Creek, though 

some limits to fish passage within certain areas of the creek appear to be 

present. Fish abundance and diversity was higher in 2014 than it was in previous 

assessments (Minnow, 2001, 2003). 

 

Regular surface water sampling at the Gillies Pond Outlet has been conducted since 

1991. Historically water quality at this location was influenced by both source term 

loadings associated with the tailings deposited in the HTA, as well as the solids stored 

in the MCD. One of the primary objectives of the rehabilitation measures implemented 

at the Site was to address these source term contributions for the purpose of improving 

water quality downstream in Town Creek.  

 

For the purpose of the analysis of water quality trends in the HTA constituents of 

potential concern (COPCs) including pH, arsenic, copper, lead, nickel, total suspended 

solids (TSS) and zinc were considered. Following implementation of rehabilitation 

measures at the HTMA the following has been noted. The pH in Gillies Pond has been 

circum-neutral to moderately alkaline, has been within the discharge limit range of 6.0 to 

9.5 at all times and has not been subject to the depressed pH and seasonal patterns 

seen between the late 1990s and 2008 (Figure 3). Concentrations of arsenic (Figure 4) 

and metals (Figures 5 through 8) have decreased by several orders-of-magnitude, have 

met their respective discharge limits at all times and have not shown the seasonal 

pattern seen between the late 1990s and 2008. The TSS levels (Figure 9) have become 

less variable following the implementation of rehabilitation measures, have been below 

the daily and monthly limits since 2009 and have been typically less than 5 mg/L. 

 



 
Figure 3. pH Levels in Gillies Pond 1991 through 2014 

 

 
Figure 4. Arsenic Concentrations Levels in Gillies Pond 1991 through 2014 

 



 
Figure 5. Copper Concentrations in Gillies Pond 1991 through 2014 

 

 
Figure 6. Lead Concentrations in Gillies Pond 1991 through 2014 

 



 
Figure 7. Nickel Concentrations in Gillies Pond 1991 through 2014 

 

 
Figure 8. Zinc Concentrations in Gillies Pond 1991 through 2014 

 



 
Figure 9. TSS Levels in Gillies Pond 1991 through 2014 

 

Regular surface water sampling in Town Creek has been conducted since 1998. The 

influence of HTMA discharge on water quality in Town Creek prior to rehabilitation 

measure implementation was more significant in the headwater area of the creek than it 

was in the mid and lower reaches. In the headwaters water quality largely mimicked that 

of the HTMA discharge, whereas in the mid and lower reaches COPC concentrations 

varied considerably. Improvements in water quality in the upper reach of Town Creek 

(monitoring station DS655 at the Hwy 655 crossing) were observed immediately 

following the implementation of rehabilitation measures at the HTMA. The pH levels 

became circum-neutral to slightly alkaline (Figure 10), arsenic (Figure 11) and metal 

(Figure 12 through 15) levels decreased by one to two orders of magnitude and TSS 

levels (Figure 16) have decreased and are generally less variable. Since 

implementation of rehabilitation measures at the HTMA COPC levels have met site-

specific surface water quality objectives (SWQOs) in almost all instances and moreover 

COPC levels are generally close to or below Provincial Water Quality Objectives 

(PWQOs).  

 



 
Figure 10. pH Levels at Town Creek Monitoring Station DS655, 2007 through 2014 

 

 
Figure 11. Arsenic Concentrations at Town Creek Monitoring Station DS655, 2007 

through 2014 
 



 
Figure 12. Copper Concentrations at Town Creek Monitoring Station DS655, 2007 

through 2014 
 

 
Figure 13. Lead Concentrations at Town Creek Monitoring Station DS655, 2007 through 

2014 
 



 
Figure 14. Nickel Concentrations at Town Creek Monitoring Station DS655, 2007 

through 2014 
 

 
Figure 15. Zinc Concentrations at Town Creek Monitoring Station DS655, 2007 through 

2014 
 



 
Figure 16. TSS Levels at Town Creek Monitoring Station DS655, 2007 through 2014 

 

AMEC (2007) developed an empirical model to predict post-rehabilitation water quality 

at the Hwy 655 crossing (monitoring station DS655). The predictions, as well as actual 

concentrations over the period 2012 through 2014 at DS655 are summarized in Table 2. 

Overall it is evident that the HTMA rehabilitation measures had a greater positive 

influence on water quality than predicted. The pH values at DS655 post-rehabilitation 

exceed predictions for both the spring freshet and summer low flow conditions by 1 to 2 

pH units on the low end of the prediction and by between 0.5 and 1.0 pH units on the 

high end. For each of the other COPCs monitoring data collected between 2012 and 

2014 are one to two orders of magnitude less than the values predicted for the post-

rehabilitation era. 

Table 1: Comparison of Predicted Post-Rehabilitation CPOC Predictions to Actual 2012 

to 2014 Monitoring Data 

CPOC Predicted Concentrations (mg/L) Actual Concentrations (mg/L) 

Freshet Low Flow Freshet Low Flow 

pH 5.2 to 7.0 6.0 to 7.5 7.2 to 8.0 7.4 to 8.0 

Arsenic 0.006 to 0.02 0.001 to 0.1 0.0003 to 0.0077 0.0003 to 0.0052 

Copper 0.03 to 0.2 0.01 to 0.3 0.0026 to 0.0135 0.0003 to 0.0177 

Lead 0.01 to 0.1 0.01 to 0.1 0.0004 to 0.0015 0.0004 to 0.0152 



Nickel 0.05 to 0.2 0.01 to 0.2 0.0045 to 0.0227 0.0006 to 0.0227 

Zinc 0.2 to 0.9 0.1 to 1.0 0.0006 to 0.0263 0.0022 to 0.03 

 

Recommendations for Revisions to the Site-wide Monitoring Program 
 

Based on the results of the performance assessment of the rehabilitation measures at 

the HTMA recommendations for revisions to the current site-wide monitoring program 

have been developed. The program will continue to comprise three primary components 

including groundwater, surface water, and aquatic biology. Monitoring for each of these 

components has been defined in terms of: sampling locations; sampling frequency; 

sample collection protocol including analytes and/or endpoints of interest; sample 

analysis protocols; and, interpretation of results. General requirements and frequency 

for reporting, as well as for quality assurance and quality control provisions have also 

been considered. Site-wide monitoring program commitments will be defined and 

harmonized in consideration of current Site-environment interactions, post site-wide 

remediation, as part of the planned 2016 Closure Plan Amendment.  

 

Summary and Conclusions 
 

Over the period 2009 through 2012, PGM implemented rehabilitation measures whose 

purpose was to, in part, improve the long-term surface and groundwater within Town 

Creek. Improvements measured in water quality at the HTMA, and downstream in Town 

Creek, were observed immediately following implementation of rehabilitation measures.  

The effectiveness of the rehabilitation measures are reflected by the extent to which the 

quality of water released from the HTMA has improved and stabilized and by all COPCs 

that have met their respective discharge limits at all times. The improvements in water 

quality at the HTMA are also reflected in Town Creek, particularly in its upper reach 

where the influence of the HTMA discharge is more conspicuous. Following the 

implementation of rehabilitation measures COPC levels have met respective SWQOs in 

almost all instances and moreover COPC levels are generally within the range of, or 

below PWQO levels. The results of the 2014 Town Creek biological survey indicated 



that water quality even in the most upstream areas of the system is not a limiting factor 

to fish distribution. Overall, based on the data and analyses presented herein it can be 

concluded that the rehabilitation measures implemented at the HTMA have been 

successful in meeting the Closure Plan objectives as it concerns surface water quality. 
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Microbes are the driving force in many processes, acting as catalysts to facilitate 
biogeochemical reactions that influence mining operations and remediation efforts.  
Despite this influence, microbes have often been overlooked in mining-associated 
processes. Historically, this has largely been due to the inability to effectively test and 
interpret mining-associated microbiological samples and data in a way that is useful to 
inform decisions. However, technology has advanced dramatically over the past 5 
years, and genetic (genomic) and growth-based microbial community profile (MCP) 
testing is now being applied to diverse mining processes and reclamation activities to 
inform and de-risk decision making (Fig. 1).   
 

 
Fig. 1 – Examples of how microbes impact the mining sector  
 
Microbial community profiling is now being used globally to aid mines with remediation, 
water treatment, consultation on acid rock drainage, and process optimization. The 
current state of technology is presented here as mini case studies from the past 5 years 
with example applications of MCP testing in mine settings. Examples range from 



permitting, design and optimization of reclamation activities, and treatment and 
prevention of fouling in operational processes.   
 
Case study 1:  Treatment and prevention of fouling in operational processes 
 
Biofouling can occur when microorganisms accumulate on surfaces, blocking pipes and 
filters, and preventing process flow. To effectively treat and prevent biofouling, the 
microorganisms responsible for the build up need to be identified to determine treatment 
and mitigation strategies, as well as putative sources of the problematic organisms. 
Historically, identification may have been overlooked, and the problem would be 
addressed as a black box, or sometimes microscopic or metabolic testing may be 
attempted, which are unable to provide the resolution needed to identify the culprit 
organisms.  
 
The selected case study is an example of identifying biofilms that were building up on 
distribution and picket fences in settlers used to separate copper from a pregnant leach 
solution. The build-up was problematic for process flow and required routine removal.  
Identification of the problematic organism through genetic MCP testing enabled 
recommendations for treatment and future prevention, as well as identified putative 
sources of the organism in the process.    
 
Case study 2: Selection of plants for ammonia treatment during operations 
 
A constructed wetland was being designed for operational treatment of ammonia (from 
blasting residues) for an underground mine in Canada. Ammonia oxidation is a process 
performed by bacteria in the wetland, but these bacteria are often found associated with 
the roots of plants. In order to effectively select the best plant sources for the wetland 
(i.e., those which would bring along beneficial bacteria with them), the microbial 
populations hosted by the roots of native Typha and Phragmites from different borrow 
sources near the construction site were compared with MCP testing.  
 
This testing allowed for the selection of Typha from two different borrow sources for use 
in the constructed treatment wetland. Two sources were selected because the types of 
ammonia-oxidizing organisms were different in these borrow locations, and therefore 
inclusion of both increases the diversity of organisms that can perform the needed 
function in the wetland. In the context of treatment wetlands, the diversity of microbes 
present that can perform a desired function (in this case, ammonia 
oxidation/nitrification) can be regarded as a measure of robustness to treat the water 
under a wider range of conditions and changes in water chemistry. 
 
Case study 3: Assessment of passive water treatment potential and testing through 
freeze-thaw for permitting 
 
A mine project in the Northwest Territories is predicted to have seepage in closure that 
requires treatment. To assist in permitting, a site assessment was performed to 
delineate attenuation of constituents of concern that are occurring in a natural wetland 



on site, to inform site-specific design and testing of constructed treatment wetlands for 
closure.  
 
Microbial communities were assessed along a watershed that receives seeps that are 
naturally high in arsenic, alongside other analyses for physicochemical parameters at 
the site. Using this information from the site assessment, a passive treatment wetland 
was designed and constructed at pilot scale to mimic natural conditions at the site that 
were found to improve arsenic treatment. The pilot-scale design successfully achieved 
targeted reducing and oxidizing conditions (in treatment cells designed for these 
respective conditions as part of a treatment train), and demonstrated the stability of key 
microbes through a freeze thaw cycle (Fig. 2).  With historical tools, the microbial 
aspects of natural attenuation at the site and subsequent pilot-scale designs and testing 
through a freeze thaw cycle would have been poorly defined, leading to the inability to 
predict robustness and optimize performance.    
 

 
Fig. 2 – Microbial populations in pilot-scale treatment wetlands through freeze-
thaw testing 
Multivariate statistical analysis can be used to suggest relationships between microbial 
populations in different wetland designs over time and through a freeze-thaw cycle. 
Oxidizing and reducing conditions targeted in the treatment wetlands are outlined with 
dotted ellipses. 
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“UNESCO” is the acronym for the “United Nations Educational, Science, and Cultural 
Organization”. Canada is a signatory member of this international body and actively 
participates in UNESCO programs. 
 
Established in 1998, the UNESCO Global Geopark Network (GGN) now involves 120 
Geoparks spread out over 33 countries. As of June, 2016, there are two full-fledged 
UNESCO Global Geoparks in the “Canadian Geoparks Network” (CGN) plus an 
additional ten “Aspiring” Canadian Geoparks that are in various stages of development.  
 
Our lives are shaped by geology and landscape. Collective decisions on where we 
settle, the crops we grow, the water resources that we require, the climate itself, all 
resonate back to geological opportunities…and limitations.  Those of us who are directly 
linked to the extractive resource industry are well aware that what we mine, the energy 
resources that we chose to use, and the natural hazards involved in procuring these 
resources, are directly linked to geology.  
 
But what is the geological awareness level of the general population (in any country)? 
Are they knowledgeable of the implications of geology in their lives?  UNESCO advisory 
staff looked at this issue in the closing years of the last century and came to the 
conclusion that no, the essential components of “Earth Science” understanding were not 
sufficiently present in the public domain on a global level.  
 
Previous experience with “The Man and the Biosphere Programme”, created in the early 
1970’s by UNESCO, was highly successful. Hundreds of sites in more than a hundred 
countries became the “World Network of Biosphere Reserves”. These closely managed 
facilities are places for learning about sustainable development, as it relates to the 
human connection to biology. Similarly, the UNESCO “World Heritage Sites” initiative 
promotes the conservation of natural and cultural sites of outstanding universal value.  
 
Could a new program be developed for the Earth Sciences as a whole, through actively 
engaging with local communities, with the aim of educating the global population about 
global geodiversity? The vision included the concept that Geoparks would be of 
significant size, and would have the potential to include both Biosphere Reserves and 
World Heritage Sites within the parks boundaries.  
 
 



THE ESTABLISHED CRITERIA  
 
There are four basic features that are fundamental for the development of a Geopark. 
These standards must be met and confirmed by representatives of the country that 
nominates a specific park to the Global Geopark Network.  

 GEOLOGICAL HERITAGE of international value, based on peer-reviewed, 
published research on the areas geological sites, must be proven to exist. 

 MANAGEMENT by a body having legal existence that is recognized under 
national legislation must exist. It will be represented by all relevant local and 
regional authorities and principal private partners. The organization must develop 
a comprehensive management plan to protect the landscape and conserve 
cultural identity.  

 VISIBILITY to visitors, as well as the local population must exist, in order to 
promote sustainable local economic development, primarily through Geotourism 
and Agritourism. It is important to establish a corporate identity.  

 NETWORKING, both on the National and International scale is obligatory in order 
to be a member of the UNESCO Global Geopark Network (GGN). By working 
together across borders, the GGN contributes to increasing understanding among 
different communities and enhances peace-building processes.  
 
Criteria satisfaction is evaluated during biennial meetings of the International 
Conference on Geoparks, which also is in charge of undertaking periodic reviews.  
 
 

TOP 10 FOCUS AREAS OF UNESCO GLOBAL GEOPARKS 
 
Natural Resources 
 
UNESCO Global Geoparks inform people about the sustainable use and need for 
natural resources, whether they are mined, quarried, or harnessed from the surrounding 
environment, while at the same time promoting respect for the surrounding environment 
and the integrity of the landscape.  
 
Geological Hazards 
 
The promotion of awareness for local geological hazards, including volcanoes, 
earthquakes and tsunamis, may help prepare populations by developing disaster 
mitigation strategies. These efforts build important capacity and contribute to the 
development of more resilient communities that can effectively respond to disaster. 
 
Climate Change 
 
Geoparks may hold the history of ancient climate change in the geological record, and 
the facilitors can be the educators on current climate change. The Geoparks can 
influence best practices for the population by utilising renewable energy and employing 



the best standards of “green tourism”. Such community and educational activities or 
projects are important to raise awareness on the potential impact of local climate change 
 
Education 
 
All UNESCO Global Geoparks must develop and operate educational activities for all 
ages in order to spread awareness of our geoheritage and its links to other aspects of 
our natural, cultural, and intangible heritages. Education can be offered in both formal 
and informal packages, and can be designed in a format that will allow both adults and 
retired people the opportunity to teach others.  
 
Science 
 
Geoparks are encouraged to work with academic institutions to engage in active 
scientific research in the Earth Sciences, and other disciplines as may be appropriate, to 
advance our knowledge about the earth and its processes. In addition, a Geopark must 
take great care not to alienate the public from science, and must avoid the use of 
technical jargon in programs aimed at attracting the interest of the general public.   
 
Culture 
 
UNESCO Global Geoparks are fundamentally about people, and about exploring and 
celebrating the links between communities, our practices, and the Earth. Many 
Geoparks have strong links to the arts communities, which allow the synergy released 
by the constructive arts and science combination, to become active in a unique manner. 
Mythology, folklore, building traditions and farm practices all come into play. 
 
Women 
 
The Global Geopark Network has a strong emphasis on the empowering of women 
through focussed education programmes and through the development of women’s 
cooperatives. Geoparks are a platform for the development of sustainable local cottage 
industries and craft products. Women often operate accommodation services for visitors.  
 
Sustainable Development 
 
Despite the presence of important geological heritage, it is equally important that the 
area has a plan for the sustainable development of the people who live there. This may 
take the form of sustainable tourism activities, or sustainable agriculture and food 
tourism. UNESCO Global Geopark status does not imply restrictions on ANY economic 
activity that complies with indigenous, local, regional, and/or national legislation. 
 
Local and Indigenous Knowledge 
 
Geoparks actively involve local and indigenous peoples, preserving and celebrating their 
culture. Local and indigenous knowledge, practices, and management systems, 
alongside science, are included in the planning and management of the Global Geopark. 



 
Geoconservation 
 
UNESCO Global Geoparks are areas that use the concept of sustainability, value the 
heritage of “Mother Earth”, and recognize the need to protect it. The defining geological 
sites in UNESCO Global Geoparks are protected by indigenous, local, regional, and/or 
national law and appropriate management authorities and agencies that will provide the 
necessary monitoring and maintenance of these sites. However, Global Geoparks do 
not interfere with the removal of geological material from licensed mines, quarries, etc. 
that are subject to regulation under national and/or international legislation.   
 
 
UNESCO GLOBAL GEOPARKS AND MINING 
 
Most member Geoparks have incredible geologic landscapes to enjoy, but they do not 
have an active history in quarrying or mineral extraction. However, the small subset that 
does represent the international mining industry provides a glimpse into the potential of 
incorporating mining heritage into the developing field of sustainable Geotourism. There 
are clear indications that the UNESCO Global Geopark Network is concerned about the 
loss of employment opportunities and cultural values when a long term mining region is 
permanently closed. However, there is economic value in mining heritage. 
 
Could the GGN be suggesting that mine reclamation specialists need to do more than 
secure a minesite from pollutant discharge while re-establishing traditional vegetative 
cover? Are they saying that mine reclamation includes the re-establishment of 
meaningful, sustainable economic opportunities among the long term residents in a 
traditional mining town? Does the UNESCO Global Geopark initiative indicate that there 
are values to be consciously preserved in the infrastructure of the mining complex, as 
well as in the infrastructure of the surrounding communities themselves?   
 
The answer may be in the evaluation of mining and quarry areas that are part and parcel 
of a current regional Geopark. Here is a list of Global Geoparks that involve various 
levels of mining history and should be researched (on the internet) by individuals 
involved in mineland reclamation.  
 
Tuscan Mining Park UNESCO Global Geopark (Italy) 
 
Geological and Mining Park of Sardinia UNESCO Global Geopark (Italy) 
 
Troodos UNESCO global Geopark (Cyprus) 
 
Swabian Albs UNESCO Global Geopark (Germany) 
 
Bakony-Balaton UNESCO Global Geopark (Hungary) 
 
Ore of the Alps UNESCO Global Geopark (Austria) 
 



Terras de Cavaleiros UNESCO Global Geopark (Portugal) 
 
Copper Coast UNESCO Global Geopark (Ireland) 
 
Idrija UNESCO Global Geopark (Slovenia) 
 
Karawanke/Karawanken UNESCO Global Geopark (Slovenia/Austria) 
 
Yanqing UNESCO Global Geopark (China) 
 
Tumbler Ridge UNESCO Global Geopark (Canada) 
 
 
 
PRESENT AND FUTURE UNESCO GLOBAL GEOPARKS IN CANADA 
 
To assist in Geopark development, Canada initiated the Canadian National Committee 
for Geoparks (CNGG) in 2009.  The first Geopark to achieve international recognition 
was Stonehammer, in 2011, located at St. John, New Brunswick. It was followed by 
Tumbler Ridge in 2014, located in north-eastern British Columbia.  
 
Membership of the CNGG comes from all parts of Canada. The CNGG assists Geopark 
proponents in the development of plans, advising on the strengths and weaknesses of 
Aspiring Geoparks in Canada. Figure 1 outlines the Canadian Geopark Network as it 
was defined in early 2016, with 2 fully accredited UNESCO Global Geoparks and 10 
Aspiring Canadian Geoparks.   
 
The UNESCO Global Geopark program is a long term venture. As only 2 Geoparks in 
any one nation can achieve international recognition in any given year, it will be a long 
time before there are representative sites in every Province and Territory. This is a 
primary reason why Canada should look at developing Geoparks that are much larger in 
size than what is normal in most parts of the world.  
 
Note that this program is dependent on individual citizens, community organizations, 
not-for-profit agencies, and private companies to take the initiative and develop Geopark 
projects. These are “grassroots” projects. They do not originate in the offices of Federal, 
Provincial, or Territorial governments, although the support and cooperation of these 
organizations is essential in the long term. All Provincial governments have staff who are 
familiar with the program.  
 



 
 
  Figure 1: UNESCO Global Geoparks and Aspiring Canadian Geoparks 
 
 
THE OPPORTUNITY FOR CLRA 
 
When the Canadian Land Reclamation Association originated in the mid 1970’s, there 
was a vision that the organization would bring all elements of land reclamation science 
together in one professional network. However, in reality, the science had not 
progressed much further than the focus of the original Ontario Cover Crop Committee at 
the University of Guelph.  
 
Science is progressive and reclamation professionals now evaluate a whole host of new 
technologies in an effort to build the most suitable reclamation plan for each individual 
project. Most research is done with the goal of enhancing the biological opportunities for 
the renewal of the derelict site. However, UNESCO, through the Global Geopark 
initiative, is suggesting that there is another component in (mine) land reclamation that 
needs to be addressed. That is the requirement of developing sustainable human 
opportunities in the shadow of abandoned mine operations. This is a cultural need of 
humans, who are also part of the biosphere.  
 
A century ago, mine operators abandoned projects without thought, when ore turned to 
waste. Environmental consideration had not yet evolved. Workers were left to fend for 
themselves as best they could. Today, most governments encourage the eradication of 
all traces of a mines existence, in addition to the necessary protection of the biosphere 
from pollutants. Workers are financially encouraged to retrain for new careers and move. 
 
But through it all, the human community that is left behind remains culturally linked to 
the reason for its original existence. They are mining towns with a proud history, 
inhabited with the offspring of generations of miners. To destroy all evidence of their 
cultural heritage is an affront to those who stay and try to achieve a sustainable way of 
life in their home town, in their geoheritage. UNESCO suggests this idea to be valid. 
 



In Cobalt, Agnico Eagle recognized that there is a human need for this community to 
maintain its mining heritage. As part of its corporate commitment to the community, the 
company representatives are expanding their reclamation planning to allow for 
geotourism opportunities. As such, there is a direct link being created between Cobalt 
and the historic mining communities of Europe, who are finding a new future as part of 
the UNESCO Global Geopark Network.    
 
Cobalt will be a core community in Temiskaming Rift Valley Aspiring Canadian Geopark.  
 
CLRA members and the organization itself have the opportunity to evolve over the next 
few years and align reclamation activities more closely to the human cultural needs in 
former mining communities. The public has invested heavily in the infrastructure that 
supported the mines. Reclamationists are well positioned to broaden their scope to 
include a sustainable future for mine communities, as an integral component of a 
successful land rehabilitation project. 
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Introduction 
 
In forested regions, mine wastes are poor quality substrates for tree establishment, 
especially waste rocks. Waste rocks are one of the two main solid mine wastes 
produced by mine sites, along with mill tailings. They come from the rock materials 
surrounding the ore, which are extracted by explosion and stockpiled on tens of meters 
(Brooks, 1990). Tree plantation after soil layering could catalyze plant succession on 
waste rock slopes and accelerate the conversion of revegetated waste rocks into forest, 
restoring the traditional use of closed mine sites. But in waste rock slopes, soil erosion 
may limit revegetation success. Herbaceous species are seeded in waste rock slopes to 
rapidly stabilize soil surface and to limit soil erosion (Helm, 1995). However, used 
herbaceous species often compete for water, nutrients, and light with planted trees 
(Rizza et al., 2007; Franklin et al., 2012), and are low quality nurse plants to allow 
natural colonization of revegetated slopes by forest trees. On the contrary, the use of 
fast-growing tree plantations on waste rock slopes could facilitate forest trees 
recruitment by changing the undergrowth microclimatic conditions while limiting soil 
erosion. On one hand, fast-growing trees like hybrid poplar develop an extensive root 
system which rapidly colonizes the available soil volume (Douglas et al., 2010; 
Wilkinson, 1999), as well as a canopy which protects the soil from rain drop impacts. On 
the other hand, the facilitation theoretical model (Connell and Slatyer, 1977) tells us that 
pioneer tree species like poplar, which are able to colonize disturbed sites, prepare the 
environment for tree species which come later in forest succession.  
 
Thus fast-growing poplars may be used to quickly stabilize the soil against erosion while 
facilitating forest recolonization. However, the plantation design that should be used to 
achieve both objectives remains unknown. To overcome this knowledge gap, a hybrid 
poplar plantation was established in 2013 on waste rock slopes of the Canadian Malartic 
gold mine in Quebec. The influence of plantation design in terms of tree spacing and 
combination with hydroseeding of herbaceous species was evaluated on: 1) soil erosion, 
vegetation and litter cover, and root development in superficial soil, and 2) 



microenvironmental conditions controlling seed germination, seedling development and 
survival of forest trees.  
 
Experimental setting 

 
 
Figure 1. Representation of one repetition block (among three) of the experimental 
plantation established in 2013: black dot represent trees. Five treatments were tested: 
three tree spacing (T1m: 1x1m, T2m: 2x2m, T4m: 4x4m), hydroseeding of agronomic 
herbaceous species with planted trees at 2x2m (T2mH), or soil cover without 
revegetation (T: no trees, no hydroseeding).  
 
Results 
 
Along the three years after planting, no treatment effect was found on planted tree 
survival, which remained close to 100%. Soil loss was the lowest in plots with planted 
trees at 2x2m and hydroseeding (T2mH) while it was the greatest in control plots without 
planted trees and hydroseeding (T, Figure 2). Plots planted with hybrid poplars without 
hydroseeding showed intermediate soil losses. Undergrowth cover and herbaceous root 
length density were greater in hydroseeded plots compared to other plots, but the 
difference attenuated with time thanks to natural vegetation colonization of plots without 
hydroseeding. Tree canopy cover and root length density were greater in high density 
plantations (1x1m) compared to the other spacing treatments (2x2, and 4x4m).  
 
Plots with intermediate tree density (2x2m) showed the greatest number of naturally 
colonizing seedlings of poplars and willows. Germination rates of tree species coming 
later in the boreal forest succession, i.e. Picea glauca [Moench] Voss and Abies 
balsamea [L.] Miller, increased in 1x1m planted plots compared to other treatments 
concomitantly to an increase in the volumetric water content of superficial soil with 
planting density (Figure 3). Finally, the hydroseeded treatment provided the lowest 
abundance of pioneer trees and balsam fir seedlings. 
 



 
 
Figure 2. Mean soil loss (cm) during spring snow melt in the two-year-old plantation 
(2014) among the five tested treatments: three tree spacing (T1m: 1x1m, T2m: 2x2m, 
T4m: 4x4m), hydroseeding of agronomic herbaceous species with planted trees at 2x2m 
(T2mH), or control with soil cover but no revegetation (T). (N=12). Bars denote SE. 
Means that do not differ at the 0.05 level are noted with the same letter (a < b) 
 

 
Figure 3. Seedling emergence rates of (a) Picea glauca and (b) Abies balsamea in 
relation to hybrid poplar spacing after spring seeding in the 3-year-old plantation (2015), 
varying in accordance with the increase in (c) soil volumetric water contents along the 
same gradient. Results presented in (a) and (b) summarize total summer emergence, 
whereas results in (c) are based on the average value measured from mid-May to mid-
June, when the largest proportion of emergences were recorded for both species. Fitted 
values and 90% confidence intervals were estimated by Monte Carlo simulations from 
generalized and linear mixed-effects models. 
 
Conclusion 
 
At the short term, hydroseeding of herbaceous species remained the most efficient 
method to limit soil erosion in waste rock slopes thanks to a greater aerial cover and root 
development of the undergrowth vegetation as soon as the first year after planting. On 



the other hand, planted tree growth, as well as the success of forest tree recruitment, 
were decreased in plots hydroseeded with herbaceous species. 
 
Fast-growing plantations also decreased soil erosion compared to control plots without 
trees and without hydroseeding. Their positive effect improved the second year after 
planting according to tree growth and undergrowth vegetation development.  
 
Finally, the treatment with high planting density (1x1m) presented greater soil water 
volumetric content the third year after planting, which was favorable to Picea glauca and 
Abies balsamea recruitment compared to other treatments. Moreover, the same 
treatment with high planting density could better protect the soil from erosion from the 
third year after planting onwards because it presented a greater tree canopy cover and a 
greater root development of trees compared to lower planting densities.  
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Constructed wetland treatment systems (CWTSs) can treat various contaminants in 
water when designed and executed in a scientifically guided manner.  A site-specific 
CWTS is being developed for Capstone Mining Corporation’s Minto Mine (Yukon), using 
a scaled phased approach to allow for flexibility for modifications and optimisations 
along each step. The phases are: (1) site assessment and information gathering, (2) 
technology selection and conceptual design, (3) pilot-scale testing and optimisation 
(controlled environment), (4) onsite demonstration-scale confirmation and optimisation 
and (5) full-scale implementation.  The first three phases have been completed 
successfully, and a year of testing performed on site for Phase 4.    
 
Innovations in the design development included application of genetic and growth-
based microbial community profiling (MCP testing) to guide system design in a site-
specific context. Pilot-scale testing allowed for selection of the optimal design from 
several options and for testing of different predicted closure water chemistries (Fig. 1), 
including concentrations beyond the most elevated predictions, including associated 
near-term and long-term scenarios (with and without nitrate, which could be present 
from blasting residues and affect selenium treatment). The pilot-scale CWTS confirmed 
plant amenability to transplantation, and the design selected for further testing achieved 
92% removal of copper (mean influent 146 μg/L, outflow 11.3 μg/L) and 41% removal of 
selenium (mean influent 10.2 μg/L, outflow 6 μg/L; Fig. 1).   
 

 
Fig. 1 – Performance of selenium and copper treatment over time at pilot-scale 



A mass-balance of the pilot-scale systems confirmed that elements were sequestered to 
sediments, with less than 0.5% of the copper and 2% of the selenium transferred to the 
plant leaves (Fig. 2).  Removal rate coefficients were developed from the pilot-scale 
wetlands to allow for appropriate modelling and sizing of on-site systems. Further, MCP 
testing and physicochemical parameters (that explain the performance and are used as 
decision variables) outlined expected system maturation timelines through pilot-scale 
testing and setting subsequent expectations for on-site implementation.   

  
Fig. 2 – Mass balance of selenium and copper in pilot-scale treatment wetland 
 
The optimised design was built at demonstration-scale (Phase 4) on-site in 2014 (Fig. 
3), and has been operating since, following a path of maturation as predicted by the 
pilot-scale systems (Fig. 4).  This maturation will be discussed in this presentation in the 
context of the previous 3 Phases.  Highlights include a better than anticipated plant 
establishment, and initial performance during the commissioning period. 

 
Fig. 4 – Demonstration-scale treatment wetland on site, 2015. 



 
Fig. 5 – Comparison of soil redox (right axis, diamonds) and sulphide-producing 
microbial population (left axis; bar chart) for pilot-scale (off site) and 
demonstration-scale (on site) systems.  Horizontal dashed lines indicate targeted 
soil redox range, as suggested by oxidation-reduction chemistry and refined by 
pilot-scale testing. 
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1 Introduction 

Mitigating toxicity of soil Ni through liming might manifest itself through lower 
bioavailability of soil Ni, thus lower tissue concentrations of Ni. Bioavailability of 
dissolved metals is reduced as soil pH increases by reducing the free metal ion in 
solution, as competition with H+ for negatively charged sites on soil solids decreases [1].  
Plant uptake of dissolved Ni may also increase with soil pH above 5, as competition 
between protons and metal cations for binding sites on the biotic ligand also decreases 
[2,3].  However, the net effect is often a decrease in uptake. Particularly since Ni 
solubility also decreases with the increase in pH, and specific to Ni, addition of dolomitic 
lime could increase the pore water concentration of Mg2+, which has been shown to 
reduce Ni toxicity to soil-dwelling organisms by competing with Ni for the biotic ligand 
[2,4].  Finally, tissue concentration of an essential trace element, such as Ni, could be 
somewhat influenced by the organism’s tendency towards homeostasis [5], which can 
confound the relationship between estimated metal bioavailability and the observed 
toxicity.  The overall objective of the present work was to generate higher-tier in situ 
toxicity data for elevated Ni in soils, which would confirm the observations from the 
several pot studies of soils from this site, as well as the framework for predicting soil Ni 
toxicity identified by the European Union Risk Assessment Report (EU RAR) [6].  The 
present multi-year study of agronomic yield of field-grown oat and soybean, occurred in 
three adjacent fields that had received emissions from a Ni refinery for 66 years.  The 
soil Ni concentration in the plots ranged between 1300 and 4900 mg/kg, and each field 
was amended with either 50, 10 or 0 tonnes/ha of crushed dolomitic limestone. 
Dolomitic lime is the preferred method for restoring agricultural soils, and it contains 
both Ca and Mg.  The goal of the present study was to test the effect of liming on 
agronomic yield of soybean and oat, as well as its effect on the plant availability of soil 
Ni. 

2 Materials and Methods 

Three agricultural fields near the Ni refinery in Port Colborne, ON which are known to 
have elevated concentrations of Ni were amended with crushed dolomitic limestone at 
either 50, 10, or 0 t/ha in the summer prior to the first field trial.  In the first year of the 
study, half of the plots in each of the three fields were planted with oat (Avena sativa 
var. Rigodown), and the other half were planted with soybean (Glycine max var. OAC 
Bayfield). In the second year of the study, all plots were planted with soybean (OAC 
Bayfield) (as none of the soybean plots in the previous year produced useable data) 



and in the third year of the study, half of the plots in each field were planted with oat and 
the other half of the plots were planted with soybean.  Agronomic yield for each plot was 
determined when the plants were ready for commercial harvest.  The absolute yield for 
each plot was also expressed relative to the county average yield for that crop year, 
which was 2.2 t/ha (oat; 2005), 3.1 t/ha (soybean; 2006), 2.4 t/ha (oat; 2007) and 2.2 
t/ha (soybean; 2007).   

3 Results and Discussion  

For soybean, relative yield was higher at 10 and 50 t/ha added lime than at 0 t/h added 
lime (p < 0.05) (Figure 1a), whereas for oat, relative yield showed no significant 
difference among the liming treatments (p = 0.09) although the pattern of response to 
the three liming treatments was similar to that for soybean (Figure 1b).  This comparison 
of main effect means should be carefully interpreted, as the mean (and median, data 
not shown) soil [Ni] at 10 t/ha added lime was greater than at both 0 t/ha and 50 t/ha 
added lime, so ‘effect of lime’ is confounded with exposure concentration.  Despite this 
confounding factor, liming appeared to be effective at improving agronomic yield of 
soybean and oat grown in soils with [Ni] ranging to nearly 5000 mg/kg, although the 
optimal rate of lime addition could not be identified.   Without the confounding of lime 
addition with exposure concentration, it is possible that agronomic yield of both species 
would have been clearly greatest at 10 t/ha, because it substantially reduces CaCl2-
extractable soil [Ni] and results in a soil pH closer to optimal for cultivating most grain 
crops (i.e. 6) than results from adding 50 t/ha lime to soil [7].  Pagani and Mallarino [8] 
demonstrated that yields of soybean and corn in uncontaminated soils were sometimes 
improved by liming, at rates of 9, 13.5 or 22.4 Mg/ha CCE equivalent, whether or not the 
lime source was calcitic, dolomitic, or pure CaCO3.  Soil pH was increased from about 
5.7 to between 6.5 and 7.3, depending on the source of lime. 
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Figure 1:  Agronomic yield of soybean and oat relative to county average values for the year, for each of 
three liming treatments. 
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Introduction 
 

Subarctic regions are recognized as one of the largest remaining pristine 
landscapes on earth (Walker, 1997). Within these regions, strong connections 
exist between the physical, chemical, and biological components of each 
ecosystem (Walker, 1997), and are recognized as vulnerable due to their 
sensitivity to change and disturbance (IUCN, 1993). Subarctic and arctic regions 
have been subject to increasing pressure from human activities, including mining, 
which have led to progressive degradation of these pristine environments 
(Deshaise et al., 2009). Rehabilitation efforts in subarctic regions have been 
minimal due to the lack of proper guidelines. This is mainly due to a limited 
understanding of fundamental ecosystem processes that exist within subarctic 
regions (Deshaise et al., 2009). Reclamation strategies aim to improve 
conditions, such as developing functional soils, to create conditions suitable for 
vegetation establishment (Munro, 2006). Therefore, it is important to understand 
the soil properties and relationships that can influence reclamation within 
subarctic regions.  

 
Our research focuses on the reclamation of diamond mine wastes in 

subarctic regions, specifically at the De Beers Victor Diamond Mine. The De 
Beers Victor Diamond Mine is located within the Hudson Bay Lowlands, within 
Canada’s subarctic. Currently, it is the only active mining development within the 
Hudson Bay Lowlands. Mines that develop in northern regions can be a 
challenge to reclaim due to natural aspects of subarctic environments as well as 
the remote location of these mining developments. Due to their remote location, 
there is often a shortage of material that can be used to create cover soils during 
the process of mine reclamation.  

 
The goal of our research is to examine how mines in northern regions, 

such as the De Beers Victor Diamond Mine, can use readily accessible material, 
including their mining by-products, to create cover soils for reclamation. To 
achieve this, various soil mixtures were created using local mineral and organic 
substrate materials at the Victor Mine, and their success and performance will be 
evaluated. The main objectives of this research are to (1) determine which 



mixture(s) of mineral substrates promote the most suitable conditions for the 
establishment of vegetation, and (2) determine how the quantity of organic matter 
influences vegetation establishment.  
 
Methods 

 
During the summers of 2013 and 2014, test mixtures were constructed on 

two areas of mine waste at the Victor Mine. In total, 48 test mixtures were 
constructed, measuring 5m x 5m. The raw materials used to create the soil 
mixtures included a silty loam marine overburden (OB), coarse and fine 
processed kimberlite (CPK and FPK respectively), and peat.  Using these raw 
materials, four mineral mixtures were created, and tested with either 20% or 40% 
peat applications. The mineral mixture combinations include 100%OB, 50:25:25 
OB:CPK:FPK , 50:50 OB:CPK, and 25:50:25 OB:CPK:FPK. During the summer 
of 2014 each test mixture was fertilized at a rate of 12.5g/m2 (8-32-16 NPK), a 
local microbial inoculation mixture was applied, and were seeded with a variety of 
native nitrogen-fixing and non nitrogen-fixing plant species.  

 
During the summer of 2015 various physical, chemical and biological 

parameters were examined to evaluate the success and performance of each 
mixture. The physical properties examined included root penetrability, texture, 
soil surface moisture, air temperature, bulk density, organic matter content, 
surface roughness and changes in moisture and temperature with depth. The 
chemical properties examined included soil pH, electrical conductivity, 
bioavailable nutrients, and C, N, and S content. The biological properties 
examined included microbial activity, aboveground biomass, and total plant cover 
and composition.  These tests were also preformed on selected reference sites in 
order to compare the performance of our test mixtures in comparison to natural 
native soil conditions, a peat-OB mixture currently being used to reclaim a 
stockpile at the Victor Mine, and untreated waste rock piles at the Victor Mine.  

 
Results 
 

Results at this stage in our research show significant differences between 
several physical, chemical, and biological parameters of the mineral mixtures 
including soil bulk density, surface moisture, electrical conductivity, pH, and total 
plant cover.  The greatest differences within these parameters were observed 
between the mineral mixtures containing 100% OB, and those containing high 
amounts of processed kimberlite.  The mixtures containing 100% OB had greater 
surface moisture measurements, lower bulk densities, greater electrical 
conductivity measurements, lower pH measurements, and greater total plant 
cover scores during the first year of growth (Fig. 1) compared to the mixtures 
containing high amounts of processed kimberlite.  

 
Significant similarities were also found between several physical, chemical 

and biological parameters of the test mixtures in comparison to native soil 
reference site conditions, in terms of bulk density, root penetrability resistance 



measurements, and electrical conductivity measurements. The test mixtures and 
peat-OB mixture had statistically significant similar estimated total plant cover 
scores.  

 

 
Fig. 1.  Total plant cover variation observed on the mineral mixtures containing 
20% and 40% peat in late August 2015 with post-hoc Tukey’s test results 
(mineral mixture ratio OB:CPK:FPK, P<0.05). The scoring system used is as 
follows: 1=≤1%, 2=2-5%, 3=6-20%, 4=21-50%, 5=≥50% cover. 
 
Conclusions 

 
This research is still ongoing, however, we are observing that our test soil 

mixtures containing 100% OB were the most successful in terms of vegetation 
establishment during the first year of growth, and that our test mixtures resemble 
reference site conditions. During the summer of 2016 second year growth will be 
evaluated. This research will provide the De Beers Victor Diamond Mine with 
suggestions for a cover soil to use during mine reclamation. It will also provide 
insight into the challenges faced when restoring disturbed subarctic 
environments, and will be used to develop reclamation protocols for mine waste 
within the subarctic regions of Canada and others globally.  
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Passive water treatment technologies are increasingly being considered for mine site 

closure in the Yukon. Efforts are currently underway in Yukon to test, compare and 

contrast passive treatment technologies with conventional technologies. This study 

aimed to provide additional information about the effectiveness of passive treatment 

technologies for mine water treatment in cold climates. To test the hypothesis that 

bioreactors can effectively treat mine-impacted water at low temperatures, four bench-

scale, continuous flow bioreactors were assessed for their potential to remove As, Se 

and Sb from mine effluent over a one year period. More specifically, the objectives of 

this study were to: 1) assess the efficiency of removal of As, Sb and Se from a synthetic 

drainage with relatively high initial concentrations of the three metals in cold conditions, 

as well as from actual leachate collected at the Eagle Gold site, a proposed gold mine in 

central Yukon, 2) evaluate the effect of using wood chips as part of the composition of 

the bioreactor, and 3) assess the effect of the freeze/thaw transition on the bioreactors’ 

performance.  

 

Protocols were: Phase 1 (P1), the bioreactors were operated with the addition of liquid 

methanol as a carbon source, and in an environment with uncontrolled temperature 

during the fall until the bioreactors froze solid; Phase 2 (P2), the bioreactors were 

thawed in a fridge at a stable temperature of 6°C; Phase 3 (P3), the bioreactors were 



operated and monitored at 6°C; Phase 4 (P4), the bioreactors were operated at 6°C in 

the same conditions but without the carbon addition. 

 

Results show that all bioreactors significantly decreased As, Sb and Se concentrations 

when carbon was added independent of influent concentration. Using the highly 

concentrated synthetic metals drainage with an average of 4.9 mg/L As, 0.14 mg/L Sb 

and 0.47 mg/L Se with a 1% methanol addition, the removal efficiencies were  >93% , 

>96%, and >99% for As, Sb, and Se, respectively over phases 1 to 3.  The results 

indicate that the use of spruce chips in the bioreactor substrate (C10 and C11) helped 

improve removal efficiencies, while mitigating the effect of freeze/thaw . It is suggested 

that the wood chips provide an adequate support to either protect and/or favor biofilm 

growth, which may promote sulfate reduction and metal sulfides precipitation. Finally, 

the efficacy for adding carbon was assessed by comparing the results for a 153-day 

period with 1% methanol added to a 220-day period without methanol added. Sb and 

Se were affected by the lack of methanol but high performances were still achieved with 

>95% and >88% removal of Sb and Se respectively over the 220 days (The Sb 

performances figure is not shown here resemble Se removal shown in Fig 1). On the 

other hand, As concentration rose steadily in the effluent once liquid carbon addition 

was stopped (Fig 2), suggesting that supplementing the reactor with liquid substrate is 

required to remove As in cold temperature. We surmise that adding methanol provided 

an easily biodegradable carbon source, which is much needed by the microorganisms 

responsible for As removal at cold temperatures.  

 

This study is one of very few studies reported in the literature that demonstrates Sb 

removal from water by an anaerobic bioreactor. Overall, it demonstrates the potential 

application of passive anaerobic bioreactors as a technique to remove As, Sb and Se 

from mine water effluent in a cold climate where freeze/thaw happens as long as easily 

biodegradable carbon is available to the microbes. It also suggests that the addition of 

liquid carbon to the bioreactor may be required, especially for As removal in cold 

temperatures and freeze/thaw conditions occur. Further study would be needed to 

identify the temperature threshold under which the addition of carbon source is required 



and to scale up the bioreactor. It is suspected that better flows (less preferential 

pathways) would be achieved in a larger unit and would support removal efficiencies.  

 
Figure 1. Se concentration in the influent and effluents from the C10-12 reactors 
(Phases 1-4; quantification limit is 0.7 ug/L, value below the limits are reported as 0.7) 

 
Figure 2. As concentrations before and after treatment by the bioreactors C10 and C11 
(duplicates, wood-amended) and C12 (control, no organic amendment) (Phases 1-4; 
quantification limit is 0.8 ug/L, value below the limits are reported as 0.8) 
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Abstract: 
This study introduced students to the use of the soil microarthropods as 
bioindicators of soil health by using population distribution data to evaluate 
and compare ecological health at selected reclaimed sites in the Sudbury 
area. The area has undergone extensive ecological degradation due to 
anthropogenic impacts such as forestry and smelting, followed by decades of 
revegetation treatments. The treatments included the application of dolomitic 
limestone and fertilizer, seeding with grasses and legumes followed by tree 
planting and, most recently, the selective placement of imported forest-floor 
transplant plots on selected regreened sites. The morphology of collected 
Humus Forms from both untreated and treated sites were described in detail, 
with soil arthropods being then extracted using a series of Berlese-Tullgren 
funnels for estimates of population membership and diversity which were then 
interpreted as indicators of ecological health status. The results from this 
small preliminary study indicated that the transplant plots have greater humus 
form profile development, an observation suggestive of higher levels of 
arthropod activity and species diversity producing more organic detritus 
promoting higher microbiological decomposition rates. The lack of extensive 
sample replication, coupled with identification of the arthropods mainly to the 
order level, limit any definitive conclusions from being drawn from this study, 
although it most certainly served as a valuable learning experience. 
 
Key Words: forest floor transplants, Berlese-Tullgren extraction, ecosystem 
restoration, Sudbury 
 

Introduction 
Soils are the very basis for the majority of life on earth, and the importance of the 
diverse array of organisms which inhabit these ecosystems underfoot cannot therefore 
be underestimated (Orgiazzi et al. 2016). As key decomposers (Latif, 2013), soil 
dwelling arthropods are included amongst these critical soil inhabitants, and as their 
populations are often seen as indicative of ecosystem health they are termed 
bioindicators by many (Bardgett 2002). Crucial as they are in the functioning of soils, 
observing these arthropods is not however straightforward, with specialized techniques 
and tools required for their extraction and examination (Orgiazzi et al. 2016). The 
application of these techniques vary and, although a subject of debate within the 



 
scientific community, researchers agree that the observation method selected depends 
on the ecology and behaviour of the target species (Yi et al. 2012). 
 
Reviewed studies which conducted arthropod sampling in order to assess their 
abundance, richness and diversity when evaluating the health of an ecosystem used 
some variation of the Berlese – Tullgren funnel, with a few employing a modified 
version, such as one which used an additional chemical gradient (Freedman and 
Hutchinson, 1980), and another which employed Murphy's split funnel, as well as a 
simple funnel without heat in order to tease out acarina and collembola, and nematodes 
and enchytraeids respectively (Marshall, 1974). The Berlese-Tullgren funnel did, 
however, appear to be known for being a simple yet biased method as it is unable to 
obtain a complete picture of the soil arthropods present (Andre 2002). 
 
The depth of the soil cores collected ranged between 5 cm (Andrés and Mateos, 2006) 
to 15 cm (Marshall, 1974), though 10 cm cores were the most common (St.John et al. 
2002; Lindberg and Bengtsson, 2006; Iloba and Ekrakene, 2009). All studies performed 
multiple replications per plot, ranging from 2 (Creamer et al. 2008; St. John et al. 2002), 
to 5 (Komulainen and Mikola, 1995), and in one case, 60 (Freedman and Hutchinson, 
1980). One of the studies surveyed outlined the techniques which they used to identify, 
sort, and extract the soil microarthropods, which was by examining the microarthropods 
suspended in a solution under a dissection microscope, and extracting and sorting them 
using a pipette (Iiloba and Ekrakene, 2009). 
 
The study region of Sudbury, Ontario has been subjected to an intensive regreening 
effort following extensive environmental degradation beginning in the 19th century due 
to anthropogenic activities such as forestry, mining and smelting (Courtin 1994). As a 
result of this industrial damage, 20 000 hectares were completely barren and devoid of 
vegetation, with an 80 000 additional hectares being semi-barren at the initiation of 
large scale reclamation projects in the 1970s (VETAC 2007). The loss of vegetation due 
to forestry, fire, and the release of environmental toxins such as copper, nickel, and 
sulphur dioxide from smelting also promoted severe soil erosion (Freedman and 
Hutchinson, 1980). However, by 2007, the regreening program, a well-coordinated 
community initiative operating through multiple partnerships, had led to: (1) the planting 
of 9.5 million trees, (2) the planting of 280 thousand shrubs, (3) and the liming, seeding, 
and fertilizing of approximately 3500 hectares of land (VETAC 2015, figure 1). 
 



 

 
Figure 1. Map of the Sudbury area, with the location of the historically barren zones 
(outlined in red) and semi-barren zone (outlined in yellow). The map also indicates (in 
green) all of the areas to which lime was applied, and/or trees were planted, between 
the years 1978 and 2008. The three experimental sites have also been highlighted, 
Kelly Lake (orange), Laurentian University (black), and the Jane Goodall trails (blue) 
(VETAC, n.d). 
 
Despite all of the regreening efforts, the Sudbury Area Risk Assessment completed in 
2007 recognized that the land reclamation project had neither restored woodland 
understory species (Beckett et al., 2007), nor had terrestrial insect communities 
recovered to the extent as had plant communities (Babin-Fenske and Anand, 2010). 
These understory species are normally established as a component of the succession 
process, and their continued absence is likely due to a combination of unfavourable 
conditions such as thin, nutrient-poor soils, and lack of a suitable seed-bank (Kozlov 
and Zevera 2007). In an effort to reintroduce these missing species, including 
herbaceous plants, mosses and lichens, as well as other taxa such as arthropods, the 
addition of a new initiative to the regreening program in 2010 was the import of forest 
floor plots (VETAC 2010). Preliminary observations have indicated that some of these 
new understory species are surviving and thriving in their new habitats (Santala 2014). 
 
This report outlines preliminary work investigating the soil arthropod communities within 
these transplanted materials as soil arthropods are often measured as bioindicators 
when evaluating site health, especially when assessing site recovery following 
environmental stressor disruptions such as drought (Lindberg and Bengtsson, 2006), 



 
pesticide use (Latif, 2013; Iiloba and Ekrakene, 2009), and mining activities (Creamer et 
al., 2008; St.John et al., 2002; Andrés and Mateos, 2006). For example, a study by 
Southwood et al. (1982) which found that (1) arthropod richness was correlated with 
tree abundance, and (2) arthropod abundance increased with community species 
richness, suggests that, if the transplant plots increase understory vegetation species 
richness, the abundance of arthropods should also increase. 
 
Surface humus form samples were collected from several sites within the region, 
including regreened, transplant, and untreated plots, to assess the diversity of soil 
arthropods present in these plots, if they may serve as indicators of ecological health, 
and especially whether the transplant plots hosted the most diverse communities. A 
detailed description of the soil humus forms at the sites was completed to provide an 
understanding of the humus development rates as an indicator of soil organism plant 
degradation activity, an additional simple visual characteristic to evaluate site health. 

 
Methods 

Study Sites 
The study region within the City of Greater Sudbury, Ontario, Canada is located within 
the northern region of the Great Lakes – St. Lawrence forest zone which experiences 
hot summers and cold winters, with temperatures ranging from above 30 °C to below -
30°C, and a mean annual precipitation of approximately 870 mm. Tree species, either 
planted or volunteer colonizers, include White Pine, Pinus strobus, Red Pine, Pinus 
resinosa, Jack Pine, Pinus banksiana, White Spruce, Picea glauca, Black Spruce, Picea 
mariana, White Birch, Betula papyrifera, Trembling Aspen, Populus tremuloides, and 
Red Maple, Acer rubrum (SARA group 2004). 
 
Samples were collected from three sites throughout the Sudbury area, two located in 
historically barren areas, Kelly Lake (KL) and the Jane Goodall trails (JG), while the 
third, from Laurentian University (LU), was located within the historically semi-barren 
zone. Four separate vegetation zones were sampled at the KL site, an oak-poplar, 
stand, a White Pine stand, a White Birch stand, and a barren area. The birch stand the 
barren zone had not been limed as a part of the re-greening program. The vegetation at 
both the JG site and the LU site was dominated by the typical Sudbury mixed forest 
species. 
 
Transplant Plots 
Forest floor mats, measuring 0.64m long, 0.54m wide, and 0.10m thick were taken from 
undisturbed donor sites approximately 50km South of Sudbury and placed at disturbed, 
recipient sites as 4m by 4m experimental plots to encourage the survival of vegetation 
even if the edges of the plots dried out (Santala 2014). The mats were 0.10m thick to 
allow for the shallow root systems within the humus forms to be harvested and, thus, 
replanted (Santala 2014). 
 
 
 
Sampling and Analysis 



 
Soil samples were taken in the form of soil cores, which were extracted using soil corers 
fashioned from 10 cm sections of 10 cm diameter aluminium pipe. Six soil samples 
were collected at the KL site, two were collected at the LU site, and three were collected 
at the JG site. At the KL site, two samples were collected from both the regreened oak-
poplar and the white pine stands, with each having a sample taken from both a 
transplant and a control plot. A single sample was taken at the KL untreated, barren 
zone birch stand. At the regreened LU site, one sample was taken from a transplant 
plot, while another was taken from a control plot. At the JG site, two samples were 
taken from transplant plots, one of which was introduced in 2010 and the other in 2015, 
while the third sample was from a control plot. 
 
The soil arthropods were extracted from the cores using a Berlese-Tullgren funnel 
installed below a 60w incandescent lightbulb to establish a temperature gradient. The 
arthropods were then stored suspended in a sugar-alcohol-water solution prior to 
identification to Order level on examination under a dissection microscope of a thin film 
of the organism-rich solution into a petri dish. Humus form samples were also taken to 
enable detailed pedological descriptions. The Shannon – Wiener index of diversity was 
used to quantify the diversity of arthropod orders found in each sample. 
 

Results 
Of all of the arthropod orders, acarina was the most abundant. The proportion of total 
arthropods counted in the sample which were acarina ranged from 23% in the KL White 
pine sample to 84% in the KL barren sample, with the abundance of acarina ranging 
between 6 individuals in the JG 2010 transplant to 482 in the KL barren sample. 
Collembola were the only other order found in all ten of the samples analyzed. There 
were 14 orders of arthropods identified at the KL site (Figure 2), 11 at the JG site 
(Figure 3), and 7 at the LU site (Figure 4). 

 
Figure 2. Abundance of all arthropod orders identified in the samples collected at the 
Kelly Lake sites; two from the oak-poplar stand (Control (C), Transplant (T5)), one from 
the unlimed birch stand, one from the unlimed barren zone, two from a white pine stand 
(Control (C), Transplant (T4)). 

 
Figure 3. Abundance of the arthropod orders identified in the samples collected from the 
Jane Goodall trails site; one from a transplant established in 2010, the other from a 
control plot. 
 



 
Figure 4. Abundance of each of the arthropod orders identified in the samples collected 
at the Laurentian University site; both from a birch stand, one from a control (C) plot, 
one from a transplant (T) plot. 
 
 
The diversity index values for arthropod orders found in these samples ranged from 0.6, 
for the KL barren sample, to 1.35 for the LU birch stand transplant sample (Table 1). 
The humus form profiles were described for seven samples, consisting of three from the 
JG trails site, two from the LU birch site, and two from the KL oak-poplar site (Table 2). 
There was considerable difference in the development of the humus forms at all sites 
except for the Jane Goodall Trail control and 2015 transplant plot samples, both of 
which were classified as Lignomor (Klinka et al. 1981). 

 



 

 
 
 

Discussion 
At both the LU and the JG sites the arthropod abundance for the samples taken from 
the transplant plots had higher indices of diversity than their respective control plots. 
The results were slightly more complicated at the KL site, as neither the oak-poplar, nor 
the white pine transplant plots had higher diversity indices than their respective controls, 
though that of the barren zone was the lowest of all samples analyzed. In the case of 
the oak-poplar and white pine samples at KL the differences in diversity indices were 
relatively minor, at 0.77 to 0.74 and 0.99 to 1.05 respectively. For the LU and JG 
samples, however, the differences were much greater, being 1.29 to 0.96 and 1.35 to 
0.93 respectively. 
 
The results obtained for the unlimed KL barren zone sample were somewhat expected, 
as the acidic soils of the area support very little vegetation cover (SARA Group, 2004). 
Given this combination of environmental factors, the soils at the barren site may not 
have been favourable to a wide range of species (Creamer et al. 2008). Interestingly, 
however, the stunted birch covered barren zone sample did have the highest 



 
abundance of acarina of all of the samples analyzed. This high abundance is not 
necessarily correlated with high diversity of acarina species, as they were not identified 
to that level, and therefore may have been a case of only a few colonizing species 
dominating an area, as it is acknowledged to occur in many instances of stressed 
ecosystems, such as those polluted by metals (Creamer et al. 2008). 
 
Nematodes, normally exceedingly common in soils worldwide, were only identified in 
low abundances in five samples. This observation may be due to multiple factors, 
including high metal concentrations, such as copper, being observed as limiting 
nematode abundance (Creamer et al. 2008). There is also the possibility that 
nematodes were not properly extracted from the soil samples because of a high drying 
and temperature gradient during the extraction phase, leading to few organisms for 
identification under the dissection microscopes. 
 
Colonization of polluted areas by microarthropods has been demonstrated to be limited 
to only a few species, even if there are revegetated areas nearby, as they disperse very 
slowly (St.John et al. 2002). This limited dispersal potential, along with the hypothesis 
that the degraded Sudbury soils may be less habitable to many species, may explain 
why diversity was greater in the transplant plots than in the control plots at the LU and 
JG sites. Studies previously conducted on revegetated mine tailings in Sudbury 
demonstrated that the species richness and diversity of acarina was less on tailings, 
even on sites revegetated 40 years previously, compared to nearby control plots 
(St.John et al. 2002). The tailings study also found the density of mite species to be 
similar in the old tailings plots and control plots, with species compositional diversity 
indicating the plots to be no more than 60% similar (St.John et al. 2002). In this latter 
study, the abundance was high in the low diversity stressed system, an observation 
similar to that found in this study. However, direct comparisons between the two studies 
cannot be conclusively drawn as that study identified mites to the species level, 
specifically, whereas this broad study identified only arthropod orders. The results, 
based on the parameters measured, in the current study cannot conclude whether the 
soil microarthropods from the transplant plots have migrated outwards. However, as soil 
microarthropods migrate exceedingly slowly (Creamer et al. 2008), the five year period 
between the import of the transplants to the Sudbury regreeening plots and the 
sampling period in the Fall of 2015 may have been insufficient to allow for significant 
migration. 
 
The litter layer (L) on the soil profiles at the LU site was similar. The regreened control 
plot humus form had two distinct fermentation layers (F), neither of which was 
zoogenous in nature as observed for the transplant plot. In the transplant plot, the litter 
layer (L) and the fermentation layer(s) (F) were thicker in the control plot than in the 
transplant plot. These observations may support the hypothesis of a thriving and active 
microarthropod community in the transplant plot speeding decomposition (Latif, 2013), 
thinning the litter and fermentation layers, and leaving abundant fecal matter in the form 
of a zoogenous fermentation layer (Klinka et al. 1981). The JG site had two transplant 
plots, one installed in 2010, and the other in 2015 only months before the sample was 
taken. The results of the JG soil profiles did not point towards a clear pattern in soil 



 
arthropod activity, with the younger 2015 transplant being more similar to the regreened 
control than the 2010 transplant. The 2010 transplant was the only one of the three to 
have a humus layer (H) composed primarily of faunal droppings. Both the control and 
transplant profiles from the KL oak-poplar site had less than 2 cm of litter and 
fermentation materials, with no clear humic layer (H). In contrast, the thin organic layer 
was over an organo-mineral layer enriched with humic materials (Ah). Thus the limed 
control plot was different from the transplant plot, with the fermentation layer being 
distinguished from the litter layer (L), whereas the transplant had a surface layer which 
was a mix of litter and fermenting (F) materials. These results may, as with those for the 
LU sites, support the hypothesis that the transplant plots contained a more active 
microarthropod community which aided in the decomposition of the annual litter 
contribution from the understorey and canopy vegetation. 
 
The use of the simple Berlese – Tullgren funnel was well suited to this preliminary 
study. Similar studies surveyed also appear to use a variant of the technique, with the 
simplicity of the method for this preliminary class-based study being critical in spite of 
the potential lack of reproducibility and accuracy. The collection of 10 cm deep soil 
samples was suitable as the studied soils are commonly shallow, often with less than a 
10 cm surface humus form, a depth described in the literature as containing the majority 
of soil microarthropods (St.John et al. 2002; Marshall, 1974). There may have been 
several sources of error in the identification and enumeration of these microarthropods, 
with the identification being completed by several students, with potential discrepancies 
in observation and use of the systems for identification. The lack of extensive sample 
replication also limits the strength of conclusions drawn from the results which fail to 
truly account for variation, and therefore may not present a complete picture as to the 
number and diversity of microarthropods present at each site. 
 

 
Conclusion 

Although the results of this study were inconclusive, the preliminary findings appear to 
support the hypothesis that the transplant plots introduced into the area may host a 
greater diversity of microarthropod orders. The barren site at KL had the least diverse 
microarthropod community, strongly supporting the hypothesis that microarthropod 
diversity is potentially indicative of ecosystem health. The transplant plots had humus 
form profiles with thinner litter and fermentation layers, as well as more evident faunal 
droppings, than their respective regreened control plots, indicative of greater, more 
productive, or more diverse microarthropod communities in those plots. 
 
In future studies, the systematic errors in this study might be mitigated by increasing the 
replication, and by having a team of researchers more comparable in their methods. 
The impact of these transplant plots could be more thoroughly understood by 
determining with a greater degree of precision which microarthropod taxa inhabit these 
transplants, which groups disperse from the transplants, and at what rate this dispersal 
occurs. This detailed faunal studies could be completed by sampling on a gradient over 
a series of years, and identifying the microarthropods found to the genus or even 
species level. 







 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



The million dollar mistake 
Steve Lalancette, president 

Regeneration 

 

In business, a million dollar mistake refers to an error that has three main 
characteristics.  First, it’s a big one.  It has large consequences that are hard to 
correct.  Second, it’s definitely not intentional.  Those responsible were doing 
their best.  However, third and most importantly, it was avoidable.   

Over the last 20 years, academic and commercial research and development 
initiatives have led to the creation of new restoration techniques where acid 
generating tailings are sequestered in highly stable structures. Covers with 
capillary barrier effects (CCBE), elevated water tables and covers with 
geomembranes are now commonly used as tools to rehabilitate mining sites no 
longer in operation.  Prediction models estimated that these structures could 
remain stable for hundreds of years…  Or so we thought. 

Often considered as “icing on the cake”, vegetation has not usually been taken 
into particular consideration in the design of these structures.  The lack of 
understanding of biological concepts such as ecological succession or plant 
nutrition has led to the false beliefs that trees would not grow in what was seen 
as inhospitable conditions or that herbaceous covers would prevent their 
colonization.   

But they do grow.  In certain cases tree growth can be prolific and very rapid.  
And they do so on structures that were not designed to tolerate them. 

With their extensive and often deep root systems, trees are now threatening the 
very integrity of structures that were constructed at high cost.  Roots will grow 
across the capillary barriers of CCBEs and through most geomembranes.  
Through evapotranspiration, they also have a very important impact on water 
tables, each tree pumping hundreds of liters of water into the atmosphere every 
day.  This will affect the saturation levels in CCBEs and the height of water 
tables, sometimes bringing them far below planned levels. 

Therefore as an industry, we have made a million dollar mistake.  The mistake 
was not intentional, but why was it avoidable? 

A simple (if not simplistic) way to understand why tree grow on what looks like 
inhospitable structures is to understand what they are made of.  First, they 
contain between 85% and 95% of water.  Both CCBEs and elevated water tables 
contain water as part of their structure that can serve as water reserves for trees.  
Structures using geomembranes may not offer a water reserve per se but simple 
water retention from rainfall is often enough to initiate growth.  Second, the three 



major elements composing the dry mass of a tree, carbon, oxygen and hydrogen 
(up to 95% of dry mass, i.e. excluding water), are obtained from the atmosphere 
or from water.   

Simplistically put, 99% of elements composing total tree mass are always 
available.  Moreover, since trees use the sun as a source of energy, they do not 
need organic matter. 

If we look at the remaining 1% of mass, we find that certain elements are 
essential to tree growth and survival even if required in small quantities.  Three of 
them, nitrogen, phosphorus and potassium, are critical.  They are usually present 
on mining structures, but not in a form which trees can use.  Nitrogen is present 
in large quantities in the atmosphere (N2) and phosphorus and potassium in 
various mineral forms.  However, trees require nutrients to be in solution. 

This is not a permanent obstacle to tree growth.  Most tree species can develop 
symbiotic relationships with mycorrhizal fungi.  Theses fungi are able to access 
nutrients, such as nitrogen, phosphorus and potassium, in organic form and 
certain mineral forms (phosphorus and potassium).  These sources are 
unavailable directly to plants.  Other species, such as members of the Alnus 
genre, also form symbioses with nitrogen fixing bacteria (Frankiae) that transform 
atmospheric nitrogen into chemical compounds that plants can use.  Their growth 
on a structure will increase the amount of nitrogen available to other plants and 
facilitate the arrival of other tree species. 

Most of the other essential elements are required in very small amounts and are 
usually present as water contaminants therefore accessible to plants.  If not, they 
are often available through their fungal partners. 

In a nut shell, nothing on CEBBs, elevated water tables or coverages with 
geomembranes will prevent the growth of trees.  In fact, often nothing is 
completely lacking as far as their nutritional needs are concerned.  Conditions on 
these structures are far from ideal, but not so that tree growth will be null.  It 
might be slow, mortality rates might be high, but in the end tree growth is almost 
unavoidable. 

The biological processes that underline tree growth are well known and have 
been known for quite a while.  The type of ecological succession we are seeing 
on mining structures has been studied on other types of structures that are very 
similar, such as dams and dikes built for the production of hydroelectricity.  By 
failing to take this knowledge into consideration the rehabilitation industry, which I 
consider myself part of, has failed and made a million dollar mistake. 

We must therefore ask ourselves why we made such a mistake in order to 
prevent them from happening again. Far from being absolutes, a few aspects of 



our industry have to be considered if we want to increase our ability to prevent 
such mistakes. 

First, our industry is a young one.  It simply did not exist 40 years ago.  So even if 
it is easy to consider something as obvious after the fact, it is not always so clear 
beforehand.  We still have much to learn and therefore must use an extra degree 
of caution when developing new solutions. 

Second, our industry is complex. The rehabilitation industry includes a very wide 
array of expertise ranging from civil engineering to water treatment, hydrogeology 
to biology.  There are therefore no such thing as a rehabilitation expert.  Firms, 
academics and consultants must work together in order to tackle complex 
problems.  Identifying the right people with the right expertise can be tricky, 
especially when we are unaware that certain aspects of a situation can be 
problematic simply because we are not an expert in that particular field.  We 
must therefore refrain from making assumptions and refer to someone else as 
soon as we leave our own area of expertise.  Partnerships and strategic alliances 
will become key to solve increasingly complex environmental issues. 

Finally, we are a cost industry.  We do not create revenues for our clients.  Even 
if the environment is becoming an increasingly important part of corporate 
values, by its nature, it will always be under considerable strain to be as cost 
effective as possible.  However, sacrificing on quality in order to reduce short 
term cost can be expensive in the long term. 

Our failure to anticipate the impact of vegetation on rehabilitation structures in the 
mining industry is a good example of the type of challenges our industry is facing.  
Fortunately, solutions are now in place to control and prevent trees from 
colonizing confinement structures.  Bio barriers and high resistance factor 
vegetation coverages will prevent tree seeds from germinating and might even 
kill young trees. New vegetation control techniques using fungi will kill adult trees 
and prevent their regrowth.   

But for some structures, it is already too late and reconstruction cost will 
represent millions of dollars.  Let us therefore see this as a reminder that we 
must remain open minded to the complementary expertise of our colleges (and 
competitors) if we want to avoid another million dollar mistake. 
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Introduction and Objectives:  
Two species of wild rice are found in Canada (Aiken et. al, 1989). Southern wild rice 
(Zizania aquatica L.) is restricted to the lower Great Lakes where it is at the northern 
limit of its range in North America. The southern species has been largely extirpated by 
invasive carp and cattails. Northern wild rice (Zizania palustris L.)  naturally occurs from 
the eastern seaboard of Canada inland to eastern Manitoba but its range has been 
extended westward through seeding efforts for commercial purposes.  The open 
panicles of southern wild rice make it prone to seed loss and has no commercial value. 
This review describes the management efforts directed at both species. The particular 
issue of invasive cattails now affects the northern species and efforts are described to 
eliminate the potential catastrophic effect that occurred with the southern species.  
 
The native species of cattails in Canada is Typha latifolia. Although the native species 
can form large monocultures in areas formerly occupied by a variety of other species, it 
is limited to depths of less than 25 cm. By comparison, the exotic, Typha angustifolia, or 
the hybrid, Typha glauca, can tolerate depths of up to 1.5 m  (Grace and Harrison, 
1986). T. angustifolia is thought to have spread from the eastern seaboard of North 
America inland to the Great Lakes in the late 19th century (Hotchkiss and Dozier, 1949). 
It has spread further westward in the 20th century. The distribution maps of Grace and 
Harrison (1986) show the species reached the Rainy River area by at least the time of 
their publication. The exotic cattails occupy the same niche as wild rice with the 
advantage of being a perennial and thus able to usurp the annual wild rice particularly 
when water levels increase from year to year. This invasive species is now having 
devastating effects on the largest stands of northern wild rice in the world (Lee, 2015).  
 
Materials and Methods: 
Study Locations: For southern wild rice, efforts were directed at re-establishing a self 
sustaining population of this species at the Royal Botanical Gardens in Hamilton, 
Ontario. The construction of a large carp barrier that prevented carp from entering the 
320 hectare Cootes Paradise marsh, enabled re-vegetation to occur. Considered to be 
the historical dominant species, southern wild rice required a seed source. Surveys of 
reported sites of the species revealed only one source at Rondeau Provincial Park and 
seed was collected from this location. Cootes Paradise was assessed for suitable soil 
conditions and establishment of southern rice was conducted inside barriers preventing 
incursion of remaining carp. Planting success was evaluated and new establishment 
locations within the marsh selected.  
 
For northern wild rice, efforts by the Seine River First Nation were directed at cutting 
cattails in Rainy Lake  using a cutting bar apparatus attached to the front of their 
airboat. The culms of the cattails were cut at the sediment:water interface in the fall of 



2014. The theory to the procedure is that removing the culms stops flow of oxygen to 
the rhizomes in the anaerobic sediment in winter, killing the plants (Sale and Wetzel, 
1983). Results of the cutting trials were assessed in 2015 and effects on the nutrient 
regime of the underlying sediment where cattails were growing examined.  
 
Results and Discussion: 
Southern wild rice: Detailed analysis of soil conditions within Cootes Paradise revealed 
locations matching existing natural stands of southern wild rice. Small enclosures 
containing wild rice during the first year of production within the suitable areas were 
joined forming large enclosures. Rice seed was sufficient to enable complete coverage 
within the large enclosures by the second year. After ten years, a viable self sustaining 
population of southern wild rice exists in Cootes Paradise.   
 
Northern wild rice: Cattail removal proved to be remarkably effective. In the areas that 
were cut, the cattails were completely eliminated (Fig. 1).  Additionally, the native 
species that were present in the cut areas (water lilies, soft stem bulrush) were not 
affected and since these species were in low density, they had little effect on wild rice 
production. Adding to the success of the procedure, rice apparently remained viable in 
the seed bank in the area previously occupied by cattails. The cut area was completely 
filled with wild rice without seeding being required.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Sequence of cattail cutting trial on Rat River Bay, Rainy Lake. Upper left, prior 
to cutting cattails, upper right, after cutting, fall, 2014; lower right, spring, 2015 with rice 
in floating leaf stage; and lower left, re-established rice stand, fall, 2015. 
 
The presence of cattails also had an effect on the underlying sediment (Table 1).  
Extractable nutrient values showed lower concentrations of P, NO3, NH4, and Mn in the 
cattail dominated area than the wild rice area while Ca, K, Na, Cu, Fe and Zn were all 



higher. Similar results were found for total nutrient and pore water nutrients. Plant tissue 
results showed that per 0.25 m2, total C, total N, Ba, Ca, Cu, Mg, Mn, Na, P, S, Sr and 
Zn were all higher in the cattails’ plant tissue compared to the wild rice study area. 
Perhaps most significant, there was a reduction in tissue nitrogen in the wild rice 
growing in the cut area where it exhibited chlorosis symptomatic of nitrogen deficiency.  
 
Table 1. Extractable nutrients in sediment from cattails, natural wild rice and cut area.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusions: 
Loss of southern wild rice stands was attributed mostly to invasive cattails but the 
possibility of additional remediation projects in Ontario for this species is unlikely. 
Northern wild rice, on the other hand, is a highly prized crop and intense interest in the 
species ensures its continued cultivation. Existing traditional stands are currently being 
reduced in size by invasive cattails. Underwater cutting of cattails prior to ice cover is a 
highly effective control practice and a method of stopping the extirpation of northern wild 
rice.  Use of invasive cattails for remediation projects is inadvisable near wild rice areas. 
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Description   Mean SD Mean SD Mean SD 

Ext. Ca (µg / g)  1023.1 181.9 817.2 134.1 1150.0 168.5 

Ext. K (µg / g) 5.9 2.2 5.9 4.1 10.1 4.4 

Ext. Na (µg / g) 2.6 0.7 3.9 2.2 15.1 25.0 

Ext. Cu (µg / g) 1.4 0.4 1.4 0.6 2.3 0.5 

Ext. Fe (µg / g) 52.4 19.1 61.9 22.0 93.4 79.9 

Ext. Mn (µg / g) 7.5 0.8 10.8 5.7 9.4 5.2 

Ext. Zn (µg / g) 0.8 0.2 1.0 0.9 1.2 0.3 

NH3+NH4 (µg / g) 0.7 0.3 2.3 1.0 0.6 0.4 

N-NO3 (µg / g) 0.9 0.7 1.2 1.3 0.8 1.1 

pH 6.0 0.1 5.6 0.1 6.0 0.0 

Ext. P (µg / g) 13.3 3.7 8.3 5.0 7.8 4.1 

Bulk Density (g/cm
3
) 0.2 0.1 0.2 0.1 0.3 0.1 
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The formation of borrow pits results from the extraction of sand and gravel 

needed for road construction. The primary colonization of this inorganic substrate 

can be very slow, specially in stressful environments, as northern and alpine 

environments. Several factors, such as instability, poor water and nutrient 

retention and lack of propagules, limit the establishment of plants on abandoned 

borrow pits.  

 

The research project presented aimed to develop solutions for the restoration of 

disturbed environments where mineral substrate is exposed by using native 

plants. Two approaches were considered. In the first place, an experimental 

approach allowed to test the effect of various substrate on the establishment of 3 

typical vascular plants of the boreal forest, such as the glandular birch, the black 

spruce and the common Labrador tea. The different types of substrate tested 

were : (1) bare soil (2) amendment of peat, (3) glandular birch branch mulch, (4) 

fragmented community of Racomitrium canescens and Stereocaulon paschale 

and (5) dense naturally established communities of mosses and/or lichens. 

Preliminary results showed that the black spruce and the Labrador tea showed a 

better survival rate than the glandular birch, independently of the type of 

substrate on which it was grown. The preliminary results, taken after one growing 

season suggested that black spruce and Labrador tea would be good candidates 

for the restoration of disturbed environments where mineral soil is exposed, such 

as borrow pits. Among the various types of substrate tested, a branch mulch 

seamed to favor the establishment of transplanted seedlings on borrow pits by 

modifying the microclimatic conditions at the interface air-soil (as shown on figure 

1), while fragmented community of mosses and lichens seems to favour seeds 



germination (as shown on figure 2). Those data were collected after one growing 

season. The results of vascular plants introduction after one year will be shown 

during the presentation. They were not available by the time this abstract was 

written.  

 

 

Fig. 1 : Survival rate of introduced seedlings on borrow pits after one growing 
season according to the substrate in which they were planted.  

 
Fig. 2 : Quantity of germinated seeds on borrow pits after one growing season 
accordind to the substrate they were introduced in. 
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Secondly, plant establishment following restoration by the transfer of the organic 

substrate (including plant roots, seeds and aerial parts) on mineral roadsides was 

evaluated. The figure 3 illustrate the restoration technique. The results showed a 

fast vegetation recovery. The evaluation of several sites, allowed suggesting 

various options for the optimization of this technique.  

 

Fig. 3 : Illustration of the transfer of the organic substrate technique used to 
restore borrow pits and mineral road side. a) The pile of material conserved for 
the restoration. b) Organic material once spread on the road side. 
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The presence of sulfur oxidation intermediates (SOIs; e.g. S2O3
2-, SO3

-, S0, etc.) in 

mining wastewater is a significant industry-wide concern because of the potential for 

acidification and toxicity of receiving water bodies, resistance to treatment and the 

current lack of monitoring tools.  Bacterially catalyzed transformation of sulfur species 

under real world conditions remains poorly constrained, limiting the development of 

biologically integrated indicators.  As part of a larger project investigating the microbial 

links to mine water S chemistry for the water system of Ni, Cu mines in Northern 

Ontario, the objective of this investigation is to characterize the in situ S geochemistry of 

Glencore’s Oxidation Reservoir (Onaping, ON) over seasonal, operational and annual 

scales. As the Reservoir receives diverse water inputs from three mining companies, 

waste rock, tailings lines and multiple watersheds, these are also being assessed over 

seasonal scales to establish their contributions to observed Reservoir geochemistry. 

 

To date, water column survey data (pH, temperature, dissolved oxygen, conductivity, 

and oxidation-reduction potential) and samples (minimum of two depths per campaign), 

have been collected from the Reservoir and input sources at seven time points between 

September 2014 and May 2016 (Figure 1).  In addition, two sampling campaigns in July 

2015 bracketed effects related to mill production changes, i.e. the reduction and 

elimination of tailings discharge, may have had on the S geochemistry of the Oxidation 

Reservoir.  For each water sample microbial bulk community structure (functional 



metagenomics - Illumina HiSeq), and geochemical characterization (S: H2S, SOIs,  

SO4
2-, total S; Organic carbon: TOC, DOC; Fe: Fe2+, Fe3+, total Fe; and N: NH4

+, NO2
-, 

NO3
-) were carried out.  The techniques used to gather such data include ICP-AES for 

total sulfur, HPLC for SOIs, ferrozine method for iron analyses, TOC analyzer for 

organic carbon, and colorimetric spectrophotometry for determination of the remaining 

species of sulfur and nitrogen. 

 
Figure 1. Sample locations within the Strathcona Tailings Management System.  Inputs (yellow 

stars) and the Oxidation Reservoir (white stars) denote the specific sampling locations.   

 

The environmental survey data and associated cycling of sulfur, carbon, and nitrogen 

have been highly variable over space and time for both the inputs and the Reservoir 

(Figure 2).  Preliminary analysis highlights the importance of inputs in observed 

Reservoir geochemical characteristics. Sulfur geochemical results indicate the 

widespread and often dominant presence of colloidal elemental sulfur (S0) as a key SOI 

species (Warren et al. 2016). Collectively results indicate that Oxidation Reservoir S 

geochemistry will reflect input, seasonal, operational and microbial influences. 



 
Figure 2.  Spatial and seasonal variability of pH and dissolved oxygen (DO) of selected inputs 

and the Oxidation Reservoir from nine sample points during September 2014 to May 2016. 

 

These results will establish the importance of the various inputs as well as climatic and 

operational variability in overall S geochemistry in this system. Their integration with 

microbial and experimental results will generate new understanding of the potential 

importance, roles and outcomes of bacterial activity on water quality. 
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Nanoflotation - using EDL collapse to increase the efficiency of 
flotation and submerged membrane filtration. 
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Extended Abstract: 
With most industrial water and wastewater treatment requirements, the objectives for 
treatment are relatively consistent. Typically they are separation and removal of colloidal 
particles, removal of free oil and grease and reduction in the parameters that either 
cause scaling when water is reused or injected in disposal wells or have an effect when 
released to the environment. We will review water treatment challenges for oil and metal 
mining industries and provide a case study that deploys flotation followed by 
ultrafiltration as a treatment solution. In this case study we demonstrate removal of 
suspended and colloidal solids to 0.01 µm in size at efficiencies that are 10-times the 
industry norm and at costs that make in-line treatment of tailings economically 
achievable. The case study will be used to review the science behind microflocculation 
through use of electric double layer (EDL) compression (the DLVO theory) and how this 
can enhance traditional coagulation using charge neutralization. Colloidal solids, no 
matter their charge, will repel each other because of the EDL on each solid. However 
once the solid enters a highly ionized/charged environment, the EDL collapses and  van 
der waal attraction forces take over such that the solids attach to each other. Individual 
charge on the solids, in both cases, has no bearing on whether a solid repels or attracts 
one another.  The use of microflocculation requires a novel design that can provide fixed 
microzones of high ionic charge and a reliable mechanism to capture the small colloids 
that are rapidly formed in these microzones; membrane treatment partially provides for 
these needs. Loss of flux rates due to fouling, the nemesis of membrane treatment, had 
to be solved to take advantage of microflocculation, a challenge overcome by the 
Nanoflotation system reviewed in this case study. Solids removed from the water can 
immediately be placed as reclamation fill as long as they pass soil criteria. 
 
Flotation 
Flotation has been used extensively in oilsands and metal mining for primary resource 
recovery. In oilsands, it represents the first stages of oil recovery and subsequent oil-
water separation in the treatment of water for reuse. In metal mining it is the most widely 
used process for ore beneficiation. Flotation systems take on many forms, the simplest 
of which are tanks with or without settling plates (clarifiers) and a froth skimming system. 
Loading rates are expressed as the flow rate (m3/hr) divided by the tank cross sectional 
area (m2) and expressed as meters/hr (m/hr). Typical design loading rates range from 
1-2 m/hr for simple clarifiers to 5-10 m/hr for dissolved air flotation systems. High rate 
DAFs where bubble density and attachment properties are enhanced with frothers is 
enhanced  have more than doubled loading rates to 10- 20 m/hr. Despite these 
improvements, typical design rates for industrial waste waters remain 5 to 10 m/hr. 
Nanoflotation improves on these industrial design rates by allowing for designs in the 
range of 10 -20 m/hr using a surfactant-collector combination and a patent pending high 
intensity mixing system to enhance bubble surface attachment and rapid froth rise rates. 



 
We tuned the surfactant-collector chemistry for optimal organic and total suspended 
solids (TSS) removal in a one-year trial treating oilsands tailings waters. The TSS in 
these waters consists of stable “gel” suspensions of primarily small (< 5 µm) 
aluminosilicate clays. Better than 97% removal of TSS was achieved in flotation 
consistently over a 4 month 24-7 run period at dosing rates of 0.028 mL/L of feed water 
for lower turbidity waters (<100 mg/L TSS) to 0.25 mL/L for higher turbidity conditions 
(900 mg/L TSS). Additional trials on water containing high concentrations of primarily 
colloidal silica (20,000 mg/L) did not demonstrate the same performance in the flotation 
system due to the low ionic charge of the silica colloids. These colloids were, however, 
efficiently removed in the subsequent ultrafiltration stage (see below). 
 
Bubble density and size influence froth separation efficiency. Typical high rate DAF 
systems produce bubble densities of 1% and diameters < 0.1 µm. In Nanoflotation we 
focus on generating high bubble concentrations of 3% and larger bubble sizes in the 1 to 
2 µm diameter range. In Nanoflotation, we achieve three features critical to efficiency; 
high bubble surface area, a highly charged bubble surface and larger bubbles. The 
charged surface of the bubble causes EDL collapse and better surface attachment while 
larger bubbles increase the rise rate to values exceeding 16 cm/s. A doubling of bubble 
size in this range (up to 2 µm) results in 3 to 4 times greater rise rates, with greater 
efficiencies achieved at higher temperatures.  
 
Membrane filtration 
Membrane filtration has not been used commercially in oilsands solids removal and 
dewatering primarily due to the high capital cost and an inability to control fouling. In 
metal mining, filtration is common in dewatering and water treatment. In dewatering, 
filter presses, belt presses and other non-submerged systems are common whereas in 
water treatment, submerged membrane filtration is increasingly more common. 
 
Membrane strength, longevity and fouling negatively impact submerged membrane 
applications. This is particularly the case in oilsands applications where high organic and 
scale forming ion concentrations seriously curtail performance. Advances in membrane 
technology to overcome these issues have focused on a fixed precoat that both protects 
the membrane and repels charged ions that would otherwise foul the membrane and 
skin layer. The electorstatic repulsion is countered by the trans-membrane pressure 
(TMP) driving the solids and ions into the skin layer surface. When TMP exceeds a 
critical threshold (~1 bar), fouling rates can increase substantially.      
 
Cross flow, where a volume of water is passed tangentially over the skin layer surface, 
is extensively deployed in conventional membrane systems to reduce fouling by 
removing accumulated solids. Cross-flow systems must have substantially higher 
tangential flow compared to the flow through the membrane such that pumping flow 
exceeds permeate (treated) water production by 10 to 20 times or more. In addition to 
high pumping volumes, cross-flow systems eventually foul.. Once the membrane skin 
layer fouls in situ cleaning using highly acidic and caustic solutions is required to recover 



flux rates resulting in reduced longevity and in some cases delamination of the skin layer 
and failure of the membranes themselves.  
 
An alternate approach is to promote fouling of a temporary filter barrier similar to a skin 
layer with subsequent replacement in situ. These “dynamic membrane” systems use an 
inert material such as diatomaceous earth and are extensively used in removal of 
unreactive solids as a mud cake. Nanoflotation improves on the dynamic membrane 
concept with the patented replaceable skin layer (RSL) design (Fig. 1). We apply a 
precoat skin layer in situ, that creates highly charged microzones in the pore spaces. 
The skin layer is allowed to foul over an extended period and removed once TMP 
approaches 1 bar. The RSL technology allows for specific precoat chemistries that 
promote the agglomeration of ions and small colloidal particles within the precoat 
material. One formulation of the RSL targets the removal of fine tailings clays in the 
highly charged pore spaces within the precoat through EDL compression as proposed 
by the DVLO theory. 
 

 
Fig. 1: Electron micrograph of the Nanoflotation RSL able to capture colloids >0.01 µm 
in size on a stainless steel membrane with a pore size of 1 µm.  
  
 
The RSL patented technology has been deployed in various oilsands applications 
including tailings water treatment. In tailings treatment, stable suspensions of ultrafine 
clay were efficiently removed (Fig. 2) producing similar post treatment water quality of 
other leading ultrafiltration technologies but at a fraction of the capital cost and footprint. 



For example, TSS removal averaged 100% over a four-month continuous treatment 
operation but was achieved with 10% of the membrane area, no cross-flow requirement, 
and 30-times fewer backwash cycles when run head-to-head with conventional systems. 
 
 
 
  
 

 
Fig. 2: Example of feed and permeate water quality during continuous treatment of 
oilsands mine tailings release water after the Nanoflotation RSL.  
 
 
  



When applied to highly concentrated brines such as those from produced water and 
evaporative water treatment, the RSL membranes performed well with nearly 100% 
removal of dissolved silica, dissolved iron and colloidal particles including polymerized 
and unreactive silica (Table 1). For this to occur, it is necessary to convert the dissolved 
parameters to colloidal or suspended solids using targeted chemical manipulation which 
can be as simple as pH adjustment. 
 
 

Table 1: Example performance of Nanoflotation 
treatment of a highly concentrated brine wastewater. 

 

 
 
 
Table 2: Operational performance summary 
 

 
             
 
Summary 
The Nanoflotation technology provides an effluent similar to other ultrafiltration 
membrane technologies but requires significantly less energy and capital costs (Table 



2). In addition, the use of the RSL increases flux rates on the membrane significantly (10 
to 15 times when it was compared against conventional ceramic membranes). The 
design allows for the use of heat and corrosive resistant membrane substrates such as 
stainless steel. With the significantly improved flux rates, the cost of using temperature 
resistant material results in an overall cost similar to or less than the typically low cost 
polymeric membranes that are limited to a temperature of 40o C. The ability to treat at 
very high temperatures or in corrosive environments removes the need for energy 
intensive steps in the treatment process such as cooling or neutralization. For a facility 
that is dependent on steam generation, the Nanoflotation technology provides significant 
energy savings and correspondingly excellent CO2 reductions. 
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Introduction  

 Northwestern Ontario is a boreal forest region on the Canadian Shield 
rich in mineral resources with active, closed and abandoned mines.  These 
areas could be reclaimed with phytoremediation species to prevent wind and 
water erosion to reduce metals from entering the food chain and waterways 
(Salt et al., 1995; McIntyre, 2003; Pilon-Smits, 2005; Peer et al., 2005).  
Whereas organic contaminants can be degraded and reduced to less toxic 
components, metals are non-biodegradable, persist in waterways near the 
contaminated area, can endure within the soil for the unforeseeable future and 
be taken up by plants including agricultural crops and natural revegetation of the 
region (Ashraf et al., 2011; Nouri et al., 2008). 
 
 Naturally occurring plants on closed mine sites are best adapted for 
growth on soils with elevated metal composition (Salt, 1995).  They are often 
highly tolerant of metals that remain directly from the mining processes that 
occurred in the area, via direct contribution from mining or indirectly from air, 
water and soil erosion (Freitas et al., 2004).  Metallophytic plants have evolved 
to grow on elevated metal soils. They are useful for reclamation purposes of 
other industrial sites or to indicate potential ore bodies (Whiting et al., 2004).  
Ideal candidate species for rehabilitation are thriving in the elevated metal 
contaminated soils, produce high amounts of biomass and are well adapted to 
the local climate (Khan et al., 2000; Dickinson et al., 2009; Chen et al., 2012; 
Majumder and Jha, 2012).   
 
 Phytoremediation with native plants is a multifaceted approach using 
metallophytic species more suited to the local environment as compared to 
agricultural or introduced plantings (Oppelt, 2000; Pilon-Smits, 2005).  Various 
phytoremediation strategies exist including phytoextraction and 
phytostabilization.  Phytoextraction removes the contaminant from the soil profile 
and known as accumulators. If the concentration of the contaminant in the plant 
is extremely high in comparison to the concentration in the soil, these are known 



as hyperaccumulators (Kumar et al., 1995; Peer et al., 2006). Phytostabilizers 
do not uptake metals and other contaminants into the above ground tissues of 
the plant and called excluders (Wong, 2003).  Phtyostabilization prevents the 
elevated metal contents of the soil from spreading into the food chain via plant 
uptake and helps contain the contamination to the affected area (Mendez and 
Maier, 2008). Metal pollution on these mine sites is directly influenced by the 
type of deposit mined, so phytostabilizers need to cater to each type of 
circumstance. Absence and/or excess of various metals and nutrients can affect 
the success of each type of plant as well as other characteristics such as 
lifespan, size, root systems, and predation.  Identification of specific plant 
species can cater to these contaminated areas (Tordoff et al., 2000; Mendez 
and Maier, 2008).   
 
 This paper explores the phytostabilization potential of plants naturally 
regenerating on closed mines in Northwestern Ontario. Data will be presented 
on their associated soils including pH and the various metal concentrations. The 
sites chosen for this study are mines that operated in the 20th century in 
Northwestern Ontario, located on the Canadian Shield and are in the Lake 
Superior and Seine River Watersheds. Minerals mined varied but two mines had 
elevated levels of As, Mo and Sb.  Remediation of these sites would help to 
meet government environmental requirements as well as reduce the impact on 
the local populations of humans and wildlife. Surface soil contaminants from 
these sites have the potential to runoff into surface waters, leach into ground 
waters, and negatively impact the local food chains.  A combination of native 
boreal species can be planted on closed mines in order to restrain the 
movement of these potentially harmful metals.  Chlorophyll content of the leaves 
are measured as a sign of plant health and can aid in identification of healthy 
metallophytes. 
 
 The objectives of the study were  i) to identify plants growing on these 
closed mines, and ii) to examine the variation in the soil conditions natural 
regenerating species experience on these closed mines..  Plant communities will 
be found that are tolerant to metal stress. 

Materials and Methods 

Site Description 
 This study examines three closed mines areas in Northwestern Ontario 
with no replanting of plants or trees following closure. Located on the Canadian 
Shield, these mines sites sampled have been closed or not replanted for a 
minimum of 25 years and had restricted road access.  
 
 Steep Rock Iron Mines, encompassing just over 100 square kilometers, 
are located near Atikokan, ON and operated as a source of high grade hematite 
from goethite-hematite deposits for 30 years from the 1950s to the early 1980s 
(Ontario Geological Survey et al., 1972).  The Winston Lake mine near 



Schreiber, ON which produced primarily zinc, silver and copper with secondary 
amounts of gold began in 1988 and ended in the late 1990s (LaFrance et al., 
2004). The third area consists of several properties managed by Premier Gold 
located in the Beardmore/Geraldton greenstone Belt: Northern Empire and 
Leitch mines. Northern Empire was and underground operation producing gold 
from 1934 to 1941 with other exploration occurring since that time period.  Leitch 
was mined for gold from 1936 to 1968 (GEDC, 2005).  

Field and Sample Preparation 
 Thirty metre long transects were placed on the mined rock piles, tailings 
areas and former building locations to determine naturally regenerating plant 
communities on the closed mines.  On these transects samples were collected 
as follows: 15 1 m2 quadrats of herbaceous plants, 6 5 m2 quadrats of shrubs 
and 3 10 m 2quadrats of trees (Bagatto and Shorthouse 1999). Plants used for 
metal analysis in this investigation were identified and sampled based on 
abundance, amount of biomass in root and shoot tissue, healthy leaf colour and 
active growth on the sites.  Chlorophyll content was used as a method to 
determine health status in their mine environment (Walters 2005). Chlorophyll 
content of species were obtained using the CCM-300 Chlorophyll content meter 
using an average of 3 readings per measurement (Gitelson, 1999). 
 
 Plant and soil samples were taken along these transects: 3 soil samples 
per transect and three plant samples per species. Plant samples were identified 
following local plant identification guides and verified at the Lakehead University 
Herbarium. The foliar samples were rinsed with distilled water, air-dried at room 
temperature for several weeks, and the samples were ground to a 
homogeneous powder.  Analysis of metals in the plants encompassed all 
aboveground plant material in late August including twigs, leaves or needles, 
and flowers.  Soil samples were collected in the rhizosphere of the plant, not 
always at the same depth due to plant type and variations in soil depth.  Plants 
were dug out of the ground and shaken over a bag for the soil.  Soils were air-
dried and sieved with a 2mm mesh to remove plant matter and rocks.   

Laboratory analysis 
 Analyses were done at the Lakehead University Environmental 
Laboratory (LUEL) according to the LUEL (2012) Quality Assurance/Quality 
Control (QA/QC) protocols. Soils and plants were analyzed for moisture,pH, 
conductivity, organic matter and total metal concentrations of Al, As, Ba, Be, Ca, 
Cd, Co, Cr, Cu, Fe, K, Mg, Mo, Na, Ni, P, Pb, Sb, Sr, Ti, Va, and Zn. 

Statistical Analysis 
Statistical analysis were performed using SPSS 23 package for Windows as 
follows: 

i. For the transect data from the plant populations, herb, shrub and tree 
data were summarized using species richness (mean number of species 
and identity per mine) and the density (mean number of stems per mine) 













Table 2 Chlorophyll Concentrations of various plant species found at mine 
locations in Northwestern Ontario 

   Mine Location 
 Premier Steep Rock Winston Lake 
  Concentration   

(mg/ m2) 
 

 Mean Standard 
Deviation 

Mean Standard 
Deviation 

Mean Standard 
Deviation 

Species Balsam 
poplar 

Populus 
balsamifera 

535.7 116.3         

White birch Betula 
papyrifera 

330.0 134.4 453.5 79.3 569.3 226.3 

Birdsfoot 
trefoil 

Lotus 
corniculatus 

    479.7 76.6 349.0 215.0 

Blue spruce Picea pungens         386.0 0.0 
Cedar Thuja 

occidentalis 
289.0   250.0       

Goldenrod Solidago 
canadensis 

471.0   316.0 114.6 440.0 79.7 

Horsetail Equisetum spp 166.0           

Pearly 
everlasting 

Anaphalis 
margaritacea 

        339.3 119.5 

Trembling 
aspen 

Populus 
tremuloides 

    648.3 218.7 667.0 173.4 

Evening 
primrose 

Oenothera 
biennis 

        244.0   

Red clover Trifolium 
pratense 

278.0   538.5 47.4     

Red pine Pinus resinosa     300.5 68.6     

Sedge Carex 
gynocrates 

        347.0 0.0 

White pine Pinus strobus     432.5 57.3     
White 
spruce 

Picea glauca 318.0   265.0 65.0 389.0 92.2 

Wild 
strawberry 

Fragaria vesca     560.0       

Willow Salix spp. 540.8 149.8 405.3 130.8 718.0 174.4 

Yarrow Achillea 
millefolium 

        351.5 111.0 

 

 
 
  



 
 
 
Figure 2 Hierarchical cluster analysis of 13 transects using herbaceous species 
composition and abundance data. 



 
   

 
Figure 3 Discriminant Function Analysis Plot with all the soil variables at the mine 
locations. Standardized discriminating function 1 Fe -4.08, Ni - 1.70, K -1.38, Cr -
1.29, Co and Pb +1.85, V +2.27, As, +2.28, P +2.34. Function 2 Mg -0.94, Cr -0.92, 
Co -0.84 

  



Table 3 Soil chemistry characteristics of the studied areas on the three mines (mg 
kg-1) includes total metal concentrations in mg kg-1, % moisture, conductivity, 
bulk density, % organic matter and pH 

  Mine Location 

Premier Steeprock Winston Lake 

Mean Standard 
Deviation 

Mean Standard 
Deviation 

Mean Standard 
Deviation 

% Moisture 19.54 7.87 9.23 3.52 15.54 6.23 
Conductivity 
(us/cm) 347.35 157.86 139.79 101.31 235.71 229.09 

Bulk Density 
(g/cm3) .87 .22 .93 .21 .91 .20 

Organic 
Matter 2.72 1.13 5.80 1.16 4.57 7.23 

pH 7.90 .17 5.86 1.94 6.36 .90 
Aluminum 1.2% 0.3% 0.6% 0.2% 0.8% 0.2% 

Arsenic 2245.36 3106.81 320.65 104.37 2.00 0.00 

Barium 41.16 32.73 77.41 225.74 21.70 9.15 

Calcium 2.2% 1.2% 1.7% 4.5% 0.19% 0.18% 

Cobalt 17.83 8.57 25.12 11.74 2.47 1.09 

Chromium 34.46 25.06 313.81 214.59 35.91 14.11 

Copper 51.04 21.82 41.93 13.99 54.39 63.29 

Iron 4.4% 1.5% 4.6% 17.6% 1.4% 0.36% 

Potassium 2265.84 1275.54 573.20 340.97 304.39 151.20 

Magnesium 1.0% 0.34% 0.81% 1.65% 0.39% 0.19% 

Manganese 762.66 422.32 2624.90 2213.43 133.02 70.77 

Molybdenum 7.74 24.37 4.46 12.06 2.00 0.00 

Sodium 422.42 291.58 76.53 43.05 99.72 22.66 

Nickel 53.66 43.90 124.94 39.50 20.10 8.84 

Phosphorus 355.64 93.11 227.90 51.74 304.81 156.11 

Lead 28.97 33.98 61.60 19.81 4.51 1.30 

Antimony 1472.30 805.71 674.91 1001.75 2.00 0.00 

Strontium 86.04 26.38 34.40 20.21 4.48 1.62 

Titanium 298.14 152.31 306.89 162.44 410.64 75.70 

Vanadium 32.17 20.57 125.90 65.92 23.83 4.50 

Zinc 78.37 24.43 112.88 45.87 787.61 953.26 

 



Discussion 

Plant Characterization  
 Species richness and density was much lower than typical southern boreal 
forests in Canada.  Very few species were tabulated compared to Haeussler et al. 
(2002). They found that species richness was higher in clear cut forests compared to 
old growth forests. Heavy mechanical soil disturbance and removed soil organic layers 
could drastically decrease the residual and resprouting species so as to shift to 
pioneering species growing from seeds and spores, providing an opening for non-native 
species invasion.  The results of the NMS data and cluster analysis provide evidence of 
several factors: invasive species ability to adapt to the site conditions, type of soil 
conditions following mining operation and differences in the age of the stands due to 
time since closure. None of the mines had a completely unique set of plant species. The 
first group of plants in the NMS/Cluster analysis included the outlier species that have 
been classified as monocultural, invasive or exotic.  With the alteration of the landscape, 
monocultures of these species occur due to their quick adaptation to the soil conditions, 
open sunlight, little competition and their ease of reproduction through seed or rhizomes 
(Bosdorff et al., 2005).  They also tend to have hermaphroditic sex habits, extended 
flowering,  small seeds, and a short lifespan (Cadotte and Lovett-Doust, 2001).  Plants 
like Equisetum spp. can improve the soil compaction and lower the conductivity of the 
soil as well as improve soil nutrition (Young et al., 2013). The next group of plants in the 
analysis were found at the Winston Lake location which had different soil conditions 
compared to the other sites, so these plants can be found on disturbed soils but not 
necessarily elevated metal contaminated soils.  While all three sites were disturbed from 
mining operations, Winston Lake had levels of As, Sb and Mo in the soil considered 
normal to plants so plant species growing at this site are living on generally disturbed 
soils (Kabatas-Pendias, 2010).  All of the other plants investigated in this study are in 
the last group of the analysis:  white pine, white spruce, willow, white birch, trembling 
aspen, red pine, balsam fir, jack pine, blueberry,  tamarack, dandelion, yarrow, sedge, 
daisy, balsam poplar, strawberry, cedar, red clover,  bladder campion, and primrose .  
This group contains all of the older trees and are found on the majority of the transects. 
All of these plants can be considered potential candidates for rehabilitation purposes as 
they are found on a variety of disturbed soils and have a wide range of habitat for 
wildlife, and growth habits.  

Soil Characterization 
 The  As and Sb levels at the Premier sites and at Steeprock are similar (Jana et 
al., 2012). These levels of As and Sb are quite elevated according to Canadian 
standards of soil quality of 12 mg As kg-1, and   (CCME, 2007) or worldwide values of 
0.05 to 4 mg Sb kg-1 and 1.5 to 3.0 mg As kg-1 soils from igneous rocks and 1.7 to 400 
mg As kg-1 from sedimentary rocks (Kataba-Pendias and Mukherjee,, 2007; Smith et al., 
1998).  Canadian soil quality standards have Mo at 5 mg Mo kg-1 so Premier is the only 
location with average amounts of 7.74 mg Mo kg-1 while Steep Rock shows borderline 
levels just under the limit.   The high amounts of Ca, Mg, K, and Na at each site can 
negatively influence the plant metabolism especially in the higher pH conditions (Wong 
et al., 1998). 



Conclusions  

 The mining areas of Steeprock, Premier and Winston Lake show a range of 
plants with varying tolerance to soil metal concentrations of As, Mo and Sb with a range 
of accumulations.  The main findings are i) a variety of plant species can be found at all 
three locations with few species specific to each mine, ii) the soil characteristics were 
quite different at each of the closed mines , and iii) there were species with the potential 
to be metal excluders including white birch, willow., trembling aspen, goldenrod, pearly 
everlasting and tamarack. 
 
  Since differences exist between disturbed forest soils and man-made 
unweathered mine soils, difficulty arises when planting directly on mine soils. For better 
success at replanting mine soils with phytostabilization species, soil improvements 
could improve plant survival and growth. The addition of some topsoil or organic 
amendments improves soil moisture and nutrient availability.  These could include 
woodbark, composts or another local waste source. Insulating layers of subsoil 
including building rubble, refuse, or uncontaminated rock would help buffer the planted 
species from lower underground metal contamination and increase the success of the 
seedlings and cuttings (Zhang et al., 2001). 
 
 Rehabilitation of contaminated soils on closed mines will have to include a variety 
of species for the specific metal contamination so as to mimic the diversity of the 
surrounding boreal forest.  Some metallophytic species have a natural drought 
tolerance so as to withstand the dry conditions of the mine soil. Perennial species, 
species with wide ranging root systems, and those adapted to cold winters, low nutrient, 
low organic matter and compacted soils can be included in closure replanting plans for 
mines in Northwestern Ontario.  Focus should be placed on pioneer plant species, 
rather than the climax coniferous species such as white spruce due to their poor health 
after planting on these mine sites. Plantings should include a mix of grasses, herbs, 
shrubs and trees that will colonize the surrounding area, increase organic matter and 
improve fertility and soil characteristics like water retention, aeration and wildlife habitat.  
Hyperaccumulator plants should be avoided for planting, actively eliminated from areas 
through weeding or only planted on areas scheduled for regular harvesting for metal 
removal so as to reduce the hazard for the future land uses. Future research should 
include test plantings in various metal concentration and soil types for ease of use. as 
well as with various organic matter, fungal and bacterial amendments.   
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Biosolids are the nutrient-rich by-product from the treatment of municipal wastewater.  
The nutrients contained in biosolids include nitrogen, phosphorus and organic matter, in 
addition to essential micro-nutrients like copper, iron, molybdenum and zinc, which are 
vital to plant growth and soil fertility.  Typically, biosolids are spread on agricultural fields 
as a commercial fertilizer replacement. However, when agricultural areas are not 
available due to weather or regulatory restrictions, alternative areas of utilization are 
necessary in order to keep this valuable resource from landfills. 

It became apparent that the solution for each company’s challenge was creating a 
partnership with one another.  Vale could utilize biosolids from Terratec to establish a 
permanent vegetation cover on the tailings.  Terratec could beneficially utilize this 
valuable resource for remediation purposes rather than landfilling.  By implementing this 
program, both companies would benefit from innovative techniques to managing their 
respective challenges.      

In 2012, Vale and Terratec proposed the establishment of an initial trial utilizing 2,000 
dry tonnes (DT) of dewatered municipal biosolids.  Application timing was dependent on 
the specific project and site suitability. Proposed project objectives were:  

1. To establish a vegetative cover on the inactive portion of the tailings area to 
reduce or minimize and, ideally, eliminate wind and water erosion. 

2. To establish a vegetative cover on the mine tailings to reduce water infiltration 
through absorption and utilization by the plants and evapotranspiration from the 
vegetation. 

3. To establish a vegetative cover on the slopes of the tailings dams to reduce 
erosion    potential. 

4. To provide a growing media for hay and / or straw production for use in other 
areas of the tailings for dust suppression and to reduce the importation of 
purchased hay and straw for dust suppression.  

5. To reduce the utilization of dust suppressant chemicals currently applied to the 
tailings.  

6. To establish a vegetative cover on the mine tailings that would provide natural 
habitat enhancement and result in overall biodiversity improvements. 

The utilization of biosolids is a sustainable environmentally prudent reclamation 
alternative to conventional practices for the mining sector.  Conventional reclamation 
requires the use of materials that are mined or quarried from neighbouring lands or the 
use of chemical fertilizers and other soil amendment chemicals. Materials such as sand, 
clay, and topsoil extracted, are expensive to import and leave the source location 
“scarred”.  Considerable resources need to be spent to extract virgin soil and transport it 
to the mine site.   The geographical magnitude of the Copper Cliff tailings operations 
makes the prospect of using soil from adjacent lands very impractical.  Using soil would 



create large tracts of land that then would need to be repaired and revegetated using 
methods similar to closure practices for an aggregate extraction location.  As a 
consequence, one problem would be solved at the expense of creating a second 
problem.  By utilizing biosolids, Vale is keeping tonnes of nutrient-rich material out of 
landfills and providing a growth media for revegetation, revegetation which will provide 
for increased sustainability, while potentially growing their own erosion mitigating 
products, and reducing their reliance on imported remediation materials. 

Currently, the Vale Copper Cliff Central Tailings Facility consists of an area of 
approximately 2,500 ha, 1,300 ha are inactive and are available for remediation with 
biosolids.  The remaining area continues to be active for tailings disposal and water 
control.  At the current application rate of 150 DT/ha there is the potential requirement of 
approximately 195,000 DT of biosolids.  This could provide more than 30 years of 
biosolids utilization at an annual rate of 6,000 DT of material.  The success of this 
project has led Vale to evaluate other sites in the Sudbury area for this type of 
remediation, ensuring a long term environmentally sustainability rehabilitation program. 

In the future, Vale plans to harvest the vegetation from the reclaimed areas to be used 
to offset the importation of hay or straw from farming areas outside of Greater Sudbury 
where it is currently sourced.  This will reduce fuel consumption for transporting this 
material and make more straw and hay available to the agricultural community in 
Northern Ontario.    

Vale and Terratec are further developing the program by adding leaf and yard waste 
from the Greater Sudbury area to increase the quality of the amendment being placed 
on the Vale tailings operations. This will increase the understanding of how to optimize 
the mixture to address local conditions and potentially how to take this concept and 
correct similar problems in other areas of the province, where land reclamation efforts 
are in need of a cost effective solution. 

Vale and Terratec through a unique partnership have developed a model for both the 
mining and the organics recycling industries in Ontario. They have demonstrated that 
the environmentally sustainable practice of combining and utilizing organic residuals 
from municipalities and industries is both economically and environmentally feasible as 
well as good sense in this age of Reduce, Reuse and Recycle.  
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Introduction 

The Cobalt silver mining camp, in northeastern Ontario, was active starting in the early 
1900’s and has been the host to over 100 mines and 15 mills over the course of the last 
century. Cobalt is considered the “Cradle of hard rock mining in Canada”; it has greatly 
contributed to the development of Canada’s mining expertise now exported all over the 
world. The rich mining history of Cobalt is evident and recognized. 

Along with the heritage associated with these old mine sites also comes the potential for 
physical mine hazards (e.g. openings to surface), residual mine rocks, tailings areas and 
former industrial buildings/foundations to be present. These features can present a 
certain level of risks to public health and safety, as well as to the aquatic and terrestrial 
environments. 

Agnico Eagle holds to this day the rights of a portion of the historic mining sites in the 
Cobalt-Coleman Area (about 230 properties). Some of these sites were operated and 
closed well before Agnico Eagle acquired the properties. From 1957 to 1989, Agnico 
Eagle Silver Division operated 23 mines, 4 mills and 1 refinery in the Cobalt-Coleman 
Area. Closure plans (7) were developed and filed with the Ministry of Northern 
Development and Mines (MNDM) between 1993 and 1998. Closure and rehabilitation 
work was done during the same period, and extended up to 2004. 

In 2012, the MNDM asked for amendments to 1990’s closure plans. Agnico Eagle thus 
engaged in a thorough inventory and investigation of their properties. The amount of 
information gathered during this exercise called for a system to be developed to support 
data analysis. We also needed to process the information in order to prioritize 
additional/required rehabilitation actions based on criteria that would take into account 
technical and economic factors, but also environmental and socio-cultural factors. A risk 
assessment approach was selected to reach that goal. 

Risk Assessment Approach 

The risk assessment approach consisted of 6 steps (Fig. 1). Steps are detailed in the 
following subsections. 

 



 

Figure 1: Legacy Mine Hazards Risk Assessment Tool Development Steps 
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•  Gather information 
•  Properties, features, potential receptors (to risks) 

2 

•  Develop a pathway model 
•  For the risks related to safety, exposure, and the environment 
•  Select significant pathways 

3 

•  Develop criteria to assess risks related to significant pathways 
•  Based on probability/likelihood, consequence and intensity of effect 
•Select significant criteria 

4 

•  Develop a scoring scheme for each selected criteria 
•  Add weightings as needed 

5 

•  Develop the risk assessment matrix 
•  Fill the matrix using the information available from step 1 
•  Identify information gaps, if any 
•  Score each feature 

6 

•  Proceed with a sensitivity analysis (to confirm robustness) 
•Adjust if necessary 



Step 1: Information Compilation 

From 2012 to 2015, Agnico Eagle conducted a review of the features on their Cobalt-
Coleman properties in order to update the information on the status of potential mine 
hazards. The following types of features (Table 1) were identified. To ensure clarity and 
consistency when using the terminology, these were defined (Golder Associates, 2014). 

Table 1: Types of Features encountered in the Cobalt-Coleman Historical Mining Area 
Adits Head Frames Shafts 
Buildings Open Cuts Stopes to Surface 
Crown Pillars Open Holes Subsidence 
Exploration Pits Pits Tailings Areas 
Exploration Shafts Portals Trenches 
Exploration Trenches Raises Waste Rock Piles 
Foundations Settling Ponds Water Quality 
 

Historical information1 (map, reports) was used to find attributes (depth, dimensions, 
previous status, rehabilitation method, etc.) and general information on the features. 
Results of the studies done over the years in the area in terms of tailings and waste rock 
characterization, as well as surface and groundwater quality, were also compiled and 
analyzed. This was followed by field inspections and sampling programs to 
confirm/infirm data and to complete data coverage. All this information was inputted on 
Field Sheets, in a data management system, and then into a Georeferenced Information 
System (GIS). 

This review identified 517 openings to surface, 300 crown pillars, 10 tailings areas, and 
20 waste rock piles. Mitigation measures and rehabilitation already in place were 
inventoried as part the status of the features. Results indicated that 88% of openings to 
surface are considered rehabilitated, and 62% of crown pillars do not require further 
assessment. Some features would thus require additional work to ensure safety and/or 
to manage potential risks. 

In addition to the information pertaining to the historical mining features, a field work 
program and mapping exercise was performed to complete the database related to the 
natural and social environment (receptors). Field and desktop work allowed for the 
mapping of the types of surrounding habitats, location of population, sensitive habitats, 
and species (notably, species at risk). All this information was also inputted into the GIS. 

Step 2: Pathways 

Two main categories of risk source were identified with reference to the legacy mine 
features in the Cobalt-Coleman Area. These are (1) the physical hazards (safety risk, 
e.g. falling in a hole), and (2) the risks of exposure to contaminant (for both the 
population and the environment). Three main receptors were identified: (1) humans, 
(2) animals, and (3) ecosystems. Table 2 summarizes the pathway analysis that was 
done to link the potential risks with potential receptors. 

                                            
1 It should be noted that the quality of the historical information may vary depending on the source. Notes were added to the 
database to take that into consideration. 



Table 2: Pathway Analysis – Risks related to Legacy Mine Features in the Cobalt-Coleman 
Area 

 
Risk Source 

Receptor Physical 
hazards 

Exposure to contaminants 
Soils1 Sediments Air Surface water Groundwater 

Humans 
    Ingestion  ○   

√ ○ 

    Inhalation    √   
    Safety √      
Animals 
    Aquatic wildlife   ○  √  
    Terrestrial wildlife ○ ○   ○  
    Livestock       
Ecosystems 
    Land-based  √  ○   

    Freshwater  √ ○  ○  
1 Raw tailings/waste rock material is considered in this risk category 

○ Potential Pathways   √ Selected Pathways 
 

Step 3: Criteria 

The overall approach to develop criteria was to determine, for each risk source and their 
selected pathway(s), the factors that could influence the risks, could they be related to 
the: 

 Probability/Likelihood; 
 Consequence; 
 Intensity; or 
 Current mitigation. 

A first exhaustive list of potential criteria was developed. Of these, only the ones that 
actually would discriminate the features were retained/selected (Table 3). 

Step 4: Scoring Schemes and Matrix 

All selected criteria were developed into scoring schemes using a scale from very low to 
very high. The criteria were developed using measurable units as often as possible in 
order for the tool to be objectively filled by any user. For more subjective criteria (e.g. 
potential for injury, consequence of failure), detailed scales were developed to describe 
as much as possible each option and try to eliminate most of the potential subjectivity. 

Current mitigation was introduced in the scoring scheme using a multiplicator (from 0 to 
1) lowering the feature’s score when mitigation is in place. 



Table 3: Criteria Selected for the Cobalt Legacy Features Risk Assessment 
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The risk assessment matrix was then developed with these criteria and scoring 
schemes. To better reflect the importance of the risks in the overall analysis, the tool 
allows for the possibility to weight both the risks and/or the pathways. 

Step 5: Fill the Matrix and Score Features 

Once the risk assessment matrix was fully developed, it was tested, adjusted, and then 
the assessment took place. Each feature was inputted into the matrix, described, and 
then evaluated using the applicable set of criteria. Total score for a given feature was 
the sum of all applicable risk mitigated scores. So the more residual risks there was for 
a given feature, the higher the total score was. Features scores can be summed to give 
an overall score for a given property. 

Step 6: Sensitivity Analysis 

A sensitivity analysis was finally done to ensure robustness of the tool and the results. 
Since different features (e.g. open holes vs tailings areas) were compared all together, 
attention was given to evaluate representativeness of the results. The basis for 
comparison needed to be clear and solid for the tool and results to be used with 
confidence. 

Results: Ranking to Inform Action Plan 

Once all the features were scored, it allowed for the ranking of all of them. Priority for 
additional rehabilitation work will be given to the features with the highest scores. 
Scores could also be used to determine if additional rehabilitation work is required, 
taking inherent risks into account. Property’s score will also be looked at to identify 
areas that could benefit the most from additional rehabilitation efforts, taking into 
account proximity for enhanced effectiveness. 

This approach allowed for effective use of the information available on the features in 
order to assess their potential/residual risks. The tool was used to score and compare 
legacy mine features from a health and safety, social and environmental risk 
perspective. It provided with a detailed and documented tool to help communicating 
priorities to stakeholders. 
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The electric power transmission lines network spans across the territory of the 
province of Québec on 34 000 kilometers and some of its sections inevitably go 
through peatlands. For equipment maintenance, mineral roads sometimes have 
to be constructed. By introducing alkaline material into the acid peaty substrate, 
the concentration, ionic form and ratio of nutrients are modified and may lead to a 
transformation of the composition and diversity of the vegetation and favor the 
propagation of invasive species. Furthermore, these access roads threaten the 
ecological integrity of bogs by changing the nature of the substrate, which can 
affect their hydrological connectivity.  

 

A restoration project has been conducted on two peatlands where access roads 
built from mineral material were constructed under power lines: at Sainte-Eulalie 
and Chénéville (in the Centre-du-Québec and Outaouais regions, respectively). 
We examined if burying mineral material in a bog is an effective method to 
restore the peatland conditions that were prevailing before the disturbance. The 
restoration by the “Burial Under Peat Layer Method” (BUPLM) consists in 
excavating and burying the mineral material in situ, beneath the underlying peat 
material. The surface is then mechanically flattened and revegetated using 
diaspores from the adjacent untouched peatland. In order to allow comparison, 
half of the road at the Chénéville site has been restored with this method, and the 
other half by removing the mineral material and replacing it with horticultural 
peat. In Sainte-Eulalie, only the BULMP was applied. We hypothesize that the 
BUPLM is efficient at confining the nutrients introduced by the mineral material 
underneath the peat layer, at recreating a surface elevation similar to the 
adjacent areas and at re-establishing typical peatland vegetation.  

 



 

 

The water pH and electrical conductivity are convenient proxy analysis to 
characterize a peatland. Water samples have been collected in transect at 
different distances from the buried road and at different depths in the peat. We 
noticed an increase of pH values close to the road (within 15 meters) 1 year after 
the BULPM method was applied. This was probably due to the soil disturbance 
during the execution of the method (Fig. 1: Chénéville). 3 years post-BULPM, pH 
decreased to become similar to references values (natural in situ comparison 
ecosystem and literature) (Fig. 1: Sainte-Eulalie). Concerning the electrical 
conductivity values, the effect of the buried mineral material is perceptible within 
the first 5 meters from the road after 1 year (Fig. 1: Chénéville) and is limited to 
the width of the buried road 3 years post BULPM (Fig.1: Sainte-Eulalie). 

 
Figure 1 - pH and electrical conductivity values of Chénéville and Sainte-Eulalie. 

 

The plant cover and species surveys conducted in the areas where was the 
mineral material ,1 to 3 years post-BULPM, and in the reference ecosystem (the 
adjacent undisturbed right-of-way) showed that transferring donor material is an 
efficient revegetation technique when the donor site is dominated by typical 
peatland species. Indeed, Chénéville restored sector presented a mean moss 



 

 

cover of 33% 1 year post-BULPM and Sainte-Eulalie had a total moss cover of 
around 5% 3 years post-BULPM. Finally, topography was measured with a laser 
level on transects on both sites, revealing that 1 year (Chénéville) and 3 years 
(Sainte-Eulalie) post-BULPM, no significant elevation differences between the 
restored sectors and the adjacent peatland is perceptible (< 13 cm).  

 

In light of the results obtained with the chemistry, vegetation and topography 
surveys, we consider that the BULPM is comparable to the conventional method 
of complete mineral material removal. It is even more economical and causes 
considerably less circulation on the site to restore. Indeed, applying the BUPLM 
in peatlands involves no organic material supply, less or no transport of mineral 
material out of the site and less heavy machinery. These elements can be 
particularly profitable for restoration in remote areas.  
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In northern Canada, mineral extraction is expected to increase 91% from 2011 to 
2020 (Rhéaume and Caron-vuotari, 2013).  One result of mine development in remote 
regions is a demand for new research into mine rehabilitation.  Revegetation is an 
important component of restoration.  Non-native plants have been commonly used for 
landscape rehabilitation following disturbance. They are available for a low cost and in 
large quantity compared to similar native species (Ewel and Putz, 2004). In some cases 
non-native plants will function superiorly to a comparative native species, such as in 
rapid growth and establishment (Asay et al., 2001). However, non-native plants may be 
highly competitive and may spread to invade natural environments nearby, altering their 
composition and diversity (Flory and Clay, 2009). 

Using native plants in revegetation is becoming more common practice (Peppin 
et al., 2011). Their seeds may be bought commercially or locally collected.  
Commercially grown native seeds are sometimes available at lower costs compared to 
locally obtained seed; however, their adaptation to local climate conditions may mean 
they are not suitable for planting in different growing regions (Belnap, 1995).  The 
distance between genetically distinct populations can be as minimal as 20km (Krauss 
and Koch, 2004). In some cases, seeds with non-native genotypes are superior to 
native populations and may become invasive or outcross with local genotypes.  
Commercial sources for native seed are often difficult to find, especially within a suitable 
genetic provenance (<100km) (Krauss and Koch, 2004) for remote locations. Local 
seed collection may be required. 

Local seed collection occurs for two main ecological reasons: preservation and 
rehabilitation. Species that are at risk of becoming extinct, are being preserved through 
seed collection and stored using ex–situ (seed banks) or in-situ (controlled natural 
environments) methods (Volis and Blecher, 2010).  Plant communities within rare or 
frequently exploited habitats are collected from, in order to preserve the unique 
population genetics (Mattner et al., 2002, Volis and Blecher, 2010). More recently 
remote mines have begun on site seed collection programs for their mine revegetation. 
Collecting seed from wild sources differs greatly from collecting on uniformly planted, 
monocultures in a commercial setting. Collection and processing protocols as well as 
seed economic value are based on species specific plant and seed attributes that are 
not well described (Ross, 2004).  These differences in plant attributes contribute to the 



effort required in obtaining seed and thereby alter seed value. Do Espirto Santo et al. 
(2010) examined several plant attributes to assess a value in price/kg of seed for 
several wild species.  The seed value was used to aid in fair seed marketing for local 
business and individuals. Further knowledge regarding specific storage, collection, and 
ecological requirements of wild plants is required to ensure a successful seed collection 
program and promote industry development (Kauth and Perez, 2011). 

The purpose of the study is to determine best protocols for collecting, processing, 
storing, and germinating seed from local, wild sources for approximately 50 species. 
These are critical aspects in the success of a remote seed collection program. In this 
study we will also determine how we can evaluate and quantify physical and ecological 
differences between species to determine a seed value.  Seed value can be used for 
both species prioritizing in mine reclamation and for the development of local 
businesses. 

Field studies will be conducted in 2016 at De Beers Victor mine, located in the 
Hudson Bay Lowland. We will examine regional plant characteristics such as: habitat 
and soil preferences, fruit maturation times, and Cree names.  We will calculate seed 
value by evaluating key attributes that affect time and cost of using wild seeds including: 
regional plant abundances, fruiting characteristics (Fig. 1), requirements for 
identification, ease of processing and storing seeds, and the species contribution to 
reclamation.  Attributes will be scaled from 1 to 10 and contribute to a relative seed 
value. 

 

 

  

Figure 1.Photo (left) displaying poor ripening synchronicity of star false Solomon’s seal 
(Maianthemum stellatum). (right) Diaspore persistence attribute; majority of berries quickly 
dispersed after ripening for red currant (Ribes triste). 



Acknowledgements 

 We wish to acknowledge our funding contributors, DeBeers Victor mine for 
financial and in-kind support and NSERC. We also wish to thank our many active 
committee members for their guidance and input on this thesis. 

Literature Cited 

Asay, K. H., W. H. Horton, K. B. Jensen, and  a. J. Palazzo. 2001. Merits of native and 
introduced Triticeae grasses on semiarid rangelands. Canadian Journal of Plant 
Science 81:45–52. 

Belnap, J. 1995. Genetic Integrity : Why Do We Care ? An Overview of the Issues. 
Pages 265–266 Proceedings: wildland shrub and arid land resto- ration 
symposium. 

Do Espirto Santo, F. S. E., J. a S. Filho, J. C. F. M. Júnior, E. S. Gervásio, and  a. M. B. 
de Oliveira. 2010. Quanto vale as sementes da caatinga? uma proposta 
metodológica1. Revista Caatinga 23:137–144. 

Ewel, J. J., and F. E. Putz. 2004. A place for alien species in ecosystem restoration. 
Frontiers in Ecology and the Environment 2:354–360. 

Flory, S. L., and K. Clay. 2009. Non-native grass invasion alters native plant 
composition in experimental communities. Biological Invasions 12:1285–1294. 

Kauth, P. J., and H. E. Perez. 2011. Production and Marketing Reports. Hortechnology 
21:779–788. 

Krauss, S. L., and J. M. Koch. 2004. Rapid genetic delineation of provenance for plant 
community restoration:1162–1173. 

Mattner, J., G. Zawko, M. Rossetto, S. . Krauss, K. . Dixon, and K. Sivasithamparam. 
2002. Conservation genetics and implications for restoration of Hemigenia exilis 
(Lamiaceae), a serpentine endemic from Western Australia. Biological 
Conservation 107:37–45. 

Peppin, D., P. Fule, C. Hull Sieg, J. Beyers, M. Hunter, and P. Robichaud. 2011. Recent 
trends in post-wildfire seeding in western US forests:costs and seed mixes. 
International Journal of Wildland Fire 20:702–708. 

Rhéaume, G., and M. Caron-vuotari. 2013. The Future of Mining in Canada ’ s North. 

Ross, C. 2004. NATIVE SEED COLLECTION AND USE IN ARID LAND. Environmental 
Monitoring and Assessment 99:267–274. 

Volis, S., and M. Blecher. 2010. Quasi in situ: a bridge between ex situ and in situ 
conservation of plants. Biodiversity and Conservation 19:2441–2454. 

 



MOLECULAR IDENTIFICATION AND CULTURE OF FUNGI NATIVE TO  
HEAVY METAL CONTAMINATED KAM KOTIA MINE 

 
Jacqueline Weber1, Ayooluwa Adurogbangba1, Darcy Vaters1, Jordan O’Reilly1, Ali 

Khalvati1, Matthew Wheeler2, Mark Priddle3, Sharon Regan1  
1 Department of Biology, Queen’s University, Kingston, ON, K7L 3N6    

2 McIntosh Perry, 1-1329 Gardiners Road, Kingston, ON, K7P 0L8 
3McIntosh Perry, 115 Walgreen Rod RR 3 Carp, ON K0A 1L0 

 
Key Words: Phytoremediation, Bioremediation, Fungi, Symbiosis, in vitro 
root culture, Sequencing, ITS Region  
 

Heavy metal (HM) contamination can be caused by human activity through mining, 
agricultural applications of fertilizer and manufacturing, and can prove detrimental to the 
health of humans, plants, animals and soil microbes. As environmental regulations are 
strengthened throughout the developed and developing world, there has been 
increased industrial and scientific interest in the remediation and restoration of 
contaminated sites. Conventional remediation strategies require the excavation of the 
contaminated soil, which is costly, and further damages the soil’s structure and 
microbial community (Mulligan et al. 2001, Jankaite and Vasarevič us 2005). 
Phytoremediation, the use of plants to immobilize, sequester and/or extract heavy metal 
contaminants is a relatively inexpensive and non-destructive remediation strategy that 
could allow for more efficient restoration of contaminated land. Recent research has 
identified plants such as poplar as being ideal candidates for bioremediation projects, 
and has begun to describe the genetic and physiological basis for phytoremediatory 
processes in these plants. 
 
The soil microbiome, a diverse community of bacteria, free-living fungi, and fungi that 
associate symbiotically with plants must also be considered when phytoremediation 
strategies are planned. Of particular interest to our laboratory are the Arbuscular 
Mycorrhizal Fungi (AMF). These fungi, members of the division Glomeromycota, are 
obligately symbiotic with 80% of land plants (Schüßler et al. 2001). AMF have been 
found to enhance the phytoremediatory abilities of plants (Giasson et al. 2006). AMF 
functionally extend plants’ root networks, allowing them greater access to water and 
nutrients (Hetrick et al. 1988), and through the production of organic acids and 
phosphatases the fungi can mobilize formerly unavailable soil components, including 
heavy metals, for uptake by their plant symbionts (Marschener 1998). AMF and other 
heavy-metal adapted fungi can immobilize HMs through the secretion of HM-binding 
glycoproteins such as glomalin (Gonzalez-Chavez et al. 2004) and through hyphal 
binding, with fungal hyphae having a 2-4 times higher affinity for HMs than plant roots 
do (Joner et al. 2000). Fungi that have adapted to survive in heavy metal contaminated 
conditions are likely the best candidates for remediation (Raman et al. 1993). In addition 
to their bioremediatory abilities, plants and soil fungi aid in the formation of soil 
aggregates (Gaur and Adholeya 2004), and help to prevent the erosion of contaminated 
tailings from the site and into nearby waterways. In order to better understand the 
bioremediatory abilities of HM-adapted fungi, we have set out to identify indigenous 



fungi from Kam Kotia, an abandoned zinc and copper mine, and to culture these 
species in vivo and in vitro.  

 

Contaminated soil from the Kam Kotia mine site and comparable uncontaminated soil 
(control treatment) was analyzed by the Queen’s Analytical Services Unit using 
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). The copper, 
zinc, arsenic and sulfur content of the soil was much higher in contaminated soil than in 
the control soil analyzed (see Figure 1C). Soil was also collected from the root systems 
of plants at the Kam Kotia mine in Timmins, ON for use in generating trap cultures to 
propagate environmental samples of fungi (see Figure 1A). Trap cultures are used to 
create a microcosm of the soil ecosystem in which environmental conditions are ideal 
for the growth, and later for the sporulation, of plant-associated fungi (see Figure 1B). 
Maize (Zea mays) was used as the host plant for our Kam Kotia trap cultures. Fungi 
were cultivated for 3 months with minimal watering to keep the maize alive, but 
stressed, so that fungal symbiosis would be encouraged. After 3 months of trap culture 
cultivation, root sections were harvested, DNA was extracted and the polymerase chain 
reaction (PCR) was performed using primers intended to detect AMF and the resulting 
fragments were subjected to DNA sequencing. The sequences were then aligned with 
the MaarjAM and NCBI genomics databases using a Standard Nucleotide BLAST 
search. Of the ten fragments successfully sequenced, nine were aligned most closely 
with the fungi Capnobotryella sp. MA 3612 with a sequence identity of 85% for the 
Internal Transcribed Spacer region. One of the fragments sequenced aligned most 
closely with the fungi Aureobasidium pullulans with a sequence identity of 91% for the 
ITS region.  
 
These fungi are known to associate with plants, but are not members of the division 
Glomeromycota and are not known to associate with plants in a obligately symbiotic 
fashion. Members of the genus Capnobotryella are black fungi that have been found to 
grow in association with the heavy metal hyperaccumulator Thlaspi praecox in heavy 
metal contaminated soil (Pongrac et al. 2009), suggesting their possible involvement in 
phytoremediatory processes. Capnobotryella sp. are thought to form ectomycorrhizae, 
but this genus and its associations with plants are not well understood. Further research 
must be carried out before Capnobotryella can be optimized for use as a bioremediatory 
organism. A lack of obligate symbiosis between Capnobotryella and plants could prove 
to be an advantage: if Capnobotryella sp. do indeed benefit associated plants in heavy 
metal contaminated soil, they may prove easier and more practical to culture in vivo and 
in vitro than AMF. Aureobasidium pullulans is a species of black fungi that is used as a 
biocontrol agent in agriculture and for the biological synthesis of polysaccharides and 
antifungal agents. This fungus is not an AMF and is not known to associate with plant 
roots. It is commonly found in extreme environments, and is able to survive drought and 
high levels of salt and heavy metal pollution (Gostinč r et al. 2014). Further 
chraracterization of the soil microbiome at Kam Kotia may allow us to determine 
whether A. pullulans is a primary succession species in the soil ecosystem of heavy 
metal contaminated sites, or if it is simply one of the only organisms equipped to survive 
in such an environment.  



 
The sequences generated by this work are an interesting first look into the soil microbial 
communities of this heavy metal contaminated site. Future sequencing projects will 
allow us to better understand the diversity of the soil microbial community present at 
Kam Kotia. Because no AMF were isolated from the Kam Kotia site, a broader sampling 
approach is necessary to determine which plants at the site form mycorrhizal 
associations while experiencing heavy metal stress. The next step towards the 
optimization of these heavy metal tolerant fungi for use in bioremediation is the 
establishment of in vivo and in vitro fungal monocultures. In vivo monocultures of fungi 
will be established by inoculating soil with the desired fungal species and planting the 
seeds of a generalist host plant such as plantain (Plantago major) or maize. The 
creation of in vitro monocultures is a more challenging task, and requires the isolation of 
single viable spores. Spores will then be sterilized and planted alongside 
Agrobacterium-transformed hairy root cultures (see Figure 1D) of varying species to 
induce their germination, the formation of a symbiosis, and eventually the production of 
spores by the fungus. Our laboratory maintains a collection of 4 species of hairy root 
culture (chicory, tomato, carrot and potato). Fungi that form symbioses with plants have 
been found to exhibit preferences for certain hosts (Khan 2006). This diverse collection 
is expected to enhance the diversity of fungi that can be maintained in our in vitro 
cultures. These monocultures will be used to inoculate heavy metal tolerant plant 
species and investigate their impact on phytoremediatory processes. Propagules from 
these monocultures will also be used to determine how long AMF propagules persist in 
the soil record, whether they would be harmed by the application of fertilizers or 
chelating agents, and whether their tolerance for heavy metals is lost when grown on 
uncontaminated soil. 
 

 
 

Figure 1. A) The root system of a grass growing in mine tailings at Kam Kotia. B) 
Fungal vesicle and hypha in plant root cortex. Fungal tissue stained with 0.04% fuchsin 
acid solution. C) ICP-AES analysis of soil from the Kam Kotia site. Concentrations in 



parts per million (ppm). Light gray columns represent contaminated soil, dark gray 
columns represent control soil. D) Agrobacterium-transformed hairy root culture of 
chicory (Cichorium intybus) for use as a host plant in fungal in vitro cultures. 
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The Ontario Aggregate Resources Corporation (TOARC), through the Management of 
Abandoned Aggregate Properties Program (MAAP) delivers a program for rehabilitating 
former aggregate properties (deemed to be abandoned; herein referred to as ‘legacy’) 
across Ontario. Legacy sites qualify for the MAAP program if they have never been 
licenced following the establishment of the Aggregate Resources Act (ARA) in 1990 and 
are within designated ARA areas. Most often the legacy sites are relatively small by 
nature and were created as the result of small-scale operations (municipal wayside pits, 
private use pits or intermittent commercial operations) and were generally unregulated.  

The legacy sites (files) come from an original inventory completed by the Ministry of 
Natural Resources and Forestry (MNRF) in the early 1990s, which equated to 6,600 
qualifying legacy sites. Furthermore, as more areas of the Province are designated 
under the ARA the number of qualifying sites has grown to 7,900 and expected to grow 
in the future. The MAAP program is funded by a portion (1/2 cent per tonne) of the 
annual 11.5-cent/tonne licence fee paid by aggregate producers in Ontario.  

Since 1997, all of the legacy sites (all 7,900) have been assessed and it has been 
determined that 3,200 will require some sort of assistance by the MAAP program. The 
reality is many of the 7,900 sites have been reverted to other uses since often it has 
been 40 or more years since these sites have experienced disturbances. Based on the 
inventories many of the legacy sites files have been ‘closed’ for multiple reasons such 
as: obtaining re-licence status for aggregate extraction; disappearing under urban 
expansion (Figure 1); being rehabilitated by the property owner; and/or have naturalized 
on their own (Figure 2).   

       
Figure 1 Figure 2 



In order to successful tackle the volume of sites MAAP created a systematic priority 
ranking system to evaluate the legacy sites across Ontario. The inventories provide a 
clear record of the current conditions by documenting three key parameters: safety, 
environmental and aesthetics factors to provide a composite overall ranking of ‘high’, 
‘medium’ or ‘low’ priority. As shown in Figure 3, the legacy site demonstrates unstable 
slopes, deep water, vertical cliffs with easy public access and high visibility, which 
triggers a ‘high’ priority status. Figure 4 demonstrates a site that lacks vegetation, 
susceptibility to erosion and inconsistency with the surrounding agricultural area, but not 
easily accessible to the public or having safety concerns therefore triggering a ‘medium’ 
priority. The sites with higher priorities are approached first when organizing the annual 
work schedule. In general many of these properties exhibit severely degraded soils, 
steep and eroding slopes, difficult microclimates, unique species and are at various 
stages of naturalization.   

 

     

In the simplest of terms, the MAAP program aims to rehabilitate sites solely using 
workable material on site to provide a higher level of function (usefulness) over the 
prevailing condition of the site. Rehabilitation may include grading and stabilizing slopes 
for safety, grading and seeding sites for agriculture or recreation, and creating and 
enhancing wildlife habitat by planting native trees, shrubs, wildflowers, and grasses.  
The appropriate course of rehabilitation is determined following consultation and 
consent with the landowner and conservation authorities.  

Based on recent levels of extraction in Ontario the average amount available for 
rehabilitation projects ranges from $400,000 to $600,000 each year. This means the 
MAAP program is capable of rehabilitating 30-40 sites each year. The average cost to 
rehabilitate a legacy site has been just over $11,500 per hectare.  This results in an 
average cost per site of just under $20,000 with an average site size of 1.58 hectares. 
To date, approximately $8,000,000 has been spent to reclaim/rehabilitate over 681 
hectares of land, on over 435 individual sites.  

The rehabilitation construction schedule is divided into a spring and fall work 
program.  To achieve better productivity, the spring and fall sites are targeted within as 
small a geographical area as possible (usually within a county or regional 
jurisdiction).  By concentrating projects into two annual groupings for work purposes, 
travel time for staff and contractors is minimized and opportunities are created for 
tendering a number of small sites together.  Counties and regions targeted for work are 
rotated on a semi-annual basis to ensure that all sectors of the Province are considered 
for rehabilitation work on as equitable a basis as possible. 

 

Figure 3: High priority ranking Figure 4: Medium priority ranking 



Historically, many legacy pits have been returned to agriculture and project site 14-03 
located in the Township of Elderslie, Bruce County is an example of the typical 
conditions and obstacles of rehabilitation. Figures 5 a,b,c show an expansive 10 hectare 
legacy pit and highly visible to anyone travelling down County Road 19. The landowner 
was currently using the pit as pastureland but a 10-acre portion was prone to seasonal 
flooding and multiple pit faces made much of the pasture impractical. Over 40,000m3 of 
earth was moved to rehabilitate this site. While it will be awhile before the site will be 
able to support livestock grazing, it is now well on the way to being able to do so from a 
relatively barren, unused part of the farm. 

 
 

 
 

 

Landowner desires for a site are not always accommodated if they are unrealistic or 
unreasonable.  For example, returning a site to agricultural use may not be practical if 
there is no topsoil or organic materials remaining on site that could be utilized for such 
purposes.  The importation of large quantities of topsoil to achieve such ends may not 
be practical, possible or economically feasible in certain circumstances. The MAAP 
program will then try to solve and find other solutions.  

The existence of abandoned pits and quarries provides opportunities to re-establish 
landscapes and ecosystems lost to settlement and urbanization. In addition to the 
monies being allocated to legacy pit rehabilitation, monies from the fund support 
research into pit and quarry rehabilitation techniques. As the MAAP program has found 
in many instances, these sites have reverted to naturally functioning habitat spaces on 
their own.  In others, minimal help from the MAAP program can launch the progress of a 
site on a trajectory to arrive at a naturalized area in a shorter time frame than if left on 
its own. Continual research paired with these rehabilitation techniques will lead to the 
expansion of agriculture and habitat, the enhancement of biodiversity, an overall 
increase in ecological function and act as demonstration sites for others to replicate in 
the industry. 

Figure 5a: Before construction  

Figure 5b: During construction 

Figure 5c: Post-construction 
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Abstract: 

Building on previous studies of Technosols manufactured from crushed waste rock and board 

mill residuals (20:80) for use in mine reclamation, this study investigates the additions of 

selected soil amendments to improve fertility and soil moisture retention capacity to enhance 

seedling and transplant survival. This biochamber growth study set for predicted 2030 post-mine 

closure spring climatic conditions for the Boreal Shield Region north of Lake Superior 

investigated the suitability of elemental Sulphur (S0), wood boiler ash, N-Rich, surface humus 

forms from stockpiled Gleysolic and Podzolic soils as amendments to promote growth of Annual 

Ryegrass (Lolium multiflorum). Applications of 10% (v/v) Humic Gleysol Humus Form material 

and wood ash at 80 t ha-1 promoted maximum root development. Addition of S0 Prills (1.5% 

w/w) produced the greatest increase in both above and below ground biomass. The blending of 

N-Rich at 34 t ha-1 induced a measured in-situ soil electrical conductivity of 14 S cm-1 after 

simulated storm rainfall events (1 cm rainfall hr-1), with bulk through-flow containing high 

concentrations of dissolved Ca, Mg, K, and low Na. Soil sample analyses illustrated that N-

Rich applications provided the highest enrichment of available soil nutrients to support the 

growth of ryegrass, with chemical analyses highlighting the overall need for amendment 

application to the manufactured growth media to support healthy vegetative growth. 

Introduction 

Site reclamation, a key component in mine closure plans, requires research into cost-effective 

reclamation methods beneficial to both the mining industry and the post-mining environment. 

Soil materials which are commonly added to sites as part of reclamation efforts include 

stockpiled soils removed during mine construction (Gaster, Karst, & Landhäusser, 2015; 
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Sorenson, Quideau, MacKenzie, Landhäusser, & Oh, 2011), as well as soils constructed from a 

combination of stockpiled overburden materials and organic materials such as peat (MacKenzie 

& Quideau, 2010). These soils, often with unusual physical and chemical properties as a result of 

their diverse origins, follow different development trajectories from those of natural soils 

(Leguédois et al., 2016). These soils are classified as Technosols by the World Reference Base 

for Soil Resources due to the strong influence human activities have had on their formation 

(IUSS Working Group WRB, 2014). 

 
 

Figure 1. Barrick-Hemlo Operations. Figure 1. Large mine rock pile produced from 

open pit mining activities. 

Manufacturing a soil for mine reclamation from local industrial waste materials such as mine 

overburden or lumber mill residuals could have considerable environmental and economic 

benefits such as the decrease in costs for the transport of large volumes of soil material from 

diverse locations, leading to a reduction in greenhouse gas emissions. Technosol manufacturing 

could use waste products which are otherwise valueless. However, long-term studies of 

Technosol development to determine their utility as a reclamation material, are necessary to 

provide an understanding of how material maturation may affect plant survival and growth. 

Ongoing research using a Technosol to revegetate a non-acid generating rock pile from a gold 

mine in the Boreal Shield has demonstrated that crushed mine rock blended with woody lumber 

mill residuals are able to support indigenous vegetation such as green alder (Alnus viridis), even 

at early stages in soil development (Vanderhorst et al., 2016; Watkinson, 2014). Further study 

into the improvement of soil properties to enhance their ability to support larger and more 
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diverse communities of native Boreal vegetation with Technosol maturation will provide insight 

into the use of Technosols created for mine reclamation. One method to promote improvement of 

soil properties may be through the addition of different amendments. For the current study the 

amendments added to the Technosol are: N-Rich, a lime stabilized sewage sludge, as a source 

of available NPK and trace nutrients; Sulphur prills as a source of sulphur; local forest humus 

form (LFH horizons) as a source of local propagules, plant nutrients released by decomposition, 

and also as a pH buffer to local soil conditions; wood ash from the boiler system at the White 

River mill as a major nutrient source (N, P, K, S, Ca, Mg and trace elements); and stored Orthic 

Humic Gleysolic soil material as an organic matter, nutrient and local microbial and fungal 

propagule source. The 80% Organic Matter (OM) Technosol is currently set up in a field 

experiment on the mine site for four years to mature, while ongoing growth chamber 

experiments investigate the utility of amendment addition to promote vegetative growth. This 

current study investigates the addition of the various soil amendments and application rates to 

Technosols manufactured from 80% OM and 20% finely crushed mine rock to improve fertility 

and soil moisture retention capacity to enhance grass seedling development.  

Materials and Methods 

Soil Material and Amendments 

The manufactured soil used in this growth chamber study was composed of 80% woody organic 

material and 20% finely crushed mine rock from the Barrick Williams open-pit mine in Hemlo, 

ON (Watkinson et al., 2014). The woody residuals, obtained from the (former) Domtar White 

River Sawmill, contained sawdust, bark, and off-cuttings derived primarily from boreal 

coniferous trees (Watkinson et al., 2014). A total of ten soil amendments were applied and 

compared to the productivity of the Technosol (Treatment 1) (Table 1). The resulting eleven 

treatments consist of: 80% OM and 20% crushed mine rock Technosol, wood Ash obtained from 

White River, Ontario mixed at rates 40 t ha-1 and 80 t ha-1; five cm of a Humus Form (LFH 

horizons) collected near White River, ON, both being incorporated into the Technosol material 

to simulate scarification effects and applied at 5 cm surface application layer; Sulphur Prills (S°) 

broadcasted at 40 kg ha-1, 70 kg ha-1 and 100 kg ha-1; N-Rich applied and blended at 17 t ha-1 

and 34 t ha-1; stockpiled Humic Gleysol obtained from the mine site area was also blended at 
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10% soil v/v throughout the soil profile materials. Each treatment was replicated 7 times and the 

amended soils were randomly distributed over four Styrofoam blocks each containing 24 

separate growth wells. The Growth Chamber conditions were set for predicted 2030 post-mine 

closure spring climatic conditions.  The species used for the study was Annual Ryegrass and 32 

mL of deionized water was applied twice per week to each soil to moisten evenly throughout the 

replicates. Soil Monitoring Probes (EC sensors and EM50 loggers from DecagonTM Devices) 

were installed in one replicate of each treatment for the last four weeks of plant to record soil 

temperature (C), volumetric water content (m3/m3), and the in situ electrical conductivity (mS 

cm-1) of the soil solution phase.  Leachate sampling tubes were attached to each sample’s drain 

hole to collect the bulk throughflow following three simulated rainfall events over a three-day 

period nearing the end of the experiment immediate prior to harvest at eight weeks of growth. 

Electrical Conductivity of these solutions was assessed using an Oakton CON Meter with EC 

probe; the pH of soil leachates was measured with a Fisher Accument AB15 pH meter equipped 

with an Accumet Combination pH electrode and the concentration of dissolved elements in these 

solutions was determined by ICP-MS in the ELRFS ISO 17025 accredited laboratory. 

 

Figure 3. Soil Moisture Monitoring Probes and leachate sampling tubes connected to Styrofoam 

blocks. 
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Table 1: Treatments, application rates and method of application to the 80% woody residuals 
and 20% crushed mine rock Technosol for the 8 week growth study of ryegrass.  

Treatment Number Amendment Application Rate Method of 

Application 

Treatment 1:  80% OM Technosol   

Treatment 2 Wood Ash 40 t ha-1 Incorporated 

Treatment 3 Wood Ash 80 t ha-1 Incorporated 

Treatment 4 LFH 5cm Incorporated 

Treatment 5 LFH 5cm Surface 

Treatment 6 Sulphur Prills (So) 40 kg ha-1 Incorporated 

Treatment 7 Sulphur Prills (So) 70 kg ha-1 Incorporated 

Treatment 8 Sulphur Prills (So) 100 kg ha-1 Incorporated 

Treatment 9 N-Rich 17 t ha-1 Incorporated 

Treatment 10 N-Rich 34 t ha-1 Incorporated 

Treatment 11 Stockpiled  
Humic Gleysol 

10% Incorporated 

Results and Discussion 

Ryegrass Biomass 

Significant differences were found for shoot dry mass (P<0.001). The highest shoot dry mass 

mean was observed in Treatment 8, Sulphur Prills at 100 kg ha-1 (3.20g) and the lowest biomass 

was obtained by Treatment 3, wood Ash 80 t ha-1 (2.61 g). Significant differences were also 

found in shoot length biomass (P<0.001), with Sulphur Prills 100 kg ha-1 yielding the highest 

length mean (12.93 cm). The N-Rich at 17 t ha-1 obtained the lowest shoot length (cm) 

observed throughout the treatments. 
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Figure 4. The harvest of Annual Ryegrass at 8 weeks of growth. 

 

 
Although there was no significant difference (P=0.198) found in root weight (g) when comparing 

the different treatments, there was an observable difference in the root architecture between the 

treatments. The root development with the application of Wood Ash 40 t ha-1, Sulphur Prills 100 

kg ha-1 and stockpiled Humic Gleysol (10 % v/v) have a larger volume root ball, with the roots 

being thicker and more developed when compared to the rest of the treatments. The LFH 

treatments were removed from root weight analysis due to contamination of the roots by humus 

layer. There was no significant difference found in root length (P=0.054) and root:shoot ratio 

(P=0.606) in this study.  
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Figure 5. Annual Ryegrass biomass after 8 weeks of growth. 

Soil Monitoring Probes 

The application of a surface LFH (5 cm thick) induced the highest average Volumetric Water 

Content (VMC) at 0.164 m3/m3, with the application of Sulphur Prills at 40 kg ha-1 having lowest 

VMC at 0.024 m3/m3 (Table 4). The soil solution EC (mS/cm) for N-Rich treatments was the 

highest of all experimental treatments, with N-Rich 34 t ha-1 application rate being 0.393 

mS/cm, and the Sulphur Prills (40 t ha-1) and the 80% OM Technosol control being the lowest in 

the study at 0.010 mS/cm. Higher electrical conductivity is indicative of higher dissolved 

nutrient ion content in the soil solution. The maximum temperature throughout the treated 

Technosols were obtained by the 80% OM Technosol without any vegetation at 27.1oC being oC 

9.5oC higher than the growth chamber set point. The treated soil with vegetation to attain the 

highest increase in temperature was the Sulphur Prills 100 kg ha-1 application at 25.6oC, which 

is 7.5oC higher than the parent material.  

Water Samples 

The leachates from the N-Rich treatments had the highest electrical conductivity, with the 

lower rate of N-Rich at 17 t ha-1 attaining an extremely high 59.76 mS/cm when comparing to 
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0.34 mS/cm parent material. The lowest maximum electrical conductivity was observed with the 

5cm LFH on the surface of the 80% OM Technosol at 0.16 mS/cm. When comparing the 

leachate from the treated Technosols to the parent material 80% OM Technosol, the pH 

remained relatively stable with applications of treatments (7.0-7.4). 

 

Plant Nutrients 

A composite soil sample of each treatment was analyzed for routine soil fertility parameters at 

A&L Laboratories (London, Ontario) in order to measure the impact of the individual 

amendments on the extractable soil nutrient levels. The two rates of N-Rich (17 t ha-1 and 34 t 

ha-1) showed the greatest overall available nutrient increase when compared to the rest of the 

treatments, with the higher rate of N-Rich (34 t ha-1) obtaining the highest overall increase of 

nutrient levels and the  N-Rich 17 t ha-1 having the second highest increase in overall available 

nutrient concentrations for 10 out of the 15 tested soil nutrients. N-Rich 34 t ha-1 had the 

greatest increase in overall available nutrient concentrations in 12 out of the 15 tested nutrients 

measured in the Technosol samples.  Both N-Rich amendments, however, had a decrease in the 

extractable Manganese. Overall, the N-Rich treatments showed the greatest increase in soil 

nutrients out of the treatments. 

Phosphorus (P) and sulphur (S), two key nutrients in soils, were added to the 80% OM 

Technosol through the N-Rich and the Sulphur Prill amendments, respectively. Both N-Rich 

treatments displayed the greatest increase of phosphorus and sulphur. Copper (Cu) and zinc (Zn) 

were added at measurable levels in both and Wood Ash treatments, with the largest increase in 

copper (Cu) being observed with the N-Rich  treatments. The highest increases in extractable 

zinc was observed for Wood Ash 80 t ha-1 and N-Rich 34 t ha-1, with the greatest increase with  
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the higher Wood Ash application rate. Magnesium (Mg) and calcium (Ca), both being major 

nutrient elements, were added in higher amounts in the N-Rich treatments than in the Wood 

Ash treatments. Both N-Rich treatments had the greatest increase in both nutrient levels, with 

the higher rate of N-Rich 34 t ha-1 having the greatest increase. Magnesium (Mg) and Calcium 

(Ca) were both added in larger amounts in the N-Rich treatments, as well as in significant 

levels by the Wood Ash and Sulphur Prill treatments. Magnesium, critical for chlorophyll 

production in photosynthesis, plays an essential role in carbohydrate metabolism and serves as an 

activator of the enzymes involved in the synthesis of nucleic acids (Davis and Jamieson, 1983). 

Calcium is essential for cell division, cell elongation and cell structure (Mahler, 2004). 

 

Nutrient concentrations in vegetation were also analyzed; major and minor nutrients that play 

key roles in healthy vegetative growth were examined. Boron, Iron, Manganese, Zinc and 

Copper are minor nutrients that play key roles in plant health. In the shoots, the greatest increase 

in Zinc was found in Wood Ash 80 t ha-1, the greatest increase in Manganese was found in LFH 

on surface, Boron had the greatest increase in Sulphur Prills 40 kg ha-1, Iron had the greatest 

increase with the 10% Natural Soil application. In the roots, the greatest increase in Zinc was 

found in Wood Ash 80 t ha-1 application and the greatest increase in Boron was found in Sulphur 

Prills 100 kg ha-1. In the shoots, the greatest increase Potassium, Calcium and Phosphorus in the 

shoots was found in the N-Rich applications. The greatest increase in Potassium, Calcium, 

Phosphorus and Magnesium in the roots was also found in the N-Rich applications. 
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Figure 6. Soil mixtures bioavailable micronutrients 

 

 

Figure 7. Soil mixtures bioavailable macronutrients. 
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Discussion 

Mine land reclamation is not only environmentally and socially responsible, it is mandated by 

the government of Ontario (Mining Act, 2012). The Mine Rehabilitation Code (Ontario Mining 

Act (2012) states that all disturbed sites shall be revegetated and the proponent shall restore their 

site to its former use or condition (Mining Act, 2012). Annual ryegrass, a short lived grass often 

used in reclamation, was used in this study to stabilize newly placed soils (Watkinson et al., 

2014). Previous studies have used this short lived grass and found successful results for 

reclamation purposes under different growth conditions (Baker et al., 2011) 

The increase in shoot biomass and measured root length with the application of Sulphur Prills at 

100 kg ha-1) suggests this treatment has a positive effect on plant growth. Thus, the increase in 

shoot biomass suggests Sulphur Prills 100 kg ha-1 is a suitable growth promoting amendment for 

the 80% OM Technosol manufactured from woody residuals and crushed mine rock to enhance 

successful plant growth. Even though there was no significant difference found in the root 

biomass of the ryegrass throughout the treatments, there was an observable difference in root 

architecture in Wood Ash 40 t ha-1, Sulphur Prills 100 kg ha-1 and 10% Stockpiled Humic 

Gleysol treatments. The root system observed in these specific treatments was a lot thicker, and a 

lot more developed when compared to the other treated Technosols (see Plate ??).  

Additions of specific amendments successfully elevated bioavailable nutrient levels in the 80% 

OM Technosol to levels more suitable for successful plant growth. Wastes produced by industry, 

municipalities and households (woody residuals, paper sludge and pulp, sewage sludge, and 

municipal solid wastes) can contain a substantial amount of organic material that can be used to 

return essential plant nutrients to soil (Nason et al., 2007). Extractable phosphorus (P) and 

sulphur (S) are two key components in the amended soils added at measurable levels through 
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different amendments; the different rates of Sulphur prills provided sulphur (S) to the 80% OM 

Technosol, and the different rates of N-Rich provided additional phosphorus (P) to the 80% 

OM Technosol. Both of these nutrients provide important components to the soil for successful 

plant growth, with P playing an essential role in healthy plant production as a component of key 

molecules such as nucleic acids, phospholipids and ATP energy requiring processes in plant 

metabolism (Schachtman et al., 1998; Grant et al., 2001). Sulphur (S) also plays an essential role 

in plant growth, such as in plant defense against biotic and abiotic stress and for the overall 

quality of the crops. Sulphur (S), a macronutrient for plants, is a component of some amino acids 

that form proteins, and is a core component of plant protoplasts and enzymes (Mahler, 2004).  

Although micronutrients are required by plants in smaller amounts, certain elements such as Al, 

Mn, Cu, Zn and Pb can severely limit plant growth when found in high concentrations in solution 

(Bradshaw and Chadwick, 1980). Copper (Cu) and zinc (Zn) are nutrients added in measurable 

amounts in the N-Rich and Wood Ash treatments, with the greatest increases in Cu being 

observed in the N-Rich treatments.  Wood ash (80 t ha-1) and N-Rich (34 t ha-1) promoted the 

highest increase in extractable zinc (Zn) levels. Micronutrients such as copper (Cu) and zinc (Zn) 

are required for successful plant growth (Davis and Jamieson, 1983). Copper plays an important 

role in enzymes (phenolases and ascorbic acid oxidase) and may function in photosynthesis 

(Davis and Jamieson, 1983) Zinc (Zn) plays a role in protein synthesis; it is also involved in 

metabolism of plants as an activator of several enzymes (Davis and Jamieson, 1983).  

 

The amendments added to the Technosol enhanced soil nutrient availability, providing 

components needed to produce a viable soil medium for successful plant growth, with specific 

amendments having a greater effect on increases of nutrients in the soil. The N-Rich  
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applications generally increased available nutrient levels the most in the Technosol being tested 

in this study. These results suggest that, when handled and mixed correctly, organic wastes could 

be diverted from the landfill to improve the manufacture soils for use as cover soils or growth 

media to help restore ecosystems on post-industrial sites (Watkinson et al., 2014). 

 

Conclusion 

The blending of mine waste products such as the crushed mine rock produced in open pit mining 

activities with lumber mill waste products as organic matter (woody residuals) can manufacture a 

soil for use to promote successful plant growth for the mine site reclamation process. Different 

treatments provide different positive effects to the Technosol. For example, one amendment can 

increase available nutrients in the Technosol and another can stabilize the pH. The use of 

regional waste products eliminates potential disturbances to surrounding healthy ecosystems, 

thus minimizing the devastation of healthy land through storage of waste products which 

promotes the leaching of materials potentially harmful to the environment. By obtaining most of 

the components needed for a manufactured Technosol in close proximity to the mine site, the 

Carbon Footprint could also be reduced. This research project has provided further information 

on how to improve manufactured soils in an environmentally sustainable way and also 

contributed to current information on land reclamation techniques to prepare for future 

reclamation initiatives. 

 

 




